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Abstract

Inverse scattering and spectral one-dimensional problems are discussed systematically in a self-

contained way. Many novel results due to the author are presented. The classical results are often
presented in a new way. Several highlights of the new results include:

1)
2)
3)
4)
5)

6)

7)
8)
9)

Analysis of the invertibility of the steps in the Gel’fand-Levitan and Marchenko inversion procedures,
Theory of the inverse problem with I-function as the data and its applications;

Proof of the property C for ordinary differential operators, numerous applications of property C;
Inverse problems with “incomplete” data;

Spherically symmetric inverse scattering problem with fixed-energy data: analysis of the Newton-
Sabatier (NS) scheme for inversion of fixed-energy phase shifts is given. This analysis shows that
the NS scheme is fundamentally wrong, and is not a valid inversion method.

Complete presentation of the Krein inverse scattering theory is given. Consistency of this theory is
proved.

Quarkonium systems;
A study of the properties of I-function;

Some new inverse problems for the heat and wave equations are studied.

10) A study of inverse scattering problem for an inhomogeneous Schrodinger equation;
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Chapter 1

Introduction

1.1 Why is this paper written?

There are excellent books [M] and [L], where inverse spectral and scattering problems are discussed in
detail. The author decided to write this paper for the following reasons: 1) He gives a new approach
to the uniqueness of the solutions to these problems. This approach is based on property C for Sturm-
Liouville operators; 2) the inverse problem with /-function as the data is studied and applied to many
inverse problems; 3) a detailed analysis of the invertibility of the steps in Marchenko and Gel’fand-
Levitan (GL) inversion procedures is given; 4) inverse problems with “incomplete” data are studied; 5)
a detailed presentation of Krein’s inversion method with proofs is given apparently for the first time;
6) a number of new results for various inverse problems are presented. These include, in particular, a)
analysis of the Newton-Sabatier (NS) inversion scheme for finding a potential given the corresponding
fixed-energy phase shifts: it is proved that the NS scheme is fundamentally wrong and is not an inversion
method; b) a method for finding confining potential (a quarkonium system) from a few experimental
data; ¢) solution of several new inverse problems for the heat- and wave equations; d) a uniqueness
theorem for finding a potential ¢ from a part of the corresponding fixed-energy phase shifts; and many
other results which are taken from [R], [R1]-[R29].

Due to the space limitations, several important questions are not discussed: inverse scattering on the
full line, iterative methods for finding potential ¢: a) from two spectra [R],[R5], b) from S—matrix alone
when ¢ is compactly supported [R9], approximate methods for finding ¢ from fixed-energy phase shifts
[R14],[R15], property of resonances [R], [R29], inverse scattering for systems of equations, etc.

1.2 Auxiliary results

Let q(x) € L11, L1 = {q: q(x) = q(z), [;"(1+2)™|¢(z)|dz < oo, and q € L}, .(R4)}, where L2 (Ry)
consists of functions belonging to L?(0,a) for any a < oo, and overline stands for complex conjugate.
Consider the differential expression fu = —u’" + ¢(x)u with domain of definition D(lp) = {u : u(0) =
0, u € C2(0,00)}, where CZ(0, 00) is the set of C?(R)-functions vanishing in a neighborhood of infinity,
R, :=[0,00). If H is the Hilbert space L?(R), then £y is densely defined symmetric linear operator
in H, essentially self-adjoint, that is, the closure £ of ¢y in H is selfadjoint. It is possible to construct a
selfadjoint operator ¢ without assuming that ¢ € L? (R.). Such a theory is technically more difficult,
because it is not even obvious a priori that the set D({y) := {u : u € CZ(Ry), fu € L*(R4)} is dense
in H (in fact, it is dense). Such a theory is presented in [Nai]. If one drops the assumption ¢ € L? |
then D({) is not a domain of definition of ¢ since there are functions u € D(¢y) for which fu ¢ L?(R,).
In the future we mean by /£ a self-adjoint operator generated by the differential expression ¢ and the

boundary condition u(0) = 0.



This operator has absolutely continuous spectrum, which fills (0, c0), and discrete, finite, negative
spectrum {—k‘?}lgjg J, where —k‘? are the eigenvalues of ¢, all of them are simple,

loj == +qp; = —k3p;, ©;(0)=0, ¢5(0)=1, (1.2.1)

where ¢; are corresponding eigenfunctions which are real-valued functions, and

1 oo
— = / @? dz. (1.2.2)
G 0

The functions ¢(z, k) and 6(z, k) are defined as the unique solutions to the problems:
lo =Ko, >0; ¢0,k)=0, ¢(0,k)=1, (1.2.3)

0 =FK9, x>0, 600,k)=1, 6(0,k) =0. (1.2.4)

These functions are well defined for any ¢(x) € Lllo .(R4). Their existence and uniqueness can be proved

by using the Volterra equations for ¢ and 0. If ¢ € Lq 1, then the Jost solution f(x,k) exists and is
unique. This solution is defined by the problem:

0f .= —f" +qf = K*f, f(zx,k) = exp(ikz) + o(1) as © — +oo; f(0,k) := f(k). (1.2.5)
Existence and uniqueness of f is proved by means of the Volterra equation:

°° sinfk(t — x)]

? q(t)f(t, k)dt. (1.2.6)

flx, k) = exp(ikz) —|—/
If ¢ € Ly, then this equation implies that f(z,k) is an analytic function of k in C4 = {k : Imk > 0},
f(z, k) = f(z,—k) for k > 0. The Jost function is defined as f(k) := f(0,k). It has exactly J simple
roots ikj, k; > 0, where —ka, 1 < j < J, are the negative eigenvalues of . The number £ = 0
can be a zero of f(k). If f(0) = 0, then f(0) # 0, where f(k) := % Existence of f(0) is a fine
result under the only assumption ¢ € L1 ( see Theorem 3.1.3 below, and [R]) and an easy one if
g€ Lis:={q:q=7, [;°(1+2?)|q(x)|dz < co}. The phase shift §(k) is defined by the formula

f(k) = |f(k)lexp(—id(k)), ~ 0(cc) =0,  f(oo) =1, (1.2.7)
where the last equation in (1.2.18) follows from (1.2.6). Because ¢(x) = ¢(z), one has §(—k) = —d(k)
for £ € R. One defines the S-matrix by the formula

sty = 1M per (1.2.8)

fk)
The function S(k) is not defined for complex k if ¢ € Ly 1, but if |¢(z)| < crexp(—cza|z|?), v > 1, then
f(k) is an entire function of k¥ and S(k) is meromorphic in C. If ¢(x) = 0 for > a, then f(k) is an
entire function of exponential type < 2a (see Section 5.1).
If ¢ € Ly, then at k* = —k}, k; > 0, the Jost solution f;(z) := f(x,ik;) is proportional to
oj(x) == p(z,ik;), f; and ¢; both belong to L*(R). The integral equation for ¢ is:

oz, k) = % + /Ox Wg(s)gp(s,k)ds. (1.2.9)
One has:



because the right-hand side of (1.2.10) solves equation (1.2.5) and satisfies conditions (1.2.3) at 2 = 0.
The first condition (1.2.3) is obvious, and the second one follows from the Wronskian formula:

F10,k)f(=k) — (0, —k) £ (k) = 2ik. (1.2.11)

If k = ik; then f;(z) € L?*(R4), as one can derive easily from equation (1.2.6). In fact, |f;(z)| < ce=%i®,
x>0. If k>0, then f(z,—k) = f(z,k). If ¢ = ¢ then f;(z) is a real-valued function. The function
f(z, k) is analytic in C4 but is, in general, not defined for k € C_ := {k : Imk < 0}. In particular,
(1.2.11), in general, is valid on the real axis only. However, if |¢(z)] < ciexp(—ca|x|7), v > 1, then f(k)
is defined on the whole complex plane of k, as was mentioned above. Let us denote f(x,k) := fi(x, k)
for k € C4 and let f_(x, k) be the second, linearly independent, solution to equation (1.2.5) for k € C,.
If fy € L?(Ry), then f_ ¢ L?(Ry). One can write a formula, similar to (1.2.10), for k € C,

oz, k) = c(k)[f-(0, k) f(z, k) — f(0,k)f- (2, k)], (1.2.12)
where c(k) = const # 0. For (z,ik;) € L*(Ry), it is necessary and sufficient that f(ik;) = 0. In fact
flikj) =0, f(ik;) #0, 1<j</, (1.2.13)

where f = %. To prove the second relation in (1.2.13), one differentiates (1.2.5) with respect to k and
gets ) ) ]
"+ K f —qf = —2kf. (1.2.14)

Existence of the derivative f with respect to k in C follows easily from equation (1.2.6). Multiply
(1.2.14) by f and (1.2.5) by f, subtract and integrate over Ry, then by parts, put k = ik;, and get:

iy [ e = (1 =PI = 108G

Thus )
/Oondx:M.:i>o (1.2.15)
0 7 721]{/'] ’ Sj ’ -
It follows from (1.2.15) that f(ik;) # 0. The numbers s; > 0 are called the norming constants:
2k
PPy (1.2.16)

F1(0,iky) f(iky) T T
Definition 1.2.1. Scattering data is the triple:

—k
S = {S(k),kj,Sj, 1<5< J}, S(k) = J;(,(k)), kj > 0, S5 > 0. (1.2.17)
The Jost function f(k) may vanish at k = 0. If f(0) = 0, then the point k& = 0 is called a resonance.
If |q(z)| < crexp(—calz|?), v > 1, then the zeros of f(k) in C_ are called resonances. As we have seen
above, there are finitely many zeros of f(k) in C,, these zeros are simple, their number J is the number
of negative eigenvalues —k:]z, 1 < j < J, of the selfadjoint Dirichlet operator ¢. If ¢ € L;,; then the

negative spectrum of ¢ is finite [M].
The phase shift §(k), defined in (1.2.18), is related to S(k):

S(k) = e2®k) (1.2.18)
so that S(k) and 0(k) are interchangeable in the scattering data. Ome has f;(z) = f/(0,ik;)¢;(z),

because ;,((woi’zf] )) solves (1.2.3). Therefore

o0 1 1
2dr= ———— = —, 1.2.19
| e sremr (1:2.19)



Thus ik (0. ik
o = 2 Oky) iy (1.2.20)
f(ik;)
In Section 4.1 the notion of spectral function p(\) is defined. It will be proved in Section 5.1 for ¢ € L1 4
that the formula for the spectral function is:

VA
A>0,
T fVOR T
dp(\) =<{ (1.2.21)
D b+ kDN, A <0,

j=1
where ¢; are defined in (1.2.19)-(1.2.20). The spectral function is defined in Section 4.1 for any ¢ €
L}OC(R+), ¢ = q. Such a ¢ may grow at infinity. On the other hand, the scattering theory is constructed
forge L.

Let us define the index of S(k):

J = indS(k) := —AR arg S(k =5 / dln S(k (1.2.22)
i

This definition implies that ind S(k) = ind f(—k) — ind f(k) = —2ind f(k). Therefore:

—2.J if £(0) #0,

—2J —1if f(0) =0 (1.2.23)

ind S(k) = {

because a simple zero k = 0 contributes 3 to the index, and the index of an analytic in C function

f(k), such that f(oco) = 1, equals to the number of zeros of f(k) in Cy plus half of the number of its

zeros on the real axis, provided that all the zeros are simple. This follows from the argument principle.

In Section 4.2 and Section 5.2 the existence and uniqueness of the transformation (transmutation)
operators will be proved. Namely,

sin(kx)
k )

o(x, k) = po(z, k) +/OI K(z,y)po(y)dy == (I + K)po, o= (1.2.24)

and
flx, k) = etk —|—/ A(@y)eikydy =T+ A)fo, fo:i= etk (1.2.25)

and the properties of the kernels A(z,y) and K(z,y) are discussed in Section 5.2 and Section 4.2
correspondingly. The transformation operator I 4+ K transforms the solution ¢q to the equation (1.2.3)
with ¢ = 0 into the solution ¢ of (1.2.3), satisfying the same as ¢ boundary conditions at = 0. The
transformation operator I 4+ A transforms the solution fy to equation (1.2.5) with ¢ = 0 into the solution
f of (1.2.5) satisfying the same as fy “boundary conditions at infinity”.

One can prove (see [M] and Sec. 5.7) the following estimates

Az, y)| < co (x;ry> . c= const >0, o(x) ::/ lq(t)\dt, (1.2.26)
1 [fx+vy 1 [xz+y r+y

- — < ..

‘Ay(x,y)+ 4q< 5 > ‘+ ‘Az(x,y)Jr 4q( 3 ) ‘ < ca(x)a( 5 ) , (1.2.27)
and A(z,y) solves the equation:
1 [ o e
A(z,y) = 3 / qds + / ds/ dtq(s —t)A(s — t, s +1t). (1.2.28)
= = Jo

By H™ = H™ (R, ) we denote Sobolev spaces W™2. The kernel A(x,y) is the unique solution to (1.2.28),
and also of the problem (5.1.1)-(5.1.3).



1.3 Statement of the inverse scattering and inverse spectral
problems.

ISP: Inverse Scattering problem (ISP) consists of finding ¢ € L;; from the corresponding scattering
data S (see (1.2.6)).
A study of ISP consists of the following;:

1) One proves that ISP has at most one solution (see Theorem 5.2.1).

2) One finds necessary and sufficient conditions for S to be scattering data corresponding to a ¢ € L1 1
(characterization of the scattering data problem).

3) One gives a reconstruction method for calculating ¢ € Ly ; from the corresponding S.

In Chapter 5 these three problems are solved.
ISpP: Inverse spectral problem consists of finding ¢ from the corresponding spectral function.
A study of ISpP consists of the similar steps:

1) One proves that ISpP has at most one solution in an appropriate class of ¢: if ¢; and ¢ from this
class generate the same p(\), then ¢; = ¢o.

2) One finds necessary and sufficient conditions on p(A) which guarantee that p(\) is a spectral function
corresponding to some ¢ from the above class.

3) One gives a reconstruction method for finding g(z) from the corresponding p(\).

1.4 Property C for ODE.

Denote by ¢,,, operators ¢ corresponding to potentials ¢, € L1 1, and by fi,(z, k) the corresponding Jost
solutions, m = 1, 2.

Definition 1.4.1. We say that a pair {€1,€2} has property Cy iff the set {fi(x,k)fo(z, k) vpso s
complete (total) in L'(R,).

This means that if » € L'(R,) then

{/ h(z) fi(x, k) fo(x, k)de =0 Yk > O} =h=0. (1.4.1)
0
We prove in Section 2.1 that a pair {{1, 02} does have property C if ¢, € L11. Let Ly := —¢"" +
q(x)p, and let ¢; correspond to g = gj,
lo— Ko =0, ©0,k)=0; ¢(0,k)=1; ¢0—-k*9=0, 600,k)=1, 6(0,k) =0. (1.4.2)

Definition 1.4.2. We say that a pair {{1,02} has property C, iff the set {¢1(-, k)pa(-,k)} is complete
in LY(0,b) for any b >0, b < co.

This means that if h € L'(0,b), then:

{/b h(z)p1(x, k)pa(z, k)dz} = h=0. (1.4.3)
0

Vk>0

In Theorem 2.2.2 we prove that there is a h # 0 for which

/ h(z)p1(z, k)pa(z, k)de =0 vk >0
0



for a suitable ¢1 # g2, ¢1,¢2 € L1,1. Therefore Property C, with b = oo does not hold, in general.
Property Cy is defined similarly to Property C,,, with functions 6;(x, k) replacing ¢;(x, k).
In Chapter 2 we prove that properties C, C, and Cp hold, and give many applications of these
properties throughout this work.

1.5 A brief description of the basic results.

The basic results of this work include:

1) Proof of properties C, C, and Cyp. Demonstration of many applications of these properties.

2) Analysis of the invertibility of the steps in the inversion procedures of Gel'fand-Levitan (GL) for
solving inverse spectral problem:

p=L=K=q, (1.5.1)
where JK (. 2)
z,
_ oK (=, 1.5.2
q e (1.5.2)
the kernel L = L(x,y) is:
L) = [ oo Ngaly Vo). do(y) = dlp(3) = () (153)
ﬁd/\’ A0,
dpo = m
0, \<O0.
po = 2’:\;/2, po is the spectral function of ¢ with ¢ = 0, and K solves the Gel’fand-Levitan equation
K(z,y) —|—/ K(x,s)L(s,y)ds+ L(z,y) =0, 0<y<uz. (1.5.4)
0

Our basic result is a proof of the invertibility of all the steps in (1.5.1):
pe Le Ksg, (1.5.5)
which holds under a weak assumption on p. Namely, assume that

pedg, (1.5.6)

where G is the set of nondecreasing functions p of bounded variation on every interval (—oo,b), b < 0o,
such that the following two assumptions, 4;) and As) hold.

Denote LZ(R.) the set of L?(R.) functions vanishing in a neighborhood of infinity. Let h € L3(R,)
and H(X) := [ h(z)po(z, N)dz.

Assumption A,) is:

If h € L3(R,) and / H?*(\)dp(\) =0, then h = 0. (1.5.7)

Let
H:={H\) :heCFRy)}, HW) := /0 h(x)po(z, A)dz, (1.5.8)



p1 and po belong to P, and v := p; — p2 (see Section 4.2).
Assumption A) is:

o0
If / H?*(\)dv =0 VYH € H, then v =0. (1.5.9)

— 00
In order to insure the one-to-one correspondence between spectral functions p and selfadjoint op-
erators ¢, we assume that ¢ is such that the corresponding ¢ is “in the limit point at infinity case”.

This means that the equation (¢ — z)u = 0, Im2z > 0 has exactly one nontrivial solution in L?*(R,),
lu=—u" 4+ g(x)u. If ¢ € L1 ; then £ is “in the limit point at infinity case”.

3) Analysis of the invertibility of the Marchenko inversion procedure for solving ISP:

S=F=A=yq, (1.5.10)
where y
1 >~ ikx —k;x
F(zx):= by /_00[1 — S(k)|e* e dx + ; sje ki = F(x) + Fy(x), (1.5.11)
dA(z,x)
=-2———7= 1.5.12
ofa) = -24A01) (1512)
and A(z,y) solves the Marchenko equation
Az, y) —|—/ Az, s)F(s+y)ds+ F(x+y) =0, 0<z<y<oo. (1.5.13)
xT

Our basic result is a proof of the invertibility of the steps in (1.5.10):
SeFeAsg (1.5.14)

under the assumption ¢ € Ly ;. We also derive a new equation for

A0,y), y >0,
A(y) :={ 0. y<0

This equation is:
F(y)+ A(y) + /000 A(s)F(s+y)ds = A(—y), —oo <y < oo. (1.5.15)
The function A(y) is of interest because
flk) =1+ /OOO Ay)e*dy .= 1+ A(k). (1.5.16)

Therefore the knowledge of A(y) is equivalent to the knowledge of f(k).
In Section 5.5 we give necessary and sufficient conditions for S to be the scattering data corresponding
to ¢ € Ly,1. We also prove that if

lg(z)] < 1 exp(—co|z]?), ~>1, (1.5.17)

and, in particular, if
q(z) =0 for x > a, (1.5.18)

then S(k) alone determines ¢(z) uniquely, because it determines k;, s; and J uniquely under the as-
sumption (1.5.17) or (1.5.18).



4) We give a very short and simple proof of the uniqueness theorem which says that the I-function,

1) = 208 s, (1.5.19)

f(k) -
determines ¢ € Ly ; uniquely. The I-function is equal to Weyl’s m-function if ¢ € Ly ;.

We give many applications of the above uniqueness theorem. In particular, we give short and simple
proofs of the uniqueness theorems of Marchenko which say that S determines ¢ € Ly ; uniquely, and p(A)
determines ¢ uniquely. We prove that if (1.5.18) (or (1.5.17)) holds, then either of the four functions
S(k), 0(k), f(k), f'(0,k), determines g(x) uniquely. This result is applied in Chapter 10 to the heat and
wave equations. It allows one to study some new inverse problems. For example, let

Ut = Ugy — q(x)u, x>0, t>0, (1.5.20)
u=u;=0att=0. (1.5.21)
u(0,t) = 6(t) or u'(0,t) = §(t). (1.5.22)
Assume
g=0forz>1, ¢=7q, qeL01), (1.5.23)

and let the extra data (measured data) be
u(1,t) =a(t) Vt>0. (1.5.24)

The inverse problem is: given these data, find q(x).
Another example: Let

Up = Upy — q(x)u, 0< <1, t>0, qeL0,1], (1.5.25)
u(z,0) = (1.5.26)
u(0,t) =0, u(l,t)=a(t), a(t)ec L' (Ry), a#0. (1.5.27)
The extra data are
uy(1,t) =b(t)  Vt>0. (1.5.28)

The inverse problem is: given these data, find q(x).
Using the above uniqueness results, we prove that these two inverse problems have at most one
solution. The proof gives also a constructive procedure for finding q.

5) We have already mentioned uniqueness theorems for some inverse problems with “incomplete data”.
“Incomplete data” means the data which are a proper subset of the classical data, but “incomplete-
ness” of the data is compensated by the additional assumptions on ¢. For example, the classical
scattering data are the triple (1.2.17), but if (1.5.18) or (1.5.17) is assumed, then the “incomplete
data” alone, such as S(k), or 6(k), or f(k), or f/(0,k), Vk > 0, determine ¢ uniquely. Another
general result of this nature, that we prove in Chapter 7, is the following one.

Consider, for example, the problem
lpj =N, 0=z <1y ;(0) =¢;(1)=0. (1.5.29)

Other boundary conditions can also be considered.
Assume that the following data are given.

{Am()Vis a(x), b<z <1}, g() € L'0,1],4 =7, (1.5.30)
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where 0 < b < 1, and

m(j) =2(1+¢), ;] <1, ¢ — 0asj— o0, o= const, 0< o< 2. (1.5.31)
g
Assume also -
D ejl < oo (1.5.32)
j=1

We prove

Theorem 1.5.1. Data (1.5.30)-(1.5.31) determine uniquely g(x) on the interval 0 < x <b if o > 2b. If
(1.5.32) is assumed additionally, then q is uniquely determined if o > 2b.

The o gives the “part of the spectra” sufficient for the unique recovery of ¢ on [0, b]. For example, if

b= 1 and (1.5.32) holds, then o = 1, so “one spectrum” determines uniquely ¢ on [0, %] Ifb= %, then

2
L, so “half of the spectrum” determines uniquely ¢ on [0, 1]. If b = %, then “% of the spectrum”

g = 5
determine uniquely ¢ on [0, %] If b =1, then 0 = 2, and “two spectra” determine ¢ uniquely on the

whole interval [0,1]. The last result belongs to Borg [B]. By “two spectra” one means {X;}(J{x;},
where p; are the eigenvalues of the problem:

(uj = ujuj, 'U,](O) = 0, U;(l) —+ huJ(l) = 0 (1533)
In fact, two spectra determine not only ¢ but the boundary conditions as well [M].

6) Our basic results on the spherically symmetric inverse scattering problem with fixed-energy data are
the following.

The first result: If ¢ = q(r) = 0 for r > a, a > 0 is an arbitrary large fixed number, r := |z|, 2 € R3,
g =7, and foa r?|q(r)|?dr < oo, then the data {§;}vee, determine g(r) uniquely. Here &, is the phase
shift at a fixed energy k% > 0, £ is the angular momentum, and £ is any fixed set of positive integers

such that 1
> 7 =00 (1.5.34)
el

The second result is: If ¢ = q(x), x € R®, ¢ = 0 for |z| > a, ¢ € L*(B,), where B, := {x : |z| < a},
then the knowledge of the scattering amplitude A(a’,«) at a fixed energy k* > 0 and all o/ € S7
determine ¢(z) uniquely [R], [R7]. Here gf, j = 1,2, are arbitrary small open subsets in 52 and S? is

the unit sphere in R3. The scattering amplitude is defined in Section 6.1.
The third result is: The Newton-Sabatier inversion procedure (see [CS], [N]) is fundamentally wrong.

7) Following [R16] we present, apparently for the first time, a detailed exposition (with proofs) of the
Krein inversion theory for solving inverse scattering problem and prove the consistency of this
theory.

8) We give a method for recovery of a quarkonium system (a confining potential) from a few experimental
measurements.

9) We study various properties of the I-function.

10) We study an inverse scattering problem for inhomogeneous Schrodinger equation.
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Chapter 2

Property C for ODE

2.1 Property C

By ODE in this section, the equation
(0 —E*)u = —u" + q(z)u — K*u =0 (2.1.1)

is meant. Assume ¢ € L; ;. Then the Jost solution f(z,k) is uniquely defined. In Section 1.4 Defini-
tion 1.4.1, property C is explained. Let us prove

Theorem 2.1.1. Ifq € L1, j = 1,2 then property C holds.
Proof. We use (1.2.25) and (1.2.26). Denote A(x,y) := Aj(x,y) + Aa(z, s). Let

0= /O = deh(w) f1 (2, ) fol, )
:/0 dxh(z) |:62ik$+/v Az, y)e*vdy (2.1.2)

+/ / dydzA1<x,y>A2<x,z)ei’“‘y”)}

for some h € LY(R,). Set y +2z =38,y — 2z = o and get

/ / Ay (z,y)Ag(z, 2)e* VT dydz = / T(z,s)e™ds, (2.1.3)
T x 2x
where )
1 S§—42T —
T(z,s) — 7/ A <x i +"> Ay <:c i ") do. (2.1.4)
2 —(s—2z) 2 2

Thus, f1f2 = (I+V*)e?** where V* is the adjoint to a Volterra operator, V* f := 2 f;72 A(x,2s) f(s)ds+

2 [ T(x,25)f(s)ds.
Using (2.1.3) and (2.1.4) one rewrites (2.1.2) as

0 = /0 ” dse?is {h(s)+2 /O " A2, 25 — 2)h(x)ds + 2 /0 ST(x,Zs)h(a;)dx},Vk‘ > 0. (2.1.5)

The right-hand side is an analytic function of k in Cy vanishing for all £ > 0. Thus, it vanishes identically
in Cy and, consequently, for k < 0. Therefore

h(s) +2 /05 A(x,2s — x)h(z)dr + 2/08 T(x,2s)h(z)dx = 0,¥s > 0. (2.1.6)
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Since A(zx,y) and T'(z,y) are bounded continuous functions, the Volterra equation (2.1.6) has only the
trivial solution h = 0. O

Define functions g+ and fi as the solutions to equation (1.2.5) with the following asymptotics:
g+ = exp(Likz) + o(l), x — —oo, (2.1.7)
f+ = exp(Fikx) +o(1), = — +o0, (2.1.8)
Let us denote fi = f and g4 = g.
Definition 2.1.2. The pair {{1, 0>} has property C_ iff the set {g1g2}vr~o is complete in L*(R_).

Similar definition can be given with (g_ ;) replacing g;, j =1, 2.
As above, one proves:

Theorem 2.1.3. Ifq; € L1 1(R_),j = 1,2, then property C_ holds for {{1,{2}.

By L1 1(R) we mean the set

o0

Lia®) ={a:a=1. [ (1+[ala(o)lde < oc). (2.1.9)

— 0o

2.2 Properties C, and Cy.
We prove only property C,. Property Cy is proved similarly. Property C, is defined in Section 1.4.
Theorem 2.2.1. Ifg; € L11,j = 1,2, then property C, holds for {{1,02}.

Proof. Our proof is similar to the proof of Theorem 2.1.1. Using (1.2.24) and denoting ¢ = kp, K :=
K1 + K5, one writes

P12 =sin?(kx) + /I K(z,y)sin(kz) sin(ky)dy
0

¢ o (2.2.1)
+ % /0 /0 Ki(x,y)Ka(x, s){coslk(y — s)] — cos[k(y + s)]}dyds.
Assume: .
0= / h(@)s (2, k) do(x, k)dz Yk > 0. (2.2.2)
0
Then . .
0= /0 dxh(x) — /0 dzxh(zx) cos(2kx)
b b
—|—/O ds cos(ks)/s dxh(z)K(x,x — s) (2.2.3)
2b min(b,s)
_ /0 ds cos(ks)/g dzh(x)K(z,s —x) + 1,
where

b T T
I ::/O dxh(m)/o /0 Ky (z,y)Ka(z, s){cos[k(y — s)] — cos[k(y + s)]}dyds.

Let y—s:=t, y+s:=wv. Then

//KlKgcos[k(yfs)]dde:/ ds cos(ks)Bi(x, s),
o Jo 0
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where

1 2=l s+ v—s v— 8 v+ s
Bi(z,s) = 2/|S [Kl(% 5 ) Ko ($,2> + K, (fﬂ, 2) K, (%2)] dv,

2z

/‘ / K1 K cos[k(y + s)]|dyds = Bs(x, s) cos(ks)ds,
o Jo 0

1 [e® t —t
Bg(x,s):za/ ()K1 (JC, ;S>K2(x,82 )dt,

and w=s5if0<s<zryw=22zx-—sifx <s<2z.
Therefore

b b 2b b

1= / ds cos(kjs)/ dzh(x)Bi(x,s) — ds cos(ks)/ dzh(x)Bs(x, s). (2.2.4)
0 s 0 5

From (2.2.3) and (2.2.4), taking k — oo, one gets:

/Ob h(z)dx =0,

and (using completeness of the system cos(ks), 0 < k < oo, in L?(0,b)) the following equation:

h(ﬁ) b min(b,s)
0= —TQ + / K(z,z — s)h(z)dz — / dzh(x)K(z,s — x)
b

/2 (2.2.5)

b
+/ al:rh(x)Bl(ams)—//2 dxh(x)Ba(z, s).

The kernels K, By, and By are bounded and continuous functions. Therefore, if b < oo and h(z) = 0 for
x > b, (2.2.5) implies:

b b
I <e [ haldz e [ hiz)ids
2y Yy
where ¢ > 0 is a constant which bounds the kernels 2K, 2B; and 2B5 from above and 2y = s. From the

above inequality one gets
max |h(y)| < ce max |h(y)], (2.2.6)

b—e<y<b b—e<y<b

where €, 0 < € < b, is sufficiently small so that ce < 1 and b—e < 2b— 2e. Then inequality (2.2.6) implies
h(x) =01if b — e < & < b. Repeating this argument, one proves, in finitely many steps, that h(xz) = 0,
0<z<b.

Theorem 2.2.1 is proved. O

The proof of Theorem 2.2.1 is not valid if b = oo. The result is not valid either if b = co. Let us give
a counterexample.

Theorem 2.2.2. There exist q1,q92 € L1,1 and an h # 0, such that

/OO h(z)pr(z, k)pa(z, k)de =0 Vk > 0. (2.2.7)
0
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Proof. Let g1 and g2 are two potenetials in L; ; such that Sy(k) = S2(k) Vk > 0, ¢; and ¢2 have one
negative eigenvalue —k?, which is the same for £; and £, but s1 # sa, so that q; # q2. Let h:= g2 — q1.
Let us prove that (2.2.7) holds. One has 19, = k201, laps = k2?py. subtract from the first equation
the second and get:

—@" — ko +qp=hps, @:=p1— 2, »(0,k)=¢(0,k)=0. (2.2.8)
Multiply (2.2.8) by 1, integrate over (0,00) and then by parts to get
/ hpaprdr = (pp) — w’apl)’go =0, Vk>0. (2.2.9)
0
At x = 0 we use conditions (2.2.8), and at x = oo the phase shifts corresponding to ¢; and go are the

same (because Si(k) = S2(k)) and therefore the right-hand side of (2.2.9) vanishes. Theorem 2.2.2 is

proved.
O
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Chapter 3

Inverse problem with /-function as
the data

3.1 Uniqueness theorem

Consider equation (1.2.5) and assume ¢ € Ly 1 Then f(z,k) is analytic in Cy. Define the I-function:
f'(0,k)
flk)

From (3.1.1) it follows that I(k) is meromorphic in C with the finitely many simple poles ik;, 1 < j < J.
Indeed, ik; are simple zeros of f(k) and f'(0,ik;) # 0 as follows from (1.2.4). Using (1.2.20), one gets

(0, ik, j (0,0
aj = Resg—ik, I(k) = ! ( fZ 3) S , ki >0; ap= M, (3.1.2)
f(ikj) 2ik; £(0)
where Ima; > 0,1 <j <J, and Imag > 0, ap # 0 iff f(0) = 0. We prove that if ¢ € Ly ; and f(0) =0
then f(0) exists and f(0) # 0 (Theorem 3.1.3 below). This is a subtle result.

Lemma 3.1.1. The I(k) equals to the Weyl function m(k).
Proof. The m(k) is a function such that 6(x, k) + m(k)p(z, k) € L*(Ry) if Imk > 0. Clearly

[, k) = c(B)[0(z, k) +m(k)p(z, k)],

I(k) = (3.1.1)

where ¢(k) # 0, Imk > 0. Thus I(k) = %Eg’gm?gfﬁ}@’;) = m(k) because of (1.2.3) and (1.2.4). O

Our basic uniqueness theorem is:
Theorem 3.1.2. Ifq; € L11, j = 1,2, generate the same I(k), then ¢1 = g.
Proof. Let p := g2 — q1, f; be the Jost solution (1.2.5) corresponding to ¢;, w := fi — fo. Then one has

—w" + qw — k*w = pfs, |w|+ w'| =0(1), x— +oo. (3.1.3)

Multiply (3.1.3) by f1, integrate over R, then by parts, using (3.1.3), and get

| phatide =@ 0) - wO);(0)
= f1(0,k) fa(k) — f5(0, k) fr(k) = fa(k) fo(B)[I1 (k) — Lo(K)] = 0. (3.1.4)
By property Cy (Theorem 2.1.1), p(z) = 0. m|
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Remark: If ¢; € L11, j = 1,2, and (¥) |L1(k) — Lo(k)| < ce=2aIMk where k = |k|ei A1k, V|k| >
0,0 < argk <, then ¢;(z) = g2(x) for almost all z € (0,a). This result is proved in [GS1] for ¢; € Lj,.
Our proof is based on (3.1.4), from which, using (*), one gets (**) fo pfafidr = O(e™2e Imk). Note
that f1fa = (I+V*)e?™*® where V* is the adjoint to a Volterra operator (see the formula below (2.1.4)).
Thus, (**) can be written as (**¥) [ p1e?**dx = O(e™2" Imk), where p; := (I+V)p. Formulas (6.5.6)
(see Chapter 6 below) and (***) imply p; = 0 for almost all x € (0,a). Since V is a Volterra operator,
it follows that p = 0 for almost all z € (0,a), as claimed.

Theorem 3.1.3. If g € Ly and f(0) =0, then f(0) exists and f(0) # 0.

Proof Let us prove that f(k) = ikA;(k), A1(0) # 0, Ay = I° e*t Ay (t)dt, and Ay € L'(Ry). Let

= [ A(s)ds, A:= f(k)—1, and A(y) = A(0,y), where A(z,y) is defined in (1.2.25) and A(y) €
Ll(R+) by (1. 2 26). Integrating by parts, one gets A(k) = —exp(ikt) A (t)|5° + ikA; = ikA; — 1. Thus
f(k) = ikA;. The basic difficulty is to prove that A; € LY(R.). If this is done, then limy_q f(k) = £(0)

exists and f(0) = iA;(0). To prove that f(0) # 0, one uses the Wronskian formula (3.2.2) Wlth x=0:
F(=k)f'(0,k)—f(k)f' (0, —k) = 2ik. Divide by k and let k — 0. Since existence of f(0) is proved, one gets
—£(0)£"(0,0) = i, so £(0) # 0. We have used here the existence of the limit limg_q f(0,%) = f'(0,0).
The existence of it follows from (1.2.25):

fwmyﬂk—mam+/mAAawww% (3.1.5)
0
and ~

£(0,0) = —A(0,0) + /0 A,(0,y)dy. (3.1.6)

From (1.2.27) one sees that A,(0,y) € L*(Ry). Thus, to complete the proof, one has to prove A; €
LY(R,). To prove this, use (1.5.13) with z = 0 and (1.5.11). Since f(ik;) = 0, one has A(ik;) = —1.
Therefore (1.5.13) with 2 = 0 yields:

Ay) + /OOO A F,(t+ y)dt + Fyly) =0, y >0, (3.1.7)
Integrate (3.1.7) over (z,00) to get:
Al(x)Jr/OOOA(t) /OOEg(t+y)dydt+/ooEg(y)dy:O, x>0, (3.1.8)
where Fy(y) € L*(R,). Integrating by parts yields:
/Ooo A(t) /Oo Fult + y)dy dt = Al(O)/ Y)dy — / Av()Fy(x + t)dt. (3.1.9)
Because 0 = f(0) = 1+ [, A(y)dy, one has A;(0) = —1. Therefore (3.1.8) and (3.1.9) imply:
/ AW F,(z+t)dt =0, z>0. (3.1.10)

From this equation and from the inclusion Fy(t) € L'(R,), one derives A; € L}(R,) as follows. Choose
T(t) € C5°(Ry) such that |[Fs — T'||p1r,) < 0.5, and let @ := Fy — T. Then (3.1.10) can be written

as:
o)

- /00 Q(z +t)A1(t)dt = a(z) == / T(x+1t)A(t)dt, =>0. (3.1.11)

Since T € C§°(Ry) and A € L*(R), it follows that A; is bounded. Thus a € L*(R;). The operator
QA1 == [ 7 Q(z + t)Ai(t)dt has norm ||Q|| 11 (r,)—r1(®,) < 0.5. Therefore equation (3.1.3) is uniquely
solvable in L'(R;) and A; € L*(R;). Theorem 3.1.3 is proved.

O
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3.2 Characterization of the /-functions

One has
L (foR TOB__k
(k) = 5; ( CEG] ) NGk (3:2.1)
where the Wronskian formula was used with x = 0:
F@ ) f . k) — f(a, k) (k) = 2ik. (3.2.2)

From (1.2.21) and (3.2.1) with k& = v/}, one gets:
1
—ImI(VA)dx=dp, X>0. (3.2.3)
™

The I(k) determines uniquely the points ik;, 1 < j < J, as the (simple) poles of I(k) on the imaginary
axis, and the numbers ¢; by (3.1.2). Therefore I(k) determines uniquely the spectral function p(\)
by formula (1.2.21). The characterization of the class of spectral functions p()), given in Section 4.6,
induces a characterization of the class of I-functions.

The other characterization of the I-functions one obtains by establishing a one-to-one correspondence
between the I-function and the scattering data S (1.2.17). Namely, the numbers k; and J, 1 < j < J,
are obtained from I(k) since ik; are the only poles of I(k) in C4, the numbers s; are obtained by the
formula (see (1.2.16) and (3.1.2)):

s; = —% (3.2.4)
a;[f(ik;)]?
if f(k) is found from I(k). Finally, f(k) can be uniquely recovered from I(k) by solving a Riemann
problem. To derive this problem, define

w(k) = f[ Rk g 1(0) < 0 (3.2.5)
T kT ’ =
and
wo(k) :== e i/iw(k)’ if I(0) =00, k#k; Vj, k>O0. (3.2.6)
Assumption (3.2.5), means that f(0) # 0, and (3.2.6) means f(0) = 0.
Define
h(k) :=w (k) f(k), 1(0)< oo (3.2.7)
ho(k) == wy (k) f(k), 1(0)= cc. (3.2.8)
Write (3.2.1) as f(k) = ﬁl(k)ﬁ or
hi(k)=g(k)h_(k), —o0<k < o0, (3.2.9)

where h (k) := h(k) is analytic in C,, hy (k) # 0 in C, the closure of C, h(co) =1in Cy, h_(k) :=
h(—k) has similar properties in C_,

g(k) = ImLI(k) if I(0) < oo, g¢g(k)= ImLI(k)% if I(0) = oo, (3.2.10)

g(k) > 0 for k > 0, g(k) is bounded in a neighborhood of k¥ = 0 and has a finite limit at £ = 0. From
(3.2.9) and the properties of h, one gets:

h(k) :exp< ! /oo I?gi)dt), (3.2.11)

2mi J_ o
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and

f(k) =w(k)h(k), Imk>0. (3.2.12)
In Section 3.4 we prove:
L[~ 1 —ikt To 4 kjt
o (k) = ikle™™dk = — 2 ~ > ettt <, (3.2.13)
oo =

where r; = —ia;. Taking ¢ — —oo in (3.2.13), one finds step by step all the numbers r;, k; and J. If
I(0) < oo, then g = 0. Thus the data (1.2.17) are algorithmically recovered from I(k) known for all
k> 0.

A characterization of S is given in Section 5.5, and thus an implicit characterization of I(k) is also
given.

3.3 Inversion procedures.

Both procedures in Section 3.2, which allow one to construct either p(A) or S from I (k) can be considered
as inversion procedures I = ¢ because in Chapter 4 and Chapter 5 reconstruction procedures are given
for recovery of q(z) from either p(A) or S. All three data, I(k), p(A\) and S are equivalent. Thus, our
inversion schemes are:

I(k) = p(A) = q(z), (3.3.1)
I(k) = S = q(x), (3.3.2)
where (1.5.1) gives the details of the step p(\) = ¢(x), and (1.5.10) gives the details of the step S = ¢(x).

3.4 Properties of I(k)

In this section, we derive the following formula for I(k):

Theorem 3.4.1. One has

J o0
I(k) = ik + z szk +a(k), a(k)= / a(t)e*tdt, (3.4.1)
j=0 J 0

where ko, Imag > 0 if and only if f(0) = 0, a; are the constants defined in (3.1.2), Ima; >0,1<j < J,
a(t) € L'(Ry) if £(0) #0 and q € Ly, a(t) € L'(Ry) if £(0) =0 and q € Ly 5(Ry).

We prove this result in several steps which are formulated as lemmas. Using (1.2.25) one gets

ik — A(0,0) + [;° Az(0,y)e ”“ydy

I(k) =
1+ A( ) (3.4.2)
Al = A0.9), )= [ aetray
One has (cf. (3.2.5))
FO) =14 A = fBo ), ) = [ pty vy (3.43)
- 0 k+in B TR -
fO(k) 7é 0in (C-i-a fO(OO) = 17 (344)
fo(k) is analytic in C, the factor W in (3.4.3) is present if and only if f(0) = 0, and w(k)k_s_% = wo(k).
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Lemma 3.4.2. If f(0) # 0 and ¢ € L11(Ry) then

fo(k) = 1+bo(k), bo(z) € WM (RL),  |lbollwrae,) :=/ (Ibo| + [bp|)da: < o0. (3.4.5)
0

Proof. Tt is sufficient to prove that, for any j, 1 < j < J, the function

k+ ik;
k— ik,

f(k)=1+ /OOO g;(t)e*tdt, g; € WHH(RL). (3.4.6)

Since Zi:j =1+ kQ_if,ij, and since A(y) € WH1(R,) provided that ¢ € Ly 1(Ry) (see (1.2.26)—(1.2.27)),
it is sufficient to check that

f(k.) :/ g(t)e™ dt, ge WH(R,). (3.4.7)
k — ij 0
Note that i
—ikj [T ik op kKt _J 1L t=0 y
i _/_ooe [5(t) — 2k;e o] e, 0(1) ._{ 0 o (3.4.7)

One has f(ik;) = 0, thus

10 _ SIS
0

k—ik;  k—ik; k — ik;
= / dyA(y)e_kfyi/ etk=iki)s g — / e*3h;(s) ds,
0 0 0
where - -
hj(s) == 2/ A(y)e k=) dy = z/ A(t + s)e Mt at. (3.4.8)
s 0
From (3.4.8) one obtains (3.4.7) since A(y) € WHL(Ry).
Lemma 3.4.2 is proved. O

Lemma 3.4.3. If f(0) =0 and q € L1 2(Ry), then (3.4.5) holds.

Proof. The proof goes as above with one difference: if f(0) = 0 then kg = 0 is present in formula (3.4.1)
and in formula (3.4.8) with kg = 0 one has

ho(s) = i /0 T Al s)dt. (3.4.9)

Thus, using (1.2.26), one gets

/ |ho(s)|ds < c/ ds/ dt/ lg(w)| du
0 0 0 b
= 20/ ds/ dv/ lg(w)] du < 20/ ds/ lg(w)|udu
0 5 v 0 5

= 40/ u?|g(u)|du < oo if g€ Lia(Ry),
0

where ¢ > 0 is a constant. Similarly one checks that h{(s) € L'(Ry) if ¢ € L1 2(R4).
Lemma 3.4.3 is proved. O

Lemma 3.4.4. Formula (3.4.1) holds.
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Proof. Write

1 =1 k—
Flk) ~ fo(k)
Clearly
ki vy k+ ik; !
L - k—lk +Z kj k‘o—o, k‘j>0
j=1 7=0
By the Wiener-Levy theorem [GRS, §17], one has
1 o0 .
=1 +/ b(t)e'ktdt, b(t) e WHI(Ry), (3.4.5")
fo(k) 0

where fo(k) is defined in (3.4.3). Actually, the Wiener-Levy theorem yields b(t) € L*(R). However,
since bg € WH(R,), one can prove that b(t) € WH(R, ). Indeed, b and by are related by the equation:

(1+bo)(1+b)=1, VkeR,
which implies - U
b= —by — by,
or

b(t) = 7()0(2&) - /O bo(t — s)b(s) ds := 71)0 — bo * b, (3410)

where * is the convolution operation.

Since b)) € L*(R;) and b € L*(R) the convolution b, x b € L*(R,). So, differentiating (3.4.10) one
sees that b’ € L'(R,), as claimed.

From the above formulas one gets:

J J

— (il _ aj -
I(k) = (ik — A(0) + Ay)(1 + b) zk+c+j§k_ikj+a, (3.4.11)

0

where ¢ is a constant defined in (3.4.13) below, the constants a; are defined in (3.4.14) and the function
a is defined in (3.4.15). We will prove that ¢ = 0 (see (3.4.17)).
To derive (3.4.11), we have used the formula:
ikt

~ e
kb = ik
i 1 [ T

<1

.k

ei’“b’(t)dt] = —b(0) - ¥/,

b(t)

and made the following transformations:

Y _ Cjik’
(k) = ik — A(0) — b(0) — b/ 4+ A; — A( )b+A1ij::0kiikj
L [A0) +0(0)] | < glk) = Gliky) | < ke
N Y i) 1)< 412
D D D A Dk (3.4.12)
= = j=0
where o o
E(k) = —b/ + Al - A(O)b + Alb
Comparing (3.4.12) and (3.4.11) one concludes that
J
c:=—A(0) = b0) +i ) ¢, (3.4.13)
j=0
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a; = —c;j [k; + A(0) + b(0) — §(ik;)], (3.4.14)

To complete the proof of Lemma 3.4.4 one has to prove that ¢ = 0, where ¢ is defined in (3.4.13).
This follows from the asymptotics of 1(k) as k — co. Namely, one has:

~ A(0) 1 ~
A(k) = — — A 4.1
From (3.4.16) and (3.4.2) one gets:
L ~ A(0) 1\]!
~ A(0 1
= (ik — A(0) + A4;) (1 + % +o (k’)) =ik +o(1), k— +oo. (3.4.17)
From (3.4.17) and (3.4.11) it follows that ¢ = 0. Lemma 3.4.4 is proved. O

Lemma 3.4.5. One has aj =irj, r; >0,1<j<J, and ro =0 if f(0) #0, and 7o > 0 if f(0) =0.

Proof. From (3.1.2) one gets:

Cj . Cj . Cj .
= = = r; = . 4.1
i 2ik; Zij MEAE 2k; 20 720 (3.4.18)
If j =0, then
1'(0,0)

(3.4.19)

Here by Resi—o I(k) we mean the right-hand side of (3.4.19) since (k) is, in general, not analytic in a
disc centered at k = 0, it is analytic in C, and, in general, cannot be continued analytically into C_.
By Theorem 3.1.3 the right-hand side of (3.4.19) is well defined and

1 1
ag = — =1irg, o= —— 3.4.20
" e Vo (3420
From (1.2.25) one gets:
£(0) =i/0 A(y) y dy. (3.4.21)

Since A(y) is a real-valued function if ¢(z) is real-valued (this follows from the integral equation
(1.2.28), formula (3.4.21) shows that

.12
{f(O)} <0, (3.4.22)
and (3.4.20) implies
ro > 0. (3.4.23)
Lemma 3.4.5 is proved. O

One may be interested in the properties of function a(t) in (3.4.1). These can be obtained from
(3.4.15) and (3.4.5) as in the proof of Lemma 3.4.2 and Lemma 3.4.3.
In particular, the statements of Theorem 3.4.1 are obtained.
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Remark 3.4.6. Even if q(x) #Z 0 is compactly supported, one cannot claim that a(t) is compactly
supported.

Proof. Assume for simplicity that J = 0 and f(0) # 0. In this case, if a(t) is compactly supported then
I(k) is an entire function of exponential type. It is proved in [R, p.278] that if g(x) # 0 is compactly
supported, ¢ € L'(R,), then f(k) has infinitely many zeros in C. The function f’(0,z) # 0 if f(z) = 0.
Indeed, if f(z) = 0 and f’(0,z) = 0 then f(x,z) = 0 by the uniqueness of the solution of the Cauchy
problem for equation (1.2.5) with k = z. Since f(z,z) # 0, one has a contradiction, which proves that
f'(0,2) # 0if f(2) = 0. Thus I(k) cannot be an entire function if q(x) # 0, ¢(z) € L'(Ry) and ¢(z) is
compactly supported. O

Let us consider the following question:
What are the potentials for which a(t) =0 in (3.4.1)?
In other words, let us assume
iT;

J
I(k) = ik J 4.24
(k) =i +;k_ikj, (3.4.24)

and find ¢(z) corresponding to I-function (3.4.24), and describe the decay properties of ¢(z) as x — +oc.
We give two approaches to this problem. The first one is as follows.
By definition

F0,k)=1(k)f(k), f(0,—k)=1I(-k)f(-k), keR. (3.4.25)
Using (3.4.25) and (1.2.11) one gets [I(k) — I(=k)]f(k)f(=k) = 2ik, or
fk)f(—k) = Im.];(k)’ Vk € R. (3.4.26)

By (3.4.18) one can write (see (1.2.21)) the spectral function corresponding to the I-function (3.4.24)

(VA =k):
Im I gy A>0
AN =T o 2 L (3.4.27)
Zj:l ijTj(S(/\—l-kj)d/\, A <0,
where §(\) is the delta-function.

Knowing dp(A) one can recover ¢(x) algorithmically by the scheme (1.5.1).
Consider an example. Suppose f(0) #0, J=1,

. ’i?"l . ’L’I"l(k-l-lkl) . le 7'1]{)1
I(k) =1k + =tk+ ———=5>=1|k+ - . 4.2
) =ik + g, =7 [ a k) Ktk (3.4.28)

Then (3.4.27) yields:

D (VA+52) ) A>0
dp(\) =4 ™ (V+52). ’ (3.4.29)
2k 6+ k2) dA, A <0,

Thus (1.5.3) yields:

sh(kiz) sh(kiy)
L(z,y) = — 2
(:Ea y) T d>\)\ I k% \/X \/X + klrl kl kl )

(3.4.30)

1 /OO VA sin vz sin vy
0
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and, setting A = k? and taking for simplicity 2k;r1 = 1, one finds:

2r
Lo(.T,y) = 71/
0

* dkk?® sin(kx)sin(ky)

k2 + k? k2
2 /°° dk sin(kx) sin(ky)
™ Jo K2+ kit (3.4.31)
r1 (% dk[cosk(z —y) — cosk(z +y)]
B ™ Jo k'Q + k'%
_ " —kilz—yl _ —ki(z+y)
o (e e ) , k1 >0,
where the known formula was used:
1 (% coskx 1
— | o dk= el 0 R. 3.4.32
T /0 k2 + a? 2a ° ’ a=>5 ve ( )
Thus h(kne) sh(ky)
_ " [ —kyja—y —k1 (z+y) shlkx) shirmy
el (I v . 4
(z.y) TN e s o (3.4.33)
Equation (1.5.4) with kernel (3.4.33) is not an integral equation with degenerate kernel:
”” e~Flt=yl _e=k1(t+y)  sp(kyt) sh(kyy)
K(x, —|—/ K(z,t [ + dt 3.4.34
@)+ [ K | g aELL (3.434)

e~Flz=yl _ g=ki(zty) _ sh(k1) sh(kiy)

2]411/7‘1 kil kl

This equation can be solved analytically [Ra], but the solution is long. By this reason we do not give
the theory developed in [Ra], but give the second approach to a study of the properties of g(z) given
I(k) of the form (3.4.28). This approach is based on the theory of the Riemann problem [G].

Equations (3.4.26) and (3.4.28) imply

k? + k2

The function b ik
Z .
fo(k) == f(k) L£0 in Cy. (3.4.36)
k — ’Lkl
Write (3.4.35) as
k—lkl k‘+2k‘1_k‘2+k‘%
oK) e o R i = o
Thus 124 g2
+ ki 1
k)= ———=h, h(k) i = ——. 3.4.37

The function fo(—k) #0in C_, fo(co) =1in C_, so h :=
Consider (3.4.37) as a Riemann problem. One has

o(—F) 1s analytic in C_.

k? + ki [ B e
ind L= _— dln =0. 4.
HaRE vio2mi J_ o k% +v? 0 (3.4.38)

Therefore (see [G]) problem (3.4.37) is uniquely solvable. Its solution is:

k+ ik
]f—‘riyl’

k*illl

k—iky’

fo(k) = h(k) = (3.4.39)
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as one can check.
Thus, by (3.4.36),

k —iky
= . 4.4
) = (3.4.00)
The corresponding S-matrix is:
f(=k) _ (k+ik)(k +iv1)
S(k) = = - - 3.4.41
(k) f(k) (k —iky)(k — i) ( )
Thus |
Fi(e) = 5 / 1 S(k)]e*dk = O (e7¥1%)  for z >0, (3.4.42)
™ — 00
Fy(x) = sy e "7,
and
F(z) = Fy(x) + Fy(z) = O (e F17). (3.4.43)
Equation (1.5.13) implies A(z,z) = O (e7?M%), so
q(z) = O (e2F17), x — +o00. (3.4.44)

Thus, if f(0) # 0 and a(t) = 0 then g(z) decays exponentially at the rate determined by the number
]411, k‘l = min kj.
1<5<J

If £(0) =0, J =0, and a(t) = 0, then

Z"r‘o

I(k) = ik + =2, (3.4.45)
k’2
—R) =5 . 4.4
f(k)f(=k) 2y 00 (3.4.46)
Let fo(k) = W Then equation (3.4.46) implies:
k*+1 9
fo(k) fo(—k) = Vg T (3.4.47)
and fo(k) #0 in (C+
Thus, since ind g £+L %5 +V =0, fo(k) is uniquely determined by the Riemann problem (3.4.47).
One has: bt .
1 —1
k = —k =
and N fe ) s
—+ 1
k k 3.4.48
J(k) = k+ivy’ (k) = fk)  k—iv ( )
1 k+ 2% ik
F Tk
() = o / ( — wo)
—2iy [° ””dk B
— — 2 vox
2 /,Ook—iz/o vo¢ » >0,
and Fy(z) = 0.
So one gets:
F(x) = Fy(x) = 2v0e""", 2> 0. (3.4.49)



Equation (1.5.13) yields:

oo

Az, y) + 21/0/ Az, t)e 00 g = —pge 0@ty > 2 > 0. (3.4.50)

x

Solving (3.4.50) yields:
1

A(.’II, y) = —2V0€_y0(r+y)m.

The corresponding potential (1.5.12) is
q(z)=0 (6721}01) , T — 0. (3.4.52)

If g(z) = O ("), k > 0, then a(t) in (3.4.1) decays exponentially. Indeed, in this case b (t)
Aj * b decay exponentially, so g(t) decays exponentially, and, by (3.4.15), the function Z (k
with h(t) decaying exponentially. We leave the details to the reader.

26



Chapter 4

Inverse spectral problem

4.1 Auxiliary results

4.1.1 Transformation operators

If A; and A, are linear operators in a Banach space X, and T is a boundedly invertible linear operator
such that AT = T A,, then T is called a transformation (transmutation) operator. If Asf = Af then
A\Tf = XTf, so that T sends eigenfunctions of As into eigenfunctions of A; with the same eigenvalue.
Let ¢; = —dd—; +q;(z), 7 = 1,2, be selfadjoint in H := L?(0,00) operators generated by the Dirichlet
boundary condition at = 0. Other selfadjoint boundary conditions can be considered also, for example,
u'(0) — hu(0) = 0, h = const > 0.

Theorem 4.1.1. Transformation operator for a pair {€1,03} exists and is of the form Tf = (I + K)f,
where the operator I + K is defined in (1.2.24) and the kernel K(z,y) is the unique solution to the
problem:

Kooz, y) — qi(2)K(2,y) = Kyy — 2(y) K, (4.1.1)
K(z,0)=0 (4.1.2)
K(z,z) = ;/OI(CH — q2)dy. (4.1.3)

Proof. Consider for simplicity the case g = 0, g1 = g. The proof is similar in the case g2 # 0. If ¢go = 0,

then (4.1.3) can be written as

dK (z,x)

= 27

q(x) i

If (Tf =Tl f and Tf = f+ [} K(z,y)f dy, then

K(0,0) = 0. (4.1.4)

_ O0K(z,x)

B f—/o Ko f dy (4.1.5)

—f"+a(@)f +qTf — [K(z,2)f]

z
0.

1" [ Koty =~ [ Kyt dy - Ko | + Ko

Since f € D(¢1), f(0) = 0, and f is arbitrary otherwise, (4.1.5) implies (4.1.1),(4.1.2) and (4.1.4).
Conversely, if K (z,y) solves (4.1.1), (4.1.2) and (4.1.4), then I + K is the transformation operator. To
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finish the proof of Theorem 4.1.1 we need to prove existence of the solution to (4.1.1), (4.1.2) and (4.1.4).
Let =2 +y,n=x—y, K(x,y) := B(&,n). Then (4.1.1), (4.1.2) and (4.1.4) can be written as

£/2
Bey = 10 (53”) B B0 =3 [ ats)is Bleo 0. (4.1.6)
Integrate (4.1.6) to get
1 1 (7
Be(&,m) = 14 (g) + Z/o q (T) B(&,T)dr. (4.1.7)
Integrate (4.1.7) with respect to & over (n,£) and get
1 (¢ /s 1[5 " [s+7
B(&,n) = 4/n q<§> ds+4/n /O q< . >B(S,T)d7’d8. (4.1.8)

This is a Volterra integral equation which has a solution, this solution is unique, and it can be obtained
by iterations.
Theorem 4.1.1 is proved. O

4.1.2 Spectral function
Consider the problem (1.2.1). The classical result, going back to Weyl, is:

Theorem 4.1.2. There exists a monotone increasing function p(\), possibly nonunique, such that for

every h € L*(0,00), there ezists h(\) € L2(R;dp) such that

/Ooo|h|2dx=/_ij Tdp(N), BN = Tim | f()o(e V), (4.1.9)

n—oo 0

where the limit is understood in L*(R,dp) sense. If the potential q in (1.2.1) generates the Dirichlet
operator £ in the limil point at infinity case, then p(X\) is uniquely defined by q, otherwise p(X) is defined
by q nonuniquely.

The spectral function of £ has the following properties:

/0 emp“l/zdp()\) <00, V2 >0, p(A)=eX¥24+0(\2), c=const \— +oo. (4.1.10)
For the boundary condition ' (0) = hu(0), h = const < oo, the asymptotics is p(A) = ZAV/2Z 4
o(AY2), A\ — +oo.
Theorem 4.1.3. (Weyl). For any A, Im\ # 0, there exists m(\) such that
W(z,\) == o(x,\) + m(Ne(z,\) € L*(R,). (4.1.11)
The function m(X) is analytic in C1 and in C_.

The function m(\) is called Weyl’s function, or m-function, and W is Weyl’s solution. Theorem 4.1.2
and Theorem 4.1.3 are proved in [M].
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4.2 Uniqueness theorem

Let p(A) be a non-decreasing function of bounded variation on every compact subset of the real axis. Let

h € LE(R,), where L3(R, ) is a subset of L?(R; ) functions which vanish near infinity. Let g := %
and -
HO) = / h(@) o (2, \)dar. (4.2.1)
0
Our first assumption A;) on p()) is:
/ H*(N)dp(\) =0, = h(x)=0. (4.2.2)

This implication should hold for any h € L3(R). It holds, for example, if dp(\) # 0 on a set which has
a finite limit point: in this case the entire function of A, H()), vanishes identically, and thus h = 0.

Denote by P a subset of p(\) and assume that if py,p2 € P, v := p1 — p2, and H := {H(\) : h €
C§°(R4)}, where H(A) is defined in (4.2.1), then

{/ H*(\)dv(\) =0 VH € H} = v(A\) =0. (4.2.3)
—o0
Our second assumption As) on p(}) is:
pEP. (4.2.4)
Let us start with two lemmas.
Lemma 4.2.1. Spectral functions p(\) of an operator £, = —% + q(x) in the limit-point at infinity

case belong to P.

Proof. Let p1, p2 be two spectral functions corresponding to ¢1 and lo, £; = £, j = 1,2, v = p1 — p2 and
(*) ffooo H?(\)dv =0Vh € L3(R,). Let I+V and I+W be the transformation operators corresponding
to ¢1 and {5 respectively, such that

wo=T+V)pr =T+ W)ps, (4.2.5)

where ¢; is the regular solution (1.2.1) corresponding to ¢;. Condition (*) implies

(I +V*)h|| = ||(I+W*h|| Vhe L*0,b), (4.2.6)
where, for example, \
Vh= /: V(z,y)h(y)dy, V*h :/w Vy,z)h(y)dy. (4.2.7)
It follows from (4.2.6) that
I+V*=UI+W"), (4.2.8)

where U is a unitary operator in L?(0,b). Indeed, U is an isometry and it is surjective because I + V*
is.

To finish the proof, one uses Lemma 4.2.2 below and concludes from (4.2.8) that V* = W*, so
V =W, p1 = 2, and g1 = g2 := ¢q. Since, by assumption, ¢ is in the limit-point at infinity case, there
is only one spectral function p corresponding to g, so p1 = p2 = p. O

Lemma 4.2.2. If U is unitary and V and W are Volterra operators, then (4.2.8) implies V. =W.
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Proof. From (4.2.8) one gets I + V = (I + W)U*. Since U is unitary, one has (I + V)(I + V*) =
(I +W)(I+W*). Because V is a Volterra operator, (I +V)~! = I + V;, where V; is also a Volterra (of
the same type as V in (4.2.7)). Thus,(I + V1)(IT+ W) = (I + V*)(I + W7), or

Vi+W+WViW=V*"4+W;+ VWY (4.2.9)

The left-hand side in (4.2.9) is a Volterra operator of the type V in (4.2.7), while its right-hand side is
a Volterra operator of the type V*. Since they are equal, each of them must be equal to zero. Thus,
Vil+W)=-W,or (I+V) 'I+W)=1Ior V=W, m|

Theorem 4.2.3. (Marchenko) The spectral function determines £, uniquely.

Proof. 1f ¢,, and {,, have the same spectral function p(\), then

7 = [ 1P = [ H(0Pdp i€ Li0.0), (4.2.10)

— 00 — 00
where

b
H;(X\) :z/O hz)p;(z, k)dz, k= VA, j=1,2.

Let I + K be the transformation operator ¢ = (I + K)p1, and g := (I + K*)h. Then Hy = (h, p2) =
(h,(I + K)¢1) = (g,1). From (4.2.10) one gets ||h|| = |[(I + K*)h||. Thus I + K* is isometric, and,
because K* is a Volterra operator, the range of I + K* is the whole space L?(0,b). Therefore I + K*
is unitary. This implies K* = 0. Indeed, (I + K*)~! = I + K (unitarity) and (I + K*)"' = I + V*
(Volterra property of K*). Thus K = V*, so K = V* = 0. Therefore g2 = 1 and ¢1 = g2, 80 {4, = {q,.
O

Remark 4.2.4. If p1 = cp2, ¢ = const > 0, then the above argument is applicable and shows that c
must be equal to 1, c = 1 and g1 = q2. Indeed, the above argument yields the unitarity of the operator

VeI + K*), which implies ¢ =1 and K* = 0.
Here the following lemma is useful:

Lemma 4.2.5. If bl + @ = 0, where b = const and Q is a compact linear operator, then b = 0 and
Q =0.

A simple proof is left to the reader.

4.3 Reconstruction procedure

Assume that p()), the spectral function corresponding to ¢4, is given. How can one reconstruct ¢, that
is, to find ¢(x)? We assume for simplicity the Dirichlet boundary condition at = 0, but the method
allows one to reconstruct the boundary condition without knowing it a priori.

The reconstruction procedure (the Gel’fand-Levitan or GL procedure) is given in (1.5.1)—(1.5.4). Its
basic step consists of the derivation of equation (1.5.4) and of a study of this equation.

Let us derive (1.5.4) .

We start with the formula

/_OO o(z, \f/\)w(y, ﬁ)dp(/\) =d(z —y), (4.3.1)

and assume that L(x,y) is a continuous function of x,y in [0, ) x [0,b) for any b € (0, c0).
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If 0 <y < z, one gets from (4.3.1) the relation:

| e VR VR =0, o<y < (43.2)
Using (1.2.24), one gets ¢o = (I + K)~'p. Applying (I + K)~* to ¢(y,v/A) in (4.3.2), one gets
0= / (@, VN)poly, VA)dp := I(z,y), 0<y<uw. (4.3.3)

The right-hand side can be rewritten as:

) = | ™ (0o + Ko(@)poly, VRd(p — po)

— 00

+ /OO (w0 + Ko)(x)po(y, VA)dpo

—0o0

= L(x,y) + /096 K(x,s)L(s,y)ds+ d(x —y) + /OJC K(x,8)d(s —y)ds
= L(z,y) + /Ow K(x,s)L(s,y)ds + K(z,y), 0<y<uzx. (4.3.4)

From (4.3.3) and (4.3.4) one gets, using continuity at y = x, equation (1.5.4).

In the above proof the integrals (4.3.2)—(4.3.4) are understood in the distributional sense. If the first
inequality (4.1.10) holds, then the above integrals over (—oo,n) are well defined in the classical sense.
If one assumes that the integral in (4.3.5) converges to a function L(z) which is twice differentiable in
the classical sense: .

L(z) := lim L,(x):= lim M

n— o0 n—oo [_ 2\

do(N),

then the above proof can be understood in the classical sense, provided that (x) SUD;, 1€ (a,b) |Ly(z)| <
c(a,b) for any —oo < a < b < oo. If p(A) is a spectral function corresponding to ¢, then the sequence
L, (x) satisfies (x). It is known (see [L]) that the sequence

Bl = [ ole Nl VR - [ (VD SV g

—0o0
satisfies (*) and converges to zero.
Lemma 4.3.1. Assume (4.2.2) and suppose that the function L(z) € H. (Ry),

[ 1—cos(zvV\)
L(z) = / LBV g (). (4.3.5)

— 00
Then equation (1.5.4) has a solution in L*(0,b) for any b > 0, and this solution is unique.

Proof. Equation (1.5.4) is of Fredholm-type: its kernel

is in H1(0,b) x H'(0,b) for any b € (0,00). Therefore Lemma 4.3.1 is proved if it is proved that the
homogeneous version of (1.5.4) has only the trivial solution. Let

h(y) + /OI L(s,y)h(s)ds =0, 0<y<uz, heL*O0,z). (4.3.7)

31



Because L(z,y) is a real-valued function, one may assume that h(y) is real-valued. Multiply (4.3.7) by
h(y), integrate over (0,x), and use (4.2.1), (1.5.3) and Parseval’s equation to get

0=+ [ Nde = P+ [ BV = [ HOde. (439

From (4.2.2) and (4.3.8) it follows that h = 0. O
If the kernel K(z,y) is found from equation (1.5.4), then ¢(x) is found by formula (4.1.4).

4.4 Invertibility of the reconstruction steps

Our basic result is:

Theorem 4.4.1. Assume (4.2.2), (4.2.3), and suppose L(x) € H. .(Ry). Then each of the steps in
(1.5.1) s invertible, so that (1.5.5) holds.

Proof. 1. Step. p = L is done by formula (1.5.3). Let us prove L = p. If there are p; and ps corre-
sponding to the same L(z,y), and v := p; — ps, then

0= /<><> ©o(z, VN) oy, V) dv. (4.4.1)
Multiply (4.4.1) by h(x)h(y), h € C§°(R4), use (4.2.1) and get

0= /oo H?*(Ndv()\) VH €H. (4.4.2)
By (4.2.3) it follows that v = 0, so p; = p2. Thus L = p. |

2. Step. L = K is done by solving (1.5.4). Lemma 4.3.1 says that K is uniquely determined by L. Let
us do the step K = L. Put y = z in (1.5.4), use (4.3.5) and (4.3.6) and get:

L(2z) + /O-T K(x,8)[L(x + s) — L(z — 8)]ds = =K (z, z), (4.4.3)

or
2x

x
L)+ [ Ky =o)Ly~ [ Koo - p)Ldy = ~K(o.o). (1.4.4)
T 0

This is a Volterra integral equation for L(z) which has a solution and the solution is unique. Thus the
step K = L is done. The functions L(z) and K (x,x) are of the same smoothness. O

3. Step. K = q is done by formula (4.1.4), ¢(x) is one derivative less smooth than K (z,z) and therefore
one derivative less smooth than L(z). Thus ¢ € L} (Ry). The step ¢ = K is done by solving the
Goursat problem (4.1.1), (4.1.2), (4.1.4) (with g = 0), or, equivalently, by solving Volterra equation

(4.1.8), which is solvable and has a unique solution. The corresponding K (z,y) is in H} (R x Ry) if
q¢€ Lloc(R-i-)' O
Theorem 4.4.1 is proved. O

Let us prove that the ¢ obtained by formula (4.1.4) generates the function Ki(x,y) identical to the
function K obtained in Step 2. The idea of the proof is to show that both K and K; solve the problem
(4.1.1), (4.1.2), (4.1.4) with the same ¢; = ¢ and g2 = 0. This is clear for K7. In order to prove it for K,
it is sufficient to derive from equation (1.5.4) equations (4.1.1) and (4.1.2) with ¢ gwen by (4 1.4). Let

us do this. Equation (4.1.2) follows from (1.2.5) because L(z,0) = 0. Define D := g =092 -0z
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Apply D to (1.5.4) assuming L(z,y) twice differentiable with respect to z and y, in which case K(z,y)
is also twice differentiable. (See Remark 4.4.3). By (4.3.6), DL = 0, so

d
DK + LK (2, 2) L)) + Kl 2) L)
x x
—|—/ Kao(x,8)L(s,y)ds —/ K(x,5)Lyy(s,y)ds = 0.
0 0
Integrate by parts the last integral, (use (4.1.2)), and get

(DE)(z,y) + / "(DE) (2, $)L(s. y)ds

+ KL+ (K, + Ky)L(z,y) + K(Ly(2,y) — Ls(8,y)]s=2) =0, 0<y<u,

(4.4.5)

where K = K (z, ), L = L(z,y), K = chgi’z), K,+ K, =K,and L,(z,y) — Ls(5,y)|s=x = 0. Subtract

from (4.4.5) equation (1.5.4) multiplied by ¢(x), denote DK (x,y) — q(z)K (z,y) := v(x,y), and get:
v(x,y) +/ L(s,y)v(z,s)ds =0, 0<y<ux, (4.4.6)
0

provided that —q(z)L(z, y) + 2K L(z,y) = 0, which is true because of (4.1.4). Equation (4.4.6) has only
the trivial solution by Lemma 4.3.1. Thus v = 0, and equation (4.1.1) is derived.
We have proved

Lemma 4.4.2. If L(x,y) is twice differentiable continuously or in L*-sense then the solution K (x,vy)
of (1.5.4) solves (4.1.1), (4.1.2) with q given by (4.1.4).

Remark 4.4.3. If a Fredholm equation
I+ A(z))u = f(x) (4.4.7)

in a Banach space X depends on a parameter x continuously in the sense limy_¢ ||A(x + h) — A(z)| =
0, imp_o || f(x + h) — f(x)] = 0, and at * = xo equation (4.4.7) has N(I + A(xo)) = {0}, where
N(A) = {u: Au = 0}, then the solution u(zx) exists, is unique, and depends continuously on x in some
neighborhood of xo, |x — x| < r. If the data, that is, A(x) and f(x), have m derivatives with respect to
x, then the solution has the same number of derivatives.

Derivatives are understood in the strong sense for the elements of X and in the operator norm for
the operator A(z).

4.5 Characterization of the class of spectral functions of the
Sturm-Liouville operators

From Theorem 4.4.1 it follows that if (4.2.2) holds and L(z) € H} (R ), then ¢ € L? (R ). Condition

loc

(4.2.3) was used only to prove L = p, so if one starts with a ¢ € L? (Ry), then by diagram (1.5.5)

loc
one gets L(z,y) by formula (4.3.6), where L(z) € H} (R,). If (4.2.3) holds, then one gets from L(z) a
unique p(\).

Recall that assumption A;) is (4.2.2). Let A3) be the assumption L(z) € H™ ™ (R,).

loc

Theorem 4.5.1. If Ay) holds, and p is a spectral function of £y, ¢ € H]I'.(Ry), then assumption As)

loc

holds. Conversely, if assumptions A1) and As) hold, then p is a spectral function of £y, ¢ € H]? (R4).
Proof. Tf A;) holds and ¢ € H™ (Ry), then L(z) € H" ' (Ry) by (4.1.4). If A;) and A3) hold, then

loc loc

g € H”.(R}) by (1.5.2), because equation (1.5.4) is uniquely solvable, and (1.5.5) holds by Theorem
4.4.1. 0 O
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4.6 Relation to the inverse scattering problem

Assume in this Section that ¢ € Ly 1. Then the scattering data S are (1.2.17) and the spectral function
is (1.2.21).
Let us show how to get dp, given S. If S is given then s;, k; and J are known. If one finds f(k) then

dp is recovered because
4k7 1
C]‘ = —72 —, (4.6.1)
[f(ik;)]? 5

as follows from (1.2.20) and (1.2.16). To find f(k), consider the Riemann problem
f(k)=S(=k)f(—k), keR, f(oo)=1, (4.6.2)

which can be written as (see (3.4.3)):

Folk) = S(—k)li(}(_]f)) fo(—k) if ind S(k) = —27, (4.6.3)
folk) = S(—Fk) wﬂfaj) ij:fo(—k) if ind S(k) = —2.J — 1. (4.6.4)

Note that w(—k) = ﬁ if k € R. The function fy(k) is analytic in C and has no zeros in C, and
fo(=k) has similar properties in C_. Therefore problems (4.6.3) and (4.6.4) have unique solutions:

folk) = exp {217” [ 0; log[:5 (j)_wkz(mdt} if indS(k) = —2J, Imk >0, (4.6.5)
1 [ log[S(—t)w () FHx]
Jolk) = exp {2m /_oo t—k } dt (4.6.6)
if indS(k) =27 —1, Tmk >0,
and
F(k) = fo(R)w(k) if ind S(k) = —2J, Tmk > 0, (4.6.7)
F(k) = fo(k:)w(k)]ﬁ_im if indS(k) =27 —1, TImk>0. (4.6.8)

One can calculate f(x) for k > 0 by taking k = k + ¢0 in (4.6.7) or (4.6.8). Thus, to find dp, given S,
one goes through the following steps: 1) one finds J, s;, k;j, 1 < j < J; 2) one calculates ind S(k) := J.
If 7 = —2J, then one calculates f(k) by formulas (4.6.5), (4.6.7), where w(k) is defined in (3.4.3), and
¢; by formula (4.6.1), and, finally, dp by formula (1.2.21).

If 7 = —2J — 1, then one calculates f(k) by formulas (4.6.6) and (4.6.8), where x > 0 is an arbitrary
number such that k # k;, 1 <j < J. If f(k) is found, one calculates ¢; by formula (4.6.1), and then dp
by formula (1.2.21). Note that fo(k) in (4.6.6) depends on &, but f(k) in (4.6.8) does not.

This completes the description of the step & = p.

Let us show how to get S given dp(\).

From formula (1.2.21) one finds J, k;, ¢; and |f(k)|. If |f(0)] # O, then |fo(k)| = |f(k)| if & € R.
Thus, if | f(0)| # 0, then log fo(k) is analytic in C; and vanishes at infinity. It can be found in C, from
the values of its real part log |fo(k)| by Schwarz’s formula for the half-plane:

L[ log|fo(®)]
1 == I : 4.6.
og fo(k) m/ Ty At mk>0 (4.6.9)

— o0
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If £(0) # 0, then f = fow, so

f(k) =exp {1 /OO log|f0(t)|dt} w(k), Imk > 0. (4.6.10)

i) e t—k

If | f(0)] = 0, then the same formula (4.6.10) remains valid. One can see this because i(k) is analytic in

w(k)
C4, has no zeroes in C, tends to 1 at infinity, and \%| =|f(k)| if keR.

Let us summarize the step dp = S: one finds J, k;, ¢;, calculates f(k) by formula (4.6.10), and then
S(k) = f;(k];), and s; are calculated by formula (4.6.1). To calculate f(k) for k > 0 one takes k = k+ 10
in (4.6.10) and gets:

0 = { = [~ B 4 1og 1000 i

) T

— e {Lp [~ CEIOML -y,

(4.6.11)
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Chapter 5

Inverse scattering on half-line

5.1 Auxiliary material

5.1.1 Transformation operators

Theorem 5.1.1. If ¢ € Ly 1, then there exists a unique operator I + A such that (1.2.25) - (1.2.28)
hold, and A(x,y) solves the following Goursat problem:

Apz —q(x)A = Ay, 0 <z <y < oo, (5.1.1)
1 o0
Az, z) = B / q(s)ds, (5.1.2)
phm Alz,y) = lim As(z,y)=_lim Ay(zy)=0. (5.1.3)

Proof. Equations (5.1.1) and (5.1.2) are derived similarly to the derivation of the similar equations for
K(z,y) in Theorem 4.1.1. Relations (5.1.3) follow from the estimates (1.2.26) — (1.2.27), which give
more precise information than (5.1.3). Estimates (1.2.26) — (1.2.28) can be derived from the Volterra
equation (1.2.28) which is solvable by iterations. Equation (1.2.28) can be derived, for example, similarly
to the derivation of equation (4.1.8), or by substituting (1.2.25) into (1.2.6).

A detailed derivation of all of the results of Theorem 5.1.1 can be found in [M]. O

5.1.2 Statement of the direct scattering problem on half-axis. Existence and
uniqueness of its solution.

The direct scattering problem on half-line consists of finding the solution ¢ = 4 (r, k) to the equation:
W+ kY —q(r)p =0, r>0, (5.1.4)
satisfying the boundary conditions at » = 0 and at r = oco:
¥(0) =0, (5.1.5)

Y(r) = e sin(kr + ) + o(1), r — +oo, (5.1.6)
where § = 6(k) is called the phase shift, and it has to be found. An equivalent formulation of (5.1.6) is:

f[e*i’” — S(k)e* ] +o(1), r— o0, (5.1.7)

V=3

36



where S(k) = L8 — ¢2i0(k)  Clearly

fk)
i k
b(r k) = Slf(r,—k) = S(k)f(r, k)] = a(k)e(r, k), a(k) = ) (5.1.8)
where ¢(r, k) is defined in (1.2.1), see also (1.2.10). From (5.1.8), (1.2.7) and (5.1.6) one gets
o(r k) = |f§€k)| sin(kr + (k) +o(1), r — oo. (5.1.9)

Existence and uniqueness of the scattering solution ¢ (r, k) follows from (5.1.8) because existence and
uniqueness of the regular solution ¢(r, k) follows from (1.2.1) or from (1.2.9).

5.1.3 Higher angular momenta.

If one studies the three-dimensional scattering problem with a spherically-symmetric potential g(z) =
q(r), » € R?, |x| = r, then the scattering solution 1 (r, o, k) solves the problem:

[VZ+ K% —q(r))] =0in R? (5.1.10)
_ ika-x / ke 1 N /. E 2
Y=e + A(d, o, k) tol )= |z] — 00,0’ == =, a € 5°. (5.1.11)
T T

Here S? is the unit sphere in R® a € S? is given, A(a/,a, k) is called the scattering amplitude. If
q = q(r), then Ao/, a, k) = A(e/ - a, k). The converse is a theorem of Ramm [R], p.130. The scattering
solution solves the integral equation:

. etklz—yl
P = etk / gz, y, k)g)v(y, o, k)dy, ¢g:=-—. (5.1.12)
R3 Ar|z — y|
It is known that
Iy’ k — /
ezka‘l B %ﬂ@n(a/)W(a)’ o = %7 Uy = %J€+%7 (5113)

£=0

Y, () are orthonormal in L?(S?) spherical harmonics, Y; = Yy,,, —¢ < m < £, and summation over m in
(5.1.13) is understood but not shown, and J,(r) is the Bessel function.
If ¢ = q(r), then

> dr r k
b= ?#%Yg(a'm(a), (5.1.14)
£=0
where Wor )
+
U + ke — g — =0 = 0, (5.1.15)
00 o tm
Yy = e sin | kr — ?Jr(;g +o(l), r— o0, (5.1.16)
Yo =0, r—0. (5.1.17)
Relation (5.1.16) is equivalent to
i Z(E+1) , 4 '
Yp = 5 [e—zkr _ ezﬂéseezkr] + 0(1), r — 00, (5,1_18)
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similar to (5.1.8), which is (5.1.18) with £ = 0. If ¢ = ¢(r), then the scattering amplitude A(a/, o) =
A(d/ - a, k) can be written as

Al - a, k) ZAE Y (o), (5.1.19)

while in the general case ¢ = g(x), one has
Al o, k) ZAl o, k)Yi(a (5.1.20)

If g = q(r) then S; in (5.1.18) are related to A, in (5.1.19) by the formula

k
Se=1——A,. (5.1.21)
2m
In the general case ¢ = ¢(z), one has a relation between S-matrix and the scattering amplitude:
S=1 i A (5.1.22)
2w o

so that (5.1.21) is a consequence of (5.1.22) in the case ¢ = ¢(r) : Sy are the eigenvalues of S in the
eigenbasis of spherical harmonics. Since S is unitary, one has |S;| = 1, so Sy = €?¢ for some real
numbers dg, which are called phase-shifts. These numbers are the same as in (5.1.17) (cf. (5.1.18)).
From (5.1.21) one gets

Ar
A(k) = %em sin(6y). (5.1.23)
The Green function ge(r, p), which solves the equation
&2 0e+1) dge
2 s C ik 1.24
( e " 2 ) gt (r—p), 5-—ikge — 0, (5.1.24)

can be written explicitly:

R

il

-1 . 2

gm,p)—{ For, potlkolfoelbr) v 2 py For =50, | (5.1.25)
Eo porkr) foe(kp), 1T <p, por(kr) = BEFT

and the function ,(r, k) solves the equation:

Yo(r k) = we(kr) — [ ge(r, p)a(p)ibe(p, k)dp. (5.1.26)

0
The function F,(k) is the Wronskian W{f,¢, poe], woe(kr) is defined in (5.1.25) and f,, is the solution
o0 (5.1.15) (with ¢ = 0) with the asymptotics

(e+1

for =" 4+ 0(1), r — +o0, foe(kr)*6%(W(k7)+i”€(k7’))’

(5.1.27)
vy 1= ,/ N£+ (kr).

Let y(r, k) be the regular solution to (5.1.15) which is defined by the asymptotics as r — 0:
s

we(r k) = S

+o(r*™h), r—o0. (5.1.28)

Then
Ye(r, k) = ae(k)pe(r, k),

| fe(0, k)|

R tr (5.1.29)
we(r, k) = TpmT sin kr — > +d¢ ) +o(l),r — .
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Lemma 5.1.2. One has:
sup Jas(k)| < o0, (5.1.30)
£=0,1,2,...

where k > 0 is a fired number.

We omit the proof of this lemma.

5.1.4 Eigenfunction expansion
We assume that ¢ € L1; and h € CP(R,,), th = —h" +q(z)h, A = k2, let g = W y>1z>0,
be the resolvent kernel of £ : (£ — A\)g = §(z — y), gh := g(A)h = fo (z,y, \hdy, and f; = f(y,ik;).
Then % = —gh+ %fgh. Integrate this with respect to A € C over |A\| = N and divide by 27i to get

1 1 Lgh

h=—— ghd\ + —

—d =1L +1
21 A|=N 21 IA|=N A 1+ z

The function gh is analytic with respect to A on the complex plane with the cut (0,00) except for the
points A = —k'jz-, 1 < j < J, which are simple poles of gh, and limy_, I2 = 0, because |{gh| = o(1) as
N — o0. Therefore:

1 oo

h=— A h — g(\ — i0)h]dA hd. 1.31
o ), [g(A+ i0)h — g(A —i0)h +szf+k2| 9 (5.1.31)

One has (cf. (1.2.10)):

g(A +10) — g(A = i0) f(=K)f(y: k) = fly, —k) f(F)

2i = o(x,k) SeTaTE
k
= WW(J%MQ@(%@’ k= VN> 0.
Also 1
_% |)‘+k2‘75 ghd)\ = — ReS)\:_k? gh

k;
/ f] . J(c:?z/z)) S]f] / fjhdy’

j

s; are defined in (1.2.16), and
fxiky) _ fi(x)

o(x,ik;) = PO,k 70, k) (5.1.32)
Therefore J
h(ﬂt‘)=/0 (/O w(yvk)h(y)dy> o(, Qk dk +Zsjfj (5.1.33)
This implies (cf. (1.2.21), (1.2.20), (1.2.16)):
oo 2 J
o =)= 2 [ el kel k) g I+ 3
0 (5.1.34)

= /_oo oz, VN)p(y, VA)dp(N).

We have proved the eigenfunction expansion theorem for h € C§°(Ry). Since this set is dense in L?(R),
one gets the theorem for h € L?(Ry).
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Theorem 5.1.3. If ¢ € Ly, then (5.1.33) holds for any h € L*(R;) and the integrals converge in
L?(R.) sense. Parseval’s equality is:

J
ey =S s+ 2 [ R Fe [ ety Ry (5.1.35)
BTG ), FIGIEA S |

5.2 Statement of the inverse scattering problem on the half-
line. Uniqueness theorem

In Section 1.3 the statement of the ISP is given. Let us prove the uniqueness theorem.
Theorem 5.2.1. If ¢1,q2 € L11 generate the same data (1.2.17), then ¢1 = g.

Proof. We prove that the data (1.2.17) determine uniquely I(k), and this implies g1 = g2 by Theo-
rem 3.1.2.

Claim 1. If (1.2.17) is given, then f(k) is uniquely determined.
Assume there are fi(k) and f2(k) corresponding to the data (1.2.17). Then

filk) _ fi(=F)
fa(k)  fa(=k)’
The left-hand side of (5.2.1) is analytic in C; and tends to 1 as |k| — oo, k € C, and the right-hand
side of (5.2.1) is analytic in C_ and tends to 1 as |k| — oo, kK € C_. By analytic continuation ﬁg:g is

an analytic function in C, which tends to 1 as |k| — oo, k € C. Thus, by Liouville theorem, }C;Ezg =1,

so f1 = fa.
Claim 2. If (1.2.17) is given, then f'(0,k) is uniquely defined.

Assume there are f{(0, k) and f5(0, k) corresponding to (1.2.17). By the Wronskian relation (1.2.11),
taking into account that fi(k) = fa(k) := f(k) by Claim 1, one gets

—o00 < k < oo. (5.2.1)

[f1(0,k) — f3(0, k)] f(=k) — [f1(0, =k) — f3(0, —K)] f (k) = 0. (5.2.2)
Denote w(k) := f1(0,k) — f5(0,k). Then:
w(k) _ w(=k)
fd WA . keR. 5.2.3
7R~ (R >23)
The function 1;((;;)) is analytic in C; and tends to zero as |k| — oo, k € C4, and 1;((:],:)) has similar
properties in C_. It follows that % =0, so f1(0,k) = f4(0,k). Let us check that % is analytic in

C4. One has to check that w(ik;) = 0. This follows from(1.2.16): if f(k), s; and k; are given, then
f'(0,ik;) are uniquely determined.

Let us check that w(k) — 0 as |k| — oo, k € C,. Using (3.1.5) it is sufficient to check that A(0,0)
is uniquely determined by f(k), because the integral in (3.1.5) tends to zero as |k| — oo, k € C by the
Riemann-Lebesgue lemma. From (1.5.16), integrating by parts one gets:

f(k)=1- A(fk’ 0 _ Zlk/ooo eV A, (0, y)dy. (5.2.4)

Thus
A(0,0) = — kllngo[ikf(k) - 1. (5.2.5)
Claim 2 is proved. a
Thus, Theorem 5.2.1 is proved. O
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5.3 Reconstruction procedure

This procedure is described in (1.5.10).

Let us derive equation (1.5.13). Our starting point is formula (5.1.34):

> 2k2dk J
/ (@, k)p(y, k) = + Zsjf] =0 y>z>0. (5.3.1)
0

From (1.2.10) and (1.2.25) one gets:

ko(a, k) _ / > :
= sin(kx + 0) + A(x,y) sin(ky + 0)dy
7®) )+ ), Awwsinty+o) (532
= ([ + A)sin(kz +90), §=0(k).
Apply to (5.3.1) operator (I + A)~!, acting on the functions of y, and get:
2 /°° ko(z, k) . ! —k;
— sin(ky + 6)dk + sifi(x)e™™Y =0, y>z2>0. 5.3.3
From (5.3.2), (5.3.3), and (1.2.25) with k = ik;, one gets:
(I+A4) (2 / sin(kx + 9) sin(ky + §)dk)
T Jo
J (5.3.4)
+(I+A) Z e k@) — 0y > 2> 0.
One has
2 o0 . . 1 oo
— / sin(kx + §) sin(ky + 0)dk = — cos[k(x — y)]dk
™ Jo ™ Jo
_1 / coslk(z + ) + 28()dk = 5(z,) — 5- / (e2i6(8) _ 1)¢ika+y) i (5.3.5)
T Jo T J-

=6(xr—y)+ % / [1— S(k)]e*@+v) k.

From (1.5.11), (5.3.4) and (5.3.5) one gets (1.5.13). By continuity equation (1.5.13), derived for y > = >
0, remains valid for y > x > 0. O

Theorem 5.3.1. If ¢ € L1 and F is defined by (1.5.11) then equation (1.5.13) has a solution in
LY(R,) N L>®(R,), R, := [z,00), for any x > 0, and this solution is unique.

Let us outline the steps of the proof.
Step 1. If g € L11, then F(z), defined by (1.5.11) satisfies the following estimates:

|F(22)] < co(x)|,|F(2x) + A(z,z)| < co(z),|F'(22) — @| < co?(z), (5.3.6)

where o(x) is defined in (1.2.26), and
N 2@y + 1l @) + 1F e @y + 2 F (@)l @y < oo, (5.3.7)
/ / (s +y)|2dsdy < co. (5.3.8)
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Step 2. Equation
(I + Fy)h := h(y) —|—/ h(s)F(s+y)ds=0, y>z>0 (5.3.9)

is of Fredholm type in L*(R,), L*(R,) and in L>°(R,). It has only the trivial solution h = 0.

Using estimates (5.3.6) — (5.3.8) and the criteria of compactness in LP(R,;), p = 1,2, 00, one checks
that F,, is compact in these spaces for any x > 0. The space L' N L> C L? because ||hll2 < [|A]l1]|R]|oo,
where ||h]|, := [|h]|1rr,). We need the following lemma:

Lemma 5.3.2. Let h solve (5.3.9). If h € L' := LY(R,), then h € L? := L*(R,). If h € L', then
heL>®. Ifh € L% then h € L*.

Proof. If h solves (5.3.9), then |[hll < [[h]l1sup,>o, [F(y)| < c(z)||h]1 < oo, where c(z) — 0 as
x — o0. Also ||hl3 < [ dyo?(3FL) |||} < ci(@)||h]|3 < o0, c1(z) — 0 as & — co. So the first claim is

proved. Also |[h|[1 < ||A]l1sup,s, [° |F s +y)|dy = ca(z)||h||1, c2(z) — 0 as & — oo. If h € L2, then
Ihllso < [Ihllasup,s0 (J° 1F(s +9)[?ds)* = es(@)[Bll, es(x) — 0 as = — oo. O

Lemma 5.3.3. If h € L' solves (5.3.9) and x > 0, then h = 0.

Proof. By Lemma 5.3.2, h € L2N L. It is sufficient to give a proof assuming = = 0. The function F(x)
is real-valued, so one can assume that h is real-valued. Multiply (5.3.9) by h and integrate over (z, c0)

to get
1 00 N J 0o 2
2 _ _ 2 . 7](,‘]‘5 —
B2 + 5 [w[l SRR (k)dk+;sj (/z ¢ h(s)ds> 0,

(5.3.10)
b= / e™h(s)ds,
where [|h]| = [[h]| 2w, ) one gets [°°_h2(k)dk = 0. Also, |5 [*°_S(k) h2(k)dk| < 5= [*_ [h(k)[?dk =
|[R||2. Therefore (5.3.10) implies 0 = h; := [*° he *°ds, 1 < j < J, and
(h,h) = (h, S(—k)h(~k)), (5.3.11)
where ( = f g(k)dk. Since h is real-valued, one has h( k). The unitarity of S implies

Sil(k) = S(—k) = S(k), k €R, and [|S(—k Vh(—k | = |h(~k)]||. Because of (5.3.11), one has equality
sign in the Cauchy inequality (h,S(—k)h(—k) < ||h||>. This means that h(k) = S(—k)h(—k), and
(1.2.17) implies

h(k) _ h(=Fk)

By _B7Y  per 5.3.12

58 TR o312

Because h; = 0, one has ﬁ(zkj) =0, and if £(0) # 0, then ?E—Z% is analytic in C; and vanishes as |k| — oo,

k € oo, ke Cy. Also ngg is analytic in C_ and vanishes as |k| — oo, k € C_. Therefore, by analytic

continuation, ;Ek) is analytic in C and vanishes as |k| — co. By Liouville theorem, ;E ; =0, so h(k)

and h = 0. If f(0) = 0, then, by Theorem 3.1.3, f(k) = ikA;(k), A;(0) # 0, and the above argument
works. o

Because F), is compact in L?(R,), the Fredholm alternative is applicable to (5.3.9), and Lemma 5.3.3
implies that (1.5.13) has a solution in L?(R,) for any x > 0, and this solution is unique. Note that the
free term in (1.5.13) is —F(z + y), and this function of y belongs to L?(R;) (cf. (5.3.8)). Because F,
is compact in L'(R,), Lemma 5.3.3 and Lemma 5.3.2 imply existence and uniqueness of the solution
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o (1.5.13) in LY(R,) for any = > 0, and F(z +y) € L*(R,) for any x > 0. Note that the solution to
(1.5.13) in L'(R,) is the same as its solution in L?(R;). This is established by the argument used in the
proof of Lemma 5.3.2.

We give a method for the derivation of the estimates (5.3.6) — (5.3.8). Estimate (5.3.8) is an immediate
consequence of the first estimate (5.3.6). Indeed,

// s+y|dsdy<(/ max|F<s+y>dy)2
g(/j/fmwtdy) SC(/OOOtIfJ(t)ldt)2<OO-

Let us prove the first estimate (5.3.6). Put in (1.5.13) z = y:
Az, z) + / Az, s)F(s+z)dx + F(2z) = 0. (5.3.13)

Thus

|F(2z)| < |A(z, )| + /00 |A(z, $)F'(s + z)|dx. (5.3.14)

x

From (1.2.26) and (5.3.14) one gets

|F(22)] < co(x) + c/oo o (9” ;L S) |F(s + )| ds

vy (5.3.15)
< co(x) + ca(x)/ |F(s+ z)|ds < co(x),
x
where ¢ = const > 0 stands for various constants and we have used the estimate
oo e}
sup/ |F(s+z)|ds < / |F(t)]dt = ¢ < 0.
>0Jz 0
This estimate can be derived from (1.2.26). Write (1.5.13) as
Az, z — ) + / Az, t+x—2)F(t)dt+ F(z) =0, z2>2x>0. (5.3.16)

Let us prove that equation (5.3.16) is uniquely solvable for F' in LP(Ry), p = oo, p =1 for all z > %
where N is a sufficiently large number. In fact, we prove that the operator in (5.3.16) has small norm
in LP(Ry) if N is sufficiently large. Its norm in L°°(Ry) is not more than

sup / |A(z,t +x — 2)|dt < c/ lq(s)|ds

z>N +58

<c/ dt/ ds—c/Noo(s—N)|q(s)|ds <1

because g € L; 1. We have used estimate (1.2.26) above. The function A(z,y) € L*(Ry), so our claim
is proved for p = co. Consider the case p = 1. One has the following upper estimate for the norm
of the operator in (5.3.16) in L'(Ry): sup;>y f;, |A(z,t + 2 — 2)|dz < sup;s y fOt_N |A(z, 2 + v)|dv <
Jy dv fxoi% lglds = 2 [°(s — x)|g|ds — 0 as z — oo. Also [y |A(z,z — z)|dz < co. Thus equation
(5.3.16) is uniquely solvable in L!(Ry) for all z > % if N is sufficiently large. In order to finish the
proof of the first estimate (5.3.6) it is sufficient to prove that ||F| e (,n) < ¢ < co. This estimate is
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obvious for Fy(z) (cf. (1.5.11)). Let us prove it for Fy(x). Using (3.4.3), (3.4.5), (3.4.5'), (3.4.6), one
gets

[f(k) = f(=FK)](k +ir) ~ ~ ~ ~ ( iH)
1-S(k)= = [A(k) — A(—K)](1 + b(k))(1 + 1+—, 5.3.17
(k) im0 [AG) — AR+ B +3) (147 (5317)
where all the Fourier transforms are taken of W1!(R, ) functions. Thus, one can conclude that Fy(z) €

L*°(R,) if one can prove that I := M is the Fourier transform of L>°(R) function. One has
0o oiky _ g —iky
I=[7"dyA(y) == and

Sl o] oo _ik(z+y) _ Lik(z—y)
| emawdi= [ agaw) [ "
—00 0 —00

= /OO dyA(y)ir[l — sgn(z — y)] = 2m/ dyA(y).
0 x

(5.3.18)

From (1.2.26) it follows that [~ A(y)dy € L>(R;). We have proved that || F|| e )+ [|F| 11 ®,) < 0o.
Differentiate (5.3.13) to get

OF'(2x) + A(x,x) — A(x,z)F(2z) + /OO Ay(x,s)F(s+x)ds

(5.3.19)
(o) . A
+/ Az, s)F'(s+x)ds =0, A:= m,
@ dz
or s
F'(2x) = @ + A(z,x)F(2x) — B / [Az(z,s) — Ag(z, 8)]F (s + x)ds. (5.3.20)
One has [;° z|q|dx < 00, [ @|A(z, )||F(2z)|dx < sup,sq(z|A(z,2)])- [;° |F(22)|dz < c. Let us check
that I := [[° x| [[A.(z,s) — A‘ (z,8)|F(s +a)ds| dv < oo. Use (1.2.27) and get I < ¢ [ zo(z) [0

(ZE2) |F(s + ac)|d5d;v S ¢ fy o(@)da [77|F(y)|dy - sup,sg esq v0 (£52) < ¢ < oo. The desired estimate
is derived.
The third estimate (5.3.6), |F’'(2x) — qf)| < co?(x) follows from (5.3.20) because |A(x,z)|
co(z), |F(22)| < co(z), and [ |Ag(z,s) — As(z,8)||F(s + 2)ds < co(z) [0 (5E2) |F(s + z)|ds
2(z) [T |F(s+a)|ds < co*(z). The estimate |F(2z) + A(z,z)| < co(x) follows similarly from (5.3.13)
and (1.2.26). Theorem 5.3.1 is proved.

VAVAN

5.4 Invertibility of the steps of the reconstruction procedure

The reconstruction procedure is (1.5.10). 1. The step & = F is done by formula (1.5.11).

To do the step F' = S, one takes £ — —oo in (1.5.11) and finds s;, k;, and J. Thus Fy(z) is found
and Fy = F — Fy is found. From F,(x) one finds 1 — S(k) by the inverse Fourier transform. So S(k) is
found and the data S (see (1.2.17)) is found

2. The step F' = A is done by solving equation (1.5.13). By Theorem 5.3.1 this equation is uniquely
solvable in L' (R, )NL>(R,) for all z > 0 if ¢ € Ly 1, that is, if F' came from S corresponding to q € Ly ;.

To do the step A = F, one finds f(k) =1+ fooo (0,y)e*¥dy, then the numbers ik;, the zeros of

f(k) in C4, the number J, 1 < j < J, and S(k) = f(( Ij) The numbers s; are found by formula (1.2.16),

where

1'(0,ik;) = —k; — A(0,0) + /OO AL (0,y)e FiVdy. (5.4.1)
0

Thus A= § and § = F by formula (1.5.11).
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We also give a direct way to do the step A = F.
Write equation (1.5.13) with z = x4+ y, v =s+y, as

(I + B,)F := F(z) —|—/ Alz,v+x — 2z)F(v)dv = —A(x,z —x), z2>2x>0. (5.4.2)
The norm of the operator B, in L}, is estimated as follows:

v v v — 2 0
| Bl < sg%/o |A(z, v+ — 2)|dz < csup/0 o (w + 2) dz < c/ o(t)dt, (5.4.3)
v x

v>0

where o(z) = [ |q(t)|dt and estimate (1.2.26) was used. If x is sufficiently large then || B, < 1 for
x> xo because [ o(t)dt — 0 as & — oo if ¢ € L11. Therefore equation (5.4.2) is uniquely solvable in
Ly, for all z > x( (by the contraction mapping principle), and so F(z) is uniquely determined for all
z > 21‘0.

Now rewrite (5.4.2) as

2x9 e’}
F(z)+ / A(z,v+x —2)F(v)dv = —A(z,z — ) — /2 Az, v+ — z)F(v)dv. (5.4.4)

zo

This is a Volterra equation for F'(z) on the finite interval (0,2x0). It is uniquely solvable since its
kernel is a continuous function. One can put = 0 in (5.4.4) and the kernel A(0,v — z) is a continuous
function of v and z, and the right-hand side of (5.4.4) at « = 0 is a continuous function of z. Thus F(z)
is uniquely recovered for all z > 0 from A(x,y), y > x > 0. Step S = F is done.

3. The step A = ¢ is done by formula (1.5.12). The converse step ¢ = A is done by solving Volterra
equation (1.2.28), or, equivalently, the Goursat problem (5.1.1) — (5.1.3).

We have proved:

Theorem 5.4.1. If ¢ € L11 and S are the corresponding data (1.2.17), then each step in (1.5.10) is
invertible. In particular, the potential obtained by the procedure (1.5.10) equals to the original potential
q.

Remark 5.4.2. If ¢ € L1 and A, := Ay(z,y) is the solution to (1.2.28), then A, satisfies equation
(1.5.13) and, by the uniqueness of its solution, A, = A, where A is the function obtained by the scheme
(1.5.10). Therefore, the q obtained by (1.5.10) equals to the original q.

Remark 5.4.3. One can verify directly that the solution A(z,y) to (1.5.13) solves the Goursat problem
(5.1.1) - (5.1.3). This is done as in Section 4.4, Step 3. Therefore q(x), obtained by the scheme (1.5.10),
generates the same A(z,y) which was obtained at the second step of this scheme, and therefore this q
generates the original scattering data.

Remark 5.4.4. The uniqueness Theorem 5.2.1 does not imply that if one starts with a qo € L1,
computes the corresponding scattering data (1.2.17), and applies inversion scheme (1.5.10), then the g
obtained by this scheme is equal to qo. Logically it is possible that this q generates data S1 which generate
by the scheme(1.5.10) potential g1, etc. To close this loop one has to check that ¢ = qo. This is done in

Theorem 5.4.1, because qo = —2%?3:) =q(x).

5.5 Characterization of the scattering data
In this Section we give a necessary and sufficient condition for the data (1.2.17) to be the scattering data

corresponding to ¢ € Ly ;. In Section 5.7 we give such conditions on & for ¢ to be compactly supported,
or g € L*(Ry).
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Theorem 5.5.1. If ¢ € Ly, then the following conditions hold: 1) (1.2.23); 2) k; > 0, s; > 0,
1<j<J, Sk)=5S(-k)=S"1k), k >0, S(co) = 1; 8) (5.3.7) hold. Conversely, if S satisfies
conditions 1) — 3), then S corresponds to a unique q € Ly ;.

Proof. The necessity of conditions 1) — 3) has been proved in Theorem 5.3.1. Let us prove the suffi-
ciency. If conditions 1) — 3) hold, then the scheme (1.5.10) yields a unique potential, as was proved in
Remark 5.4.2. Indeed, equation (1.5.13) is of Fredholm type in L}(R,) for every x > 0 if F satisfies
(5.3.7). Moreover, equation (5.3.9) has only the trivial solution if conditions 1) — 3) hold. Every solution
to (5.3.9) in L'(R,) is also a solution in L?(R,) and in L>(R,), and the proof of the uniqueness of the
solution to (5.3.9) under the conditions 1) — 3) goes as in Theorem 5.3.1. The role of f(k) is played by
the unique solution of the Riemann problem:

Folk) = S(=k)f_(k), keR, (5.5.1)

which consists of finding two functions fi (k) and f_(k), satisfying (5.5.1), such that f, is an analytic
function in Cy, fi(ik;) = 0, f1(ik;) #0, 1 < j < J, fy(00) = 1, and f_(k) is an analytic function in
C_ such that f_(—ik;) =0, f_(—ik;) #0,1<j < J, f_(00) =1, and fy(0) = 0if ind S(k) = —2J —1,
f+(0) # 0 if ind S(k) = —2J. Existence of a solution to (5.5.1) follows from the non-negativity of
ind S(—k) = —ind S(k). Uniqueness of the solution to the above problem is proved as follows. Denote
fi(k) := f(k) and f_(k) = f(—k). Assume that f; and f2 solve the above problem. Then (5.5.1) implies

Hi(k) _ fi(=F)
Ja(k)  fa(—k)

kER,  fi(iky) = falik;) =0, fi(ik;) #0, fa(ik;) #0, fi(oo) = fa(oo) = 1.

(5.5.2)
The function 283 is analytic in C; and tends to 1 at infinity in C4, The function szgig is analytic in

C_ and tends to 1 at infinity in C_. Both functions agree on R. Thus }ZEB is analytic in C and tends to 1

at infinity. Therefore f1(k) = fa(k). To complete the proof we need to check that ¢, obtained by (1.5.10),
belongs to Ly 1. In other words, that ¢ = —2% € Ly1;. To prove this, use (5.3.19) and (5.3.20). It
is sufficient to check that F'(2x) € Ly,1, A(z,2)F(2z) € L1y and [.°[Ay(z,5) — Az(z, s)|F(s + 2)ds €

Ly1. The first inclusion follows from ||zF"|p1(r,) < co. Let us prove that lim, .. [zF(x)] = 0. One
has [ sF'ds = xF(z) — [ Fds. Because «F’' € L'(Ry) and F € L*(Ry) it follows that the limit
co = limg .o F exists. This limit has to be zero: if F' = % + o(%) as r — oo, and ¢y # 0, then

F ¢ LY(Ry). Now [ |F(2x)A(z,z)|dz < c [~ |A(z,z)|dz < co. The last inequality follows from
(5.3.13):  since F(2z) € L*(Ry) it is sufficient to check that [~ A(z, s)F(s + z)ds € L'(Ry). One has
IS dw [ Az, s)||F(s 4 x)|ds < [ dwop(22) [°|A(z, s)|ds < c. Here

op(x) ==sup|F(y)l, op € L'(Ry). (5.5.3)

y>w

Note that lim,_ zop(x) = 0 because o (z) is monotonically decreasing and belongs to L'(R).

O
5.6 A new equation of Marchenko-type
The basic result of this Section is:
Theorem 5.6.1. FEquation
F)+ AW + [ AQF(E+y)de= Ay, —s0 <y <o, (5.6.1)

holds, where A(y) := A(0,y), A(y) =0 fory <0, A(z,y) is defined in (1.2.25) and F(zx) is defined in
(1.5.11).
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Proof. Take the Fourier transform of (5.6.1) in the sense of distributions and get:

F(&) + A(€) + A(=€)F(€) = A(=¢), (5.6.2)
where, by (1.5.11),
J
F(&)=1-—58(=¢)+ 27TZ s;0(& + ik;). (5.6.3)

Use (1.5.16), the equation S(§)f(§) = f(—€), add 1 to both sides of (5.3.8), and get:

F©) + F(=OF(©) = F(=9). (5.6.4)
From (5.6.3) and (5.6.4) one gets:

J J
F&) = F(=OIS(=&) =2 Y s;0(E + k)] = F(€) —2m Y 5;0(5 +iky) f(=€) = (), (5.65)

Jj=1 j=1

where the equation 6(¢ + ik;)f(—€&) = 0 was used. This equation holds because f(ik;) = 0, and the
product 0(§ + ik;) f(—&) makes sense because f(¢) is analytic in C;. Equation (5.6.5) holds obviously,
and since each of our steps was invertible, equation (5.6.1) holds. O

Remark 5.6.2. Equation (5.6.1) has a unique solution A(y), such that A(y) € L*(Ry) and A(y) =0
fory < 0.

Proof. Equation (5.6.1) for y > 0 is identical with (1.5.13) because A(—y) = 0 for y > 0. Equation
(1.5.13) has a solution in L'(R, ) and this solution is unique, see Theorem 5.3.1. Thus, equation (5.6.1)
cannot have more than one solution, because every solution A(y) € L*(Ry), A(y) = 0 for y < 0, of
(5.6.1) solves (1.5.13), and (1.5.13) has no more than one solution. On the other hand, the solution
A(y) € LY (Ry) of (1.5.13) does exist, is unique, and solves (5.6.1), as was shown in the proof of
Theorem 5.6.1. This proves Remark 5.6.2. O

5.7 Inequalities for the transformation operators and applica-
tions

5.7.1 Inequalities for A and F

The scattering data (1.2.17) satisfy the following conditions:

A) kj,s; >0, S(—k) =S(k) =S"1(k), k € R, S(00) =1,

B) J :=indS(k) := 5= [~ dlogS(k) is a nonpositive integer,

C)FelLP,p=1andp=o0, zF € L' LP := LP(0,00).

If one wants to study the characteristic properties of the scattering data, that is, a necessary and
sufficient condition on these data to guarantee that the corresponding potential belongs to a prescribed
functional class, then conditions A) and B) are always necessary for a real-valued ¢ to be in Lj 1, the
usual class in the scattering theory, or in some other class for which the scattering theory is constructed,
and a condition of the type C) determines actually the class of potentials g. Conditions A) and B) are
consequences of the selfadjointness of the Hamiltonian, finiteness of its negative spectrum, and of the
unitarity of the S — matrix. Our aim is to derive some inequalities for F' and A from equation (1.5.13).
This allows one to describe the set of ¢, defined by (1.5.13).

Let us assume:

sup |F(y)| :=or(z) € L', F' € Ly;. (5.7.1)
y2>w
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The function o is monotone decreasing, |F(z)| < op(x). Equation (1.5.13) is of Fredholm type in
L? := [P(x,00) Vo > 0 and p = 1. The norm of the operator F := F in (1.5.13) can be estimated :

[Fell < / or(z+y)dy < o1p(2z), o1p(z):= / or(y)dy. (5.7.2)
Therefore (1.5.13) is uniquely solvable in Ll for any x > x if
UlF(2.’E0) <1 (573)

This conclusion is valid for any F' satisfying (5.7.3), and conditions A), B), and C) are not used. Assuming
(5.7.3) and (5.7.1) and taking x > xg, let us derive inequalities for A = A(x,y). Define

oa(z) = sup|A(z,y)| == [|A]].

y>

From (1.5.13) one gets:

oa(z) <op(2z)+ oa(x) sup /OO or(s+y)ds < op(2z) + oa(x)o1r(22).

Thus, if (5.7.3) holds, then
oa(x) <cop(2x), x> xo. (5.7.4)

By ¢ > 0 different constants depending on zy are denoted. Let

oo

o1a(z) = ||A]|1 ::/ |A(z, s)|ds.

x

Then (1.5.13) yields o14(z) < 017 (22) + 014(x)o17(22). So
o14(x) < co1p(2z), T > xp. (5.7.5)

Differentiate (1.5.13) with respect to x and y and get:

(I+F,)Au(x,y)=A(z,2)F(x+y)— F(x+y), y>z>0, (5.7.6)
and -
Ay(z,y) + / A(z,s)F'(s+y)ds = —F'(x +vy), y>z>0. (5.7.7)
Denote o
oor(T) ::/ |F'(y)|dy, oop(x)e L. (5.7.8)

Then, using (5.7.7) and (5.7.4), one gets

14yl S/ |F' (z+y)ldy +o14(x) Sup/ [F'(s+y)ldy < o2p (22)[1+ co17(27)] < coap(22), (5.7.9)

s>x
and using (5.7.6) one gets:
[[Az]l1 < Az, 2)o1p(22) + 02r (22) + [[As] 1017 (22),

||Aw||1 < C[O’QF(Z%‘) + U1F(2SL’)0’F(2$)]. (5710)
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Let y = 2 in (1.5.13), then differentiate (1.5.13) with respect to  and get:

Az, z) = —2F' (2z) + Az, z)F(2z) — /00 Ay(z,8)F(x + s)ds — /OO Az, s)F'(s +x)ds.  (5.7.11)

x

From (5.7.4), (5.7.5), (5.7.10) and (5.7.11) one gets:
|A(z, )| < 2|F'(2z)] + co%(2z) + cop(22)[oap (22) + 017 (22)0p (22)] + cop(22)00r (22).  (5.7.12)

Thus, '
z|A(z,z)| € L, (5.7.13)

provided that xF’(2z) € L', zo%(2z) € L', and zop(2x)o2r(22) € L'. Assumption (5.7.1) implies
oF'(2z) € L'. If op(22) € L', and o (22) > 0 decreases monotonically, then zopg(z) — 0 as z — oo.
Thus zo%(22) € L', and o2p(22) € L' because [, dx [ |F'(y)|dy = [°|F'(y)lydy < oo, due to
(5.7.1). Thus, (5.7.1) implies (5.7.4), (5.7.5), (5.7.8), (5.7.9), and (5.7.12), while (5.7.12) and (1.5.13)
imply g € Ly, where L1, = {q: ¢ =7, f;: z|q(z)|dx < oo}, and zg > 0 satisfies (5.7.3).

Let us assume now that (5.7.4), (5.7.5), (5.7.9), and (5.7.10) hold, where o € L' and oo € L! are
some positive monotone decaying functions (which have nothing to do now with the function F', solving
equation (1.5.13)), and derive estimates for this function F'. Let us rewrite (1.5.13) as:

F(z+7) +/ Az, s)F(s +y)ds = —A(z,y), y=z=>0. (5.7.14)
Let x +y = 2,5+ y = v. Then,
F(2) +/ Alz,v+x — 2)F(v)dv = —A(zx, 2 — ), z > 2. (5.7.15)

From (5.7.15) one gets:

or(2z) < oa(x) + op(22) sup / |A(z,v+ 2 — 2)|dv < ga(x) + op(22) ||A]]1.
z>2x J 2

Thus, using (5.7.5) and (5.7.3), one obtains:

or(2x) < coa(x). (5.7.16)
Also from (5.7.15) it follows that:
oir(2) =||Fl = [ IF@)ldy
< Jou A, 2 —2)|dz + [, [0 [A(z, v + 2 — 2)||F(v)|dvdz
< |A[lx + [1Fl[1]|All1, (5.7.17)

s
o1r(2z) < cora(x).

o

From (5.7.6) one gets:

/ |F'(z + y)|dy = oor(2x) < coa(z)ora(x) + ||Az|| + c||Az] 1014 (). (5.7.18)

Let us summarize the results:
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Theorem 5.7.1. If x > x¢ and (5.7.1) hold, then one has:

oa(z) <cop(2x), oc1a(x) <corp(2z), ||Aylh < o2r(22)(1 + co1r(22)),

5.7.19
1 Au |1 < cloar(22) + 017 (20)0p (22)]. (5.7.19)
Conversely, if ¢ > xo and
O’A(.CC)+01A(.%')+HAI||1+||Ay||1 < 00, (5.7.20)
then
or(2z) <coa(z), o1r(2z) < corpa(x), (5.7.21)
oar(z) < cloa(z)ora(@) + [[Az][1 (1 + o1a(x))]. o

In the next section we replace the assumption x > zg > 0 by z > 0. The argument in this case is
based on the Fredholm alternative.

5.7.2 Characterization of the scattering data revisited

First, let us give necessary and sufficient conditions on S for ¢ to be in L; ;. These conditions are known
([M], [R], [R9], Section 5.5) but we give a short new argument. We assume throughout that conditions
A), B), and C) hold. These conditions are known to be necessary for ¢ € L1 1. Indeed, conditions A)
and B) are obvious, and C) is proved in Theorem 5.7.1 and Theorem 5.7.4. Conditions A), B), and C)
are also sufficient for ¢ € Lq 1. Indeed if they hold, then we prove that equation (1.5.13) has a unique
solution in L. for all # > 0. This was proved in Theorem 5.3.1, but we give another proof.

Theorem 5.7.2. If A), B), and C) hold, then (1.5.13) has a solution in L. for any x > 0 and this
solution is unique.

Proof. Since F, is compact in Ll, Vo > 0, by the Fredholm alternative it is sufficient to prove that
(I4+F,)h=0, helLl, (5.7.22)

implies h = 0. Let us prove it for £ = 0. The proof is similar for x > 0. If h € L', then h € L™ because
[|hl|oo < ||B]|rop(0). If h € L* N L™, then h € L? because||h|[3. < [|h||p=]||h||r1. Thus, if h € L' and
solves (5.7.22), then h € L> N L' N L*°.

Denote h = Io° h@)e* dx, h € L. Then,

/ h2dk = 0. (5.7.23)

Since F'(x) is real-valued, one can assume h real-valued. One has, using Parseval’s equation:

J
0:(([+F0)h7h):%||h||2+§/ [1— S(k)|R*(k)dk + > " s;h3, by ::/0 e M%h(z)dx.
e =

Thus, using (5.7.23), one gets
hj=0,1<5<J (hh)=(S(k)h, h(—Fk)),

where we have used real-valuedness of h, i.e. h(—k) = h(k),Vk € R.
Thus, (h,h) = (h,S(—k)h(—k)), where A) was used. Since [[S(—k)|| = 1, one has ||h||2~= [(h,

S(—k)h(—k))| < |[h]|2, so the equality sign is attained in the Cauchy inequality. Therefore, h(k)
S(—k)h(—E).
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By condition B), the theory of Riemann problem guarantees existence and uniqueness of an analytic
in Cy :={k: Imk > 0} function f(k):= fi(k), f(ik;) =0, f(ik;) #0,1 < j < J, f(oco) =1, such that

fr(k) = S(~k)f-(k), kER, (5.7.24)

and f_(k) = f(—Fk) is analytic in C_ := {k : Imk < 0}, f_(00) = 1in C_, f_(—ik;) =0, f_(—ik;) # 0.
Here the property S(—k) = S~1(k), Vk € R is used.

One has _ _

h(k)  h(=k) =~ .
Y(k):=—~=—+, keR, h;j:=h(ik;)=0, 1<;j<J

The function (k) is analytic in C; and ¢ (—k) is analytic in C_, they agree on R, so ¢ (k) is analytic
in C. Since f(oco0) =1 and h(co) = 0, it follows that ¢ = 0.

Thus, h = 0 and, consequently, h(z) = 0, as claimed. Theorem 5.7.2 is proved. O

The unique solution to equation (1.5.14) satisfies the estimates given in Theorem 5.7.1. In the proof
of Theorem 5.7.1 the estimate x| A(z, z)| € L (x¢,00) was established. So, by (1.5.13), zq € L'(z¢, c0).

The method developed in Section 5.7.1 gives accurate information about the behavior of ¢ near
infinity. An immediate consequence of Theorem 5.7.1 and Theorem 5.7.2 is:

Theorem 5.7.3. If A), B), and C) hold, then ¢, obtained by the scheme (1.5.10) belongs to Ly 1(xg,00).

Investigation of the behavior of g(x) on (0, ) requires additional argument. Instead of using the
contraction mapping principle and inequalities, one has to use the Fredholm theorem, which says that
[|(I+F,)~1|| < cfor any 2 > 0, where the operator norm is taken for F, acting in L2, p =1 and p = oo,
and the constant ¢ does not depend on z > 0.

Such an analysis yields:

Theorem 5.7.4. If and only if A), B), and C) hold, then g € Ly ;.

Proof. 1t is sufficient to check that Theorem 5.7.1 holds with = > 0 replacing = > zg. To get (5.7.4)
with 2o = 0, one uses (1.5.14) and the estimate:

1A I < |+ F)HIIF (@ +y)l| < cop(22), |- ||=sup|-|,z >0, (5.7.25)

y>x

where the constant ¢ > 0 does not depend on z. Similarly:

[|A(z,y)|l1 < csup/ |F(s+y)|dy < corp(2z), = >0. (5.7.26)
x

s>x

From (5.7.6) one gets:

[Az(z,y)|[1 < c[[|F'(z + )|l + Az, 2)|[F(z + y)||1]
< coar(22) 4+ cop(2x)o1r(22), x> 0.

(5.7.27)
From (5.7.7) one gets:
[|Ay(z,)|l1 < cloar(22) + 017 (22)02r (22)] < 027 (22). (5.7.28)

Similarly, from (5.7.11) and (5.7.24) — (5.7.27) one gets (5.7.12). Then one checks (5.7.13) as in the proof
of Theorem 5.7.1. Consequently Theorem 5.7.1 holds with xy = 0. Theorem 5.7.4 is proved. O

o1



5.7.3 Compactly supported potentials

In this Section necessary and sufficient conditions are given for ¢ € L{, := {¢g:¢q=qq=0ifz >
a, [y @|qldz < 0o}. Recall that the Jost solution is:

flak) = e+ [ A gy, 10.8) = 500, (5.7.29)

Lemma 5.7.5. If g € L{,, then f(z,k) = e*® for x > a, A(x,y) =0 fory >z >a, F(x+y) =0 for
y>x>a (¢f (1.5.13)), and F(x) =0 for x > 2a.

Thus, (1.5.13) with x = 0 yields A(0,y) := A(y) = 0 for > 2a. The Jost function
2a
F) =1+ / Aly)evdy,  Aly) € W0, a), (5.7.30)
0

is an entire function of exponential type < 2a, that is, |f(k)| < ce??* k € C, and S(k) = f(—k)/f(k)
is a meromorphic function in C. In (5.7.30) WP is the Sobolev space, and the inclusion (5.7.30) follows
from Theorem 5.7.1.

Let us formulate the assumption D):

D) the Jost function f(k) is an entire function of exponential type < 2a.

Theorem 5.7.6. Assume A), B), C) and D). Then q € L. Conversely, if ¢ € L{ 1, then A),B), C)
and D) hold.

Necessity. If ¢ € Ly 1, then A), B) and C) hold by Theorem 5.7.4, and D) is proved in Lemma 5.7.5.
The necessity is proved.
Sufficiency. If A), B) and C) hold, then g € Ly 1. One has to prove that ¢ = 0 for z > a. If D) holds,
then from the proof of Lemma 5.7.5 it follows that A(y) =0 for y > 2a.
We claim that F(x) =0 for z > 2a.
If this is proved, then (1.5.13) yields A(z,y) =0 for y > x > a, and so ¢ = 0 for > a by (1.5.13).
Let us prove the claim.
Take x > 2a in (1.5.12). The function 1 — S(k) is analytic in C4 except for J simple poles at the
points ik;. If > 2a then one can use the Jordan lemma and the residue theorem and get:

0o J .
@) =5 [ 1= sl =~y f;(‘k’“)M > %, (5.7.31)

Since f(k) is entire, the Wronskian formula
F10, k) f(=k) = f'(0, =) f (k) = 2ik
is valid on C, and at k = ik; it yields:
£1(0,ikj) f(=ik;) = —2k;,
because f(ik;) = 0. This and (5.7.31) yield

J . J
2ik;
Fy(z) = —— Rt = N e = —Fy(z), x> 2a
; f1(0,1k;) f (ikj) ;
Thus, F(z) = Fy(x) + F4(z) = 0 for > 2a. The sufficiency is proved.
Theorem 5.7.6 is proved. O

In [M] a condition on S, which guarantees that ¢ = 0 for z > a, is given under the assumption that
there is no discrete spectrum, that is F = F.
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5.7.4 Square integrable potentials
Let us introduce conditions (5.7.32) — (5.7.34)

2ik[f(k) — 1+ %} € L*(R):=L? Q:= /OOO qds,

k[1 — S(k) + %] €L

KlIF(R)* — 1] € L.

(5.7.32)

(5.7.33)

(5.7.34)

Theorem 5.7.7. If A), B), C), and any one of the conditions (5.7.32) — (5.7.34) hold, then q € L*(R).

Proof. We refer to [R] for the proof.
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Chapter 6

Inverse scattering problem with
fixed-energy phase shifts as the data

6.1 Introduction

In Subsection 5.1.3 the scattering problem for spherically symmetric ¢ was formulated, see (5.1.15) —
(5.1.17). The &, are the fixed-energy (k = const > 0) phase shifts. Define

2

5,
L.p:= [rzarz 47?2 — r2q(r)} @ := Loy — r2q(r)p, (6.1.1)

where ¢ = @y(r) is a regular solution to
Lo = £(L+ 1)y, (6.1.2)

such that .
o0 =g + / K(r, pyus(p)p~>dp,  K(r,0) =0, (6.1.3)
0

and w; = /%5 Jyy 1 (r), Ji(r) is the Bessel function. In (6.1.3) K(r, p) is the transformation kernel, I+ K

is the transformation operator. In (6.1.2) we assume that k¥ = 1 without loss of generality. The ¢, is
uniquely defined by its behavior near the origin:

£+1

pu(r) = m +o(r™), r—o0. (6.1.4)

For u, we will use the known formula ([GR, 8.411.8)):
1 .
Yeug = 2°T(£ 4 Dug(r) = rt1 / (1 —tH)ceitdt, (6.1.5)

-1

where I'(2) is the gamma-function.

The inverse scattering problem with fixed-energy phase shifts {d;}¢=0,1,2... as the data consists of
finding ¢(r) from these data. We assume throughout this chapter that ¢(r) is a real-valued function,
q(r) =0 for r > a,

/Oa r2|q(r)|?dr < oo. (6.1.6)

Conditions (6.1.6) imply that ¢ € L?(B,), B, := {z:x € R?, |z| < a}.
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In the literature there are books [CS] and [N] where the so called Newton-Sabatier (NS) theory is
presented, and many papers were published on this theory, which attempts to solve the above inverse
scattering problem with fixed-energy phase shifts as the data. In Section 6.4 it is proved that the NS
theory is fundamentally wrong and is not an inversion method. The main results of this Chapter are
Theorems 6.2.2, 6.3.1, 6.5.1, and the proof of the fact that the Newton-Sabatier theory is fundamentally
wrong in the sense that its foundations are wrong.

6.2 Existence and uniqueness of the transformation operators
independent of angular momentum

The existence and uniqueness of K(r, p) in (6.1.3) we prove by deriving a Goursat problem for it, and
investigating this problem. Substitute (6.1.3) into (6.1.2), drop index ¢ for notational simplicity and get

0= —ra(r)uc+ (2 =r%a) [ Ko pup
- [ Koo Loudp+ 20 | K puodp. (62.0)
0 0

We assume first that K(r,p) is twice continuously differentiable with respect to its variables in
the region 0 < r < 0o, 0 < p < r. This assumption requires extra smoothness of ¢(r), q(r) €
CY(0,a). If q(r) satisfies condition ((6.1.6)), then equation (6.2.7) below has to be understood in the
sense of distributions. Eventually we will work with an integral equation (6.2.34) (see below) for which
assumption ((6.1.6)) suffices.

Note that
K(r,p)p~?Lo,udp = / LopK (1, p)up™2dp + K (r,7)u, — K,(r,7)u, (6.2.2)
0 0
provided that
K(r,0) = 0. (6.2.3)
We assume (6.2.3) to be valid. Denote
. dK (r,r)
K:=—". 6.2.4
o (6.2.4)

Then
T . 2
202 / K(r, p)up2dp = Ku + K(r,r)u, — ~K(r,r)u+
0 T
K. (r,7)u + 12 / K, (r, p)up~2dp. (6.2.5)
0

Combining (6.2.1) — (6.2.5) and writing again u, in place of u, one gets

0= AT[LTK(T, p) — LOPK(’]"’ p)]“f(p)pﬂdp + UZ(T)[—T‘Q(](T) . K_
AT g ) ¢ K ()], V>0, £=0,1,2,. (6.26)

Let us prove that (6.2.6) implies:

L.K(r,p) = LopK(r,p), 0<p<r, (6.2.7)
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2K  2K(r,r) 2d K(r,7)
_ 8 _zaenmnr) 6.2.8
a(r) r2 r rdr v ( )
This proof requires a lemma.

Lemma 6.2.1. Assume that pf(p) € L*(0,7) and pA(p) € L*(0,r). If
F(p)ue(p)dp + ue(r)A(r) VL=0,1,2,..., (6.2.9)
0

then
f(p) =0 and A(r) = 0. (6.2.10)

Proof. Equations (6.2.9) and (6.1.5) imply:

1 l r
o= [ a-er () [ dooriorens
l
rA(r) /_ 11(1 2yt (Z_let) cirtdt.

Therefore
0_/ dt / dppf(p)e +rA(r)e™], 1=0,1,2,... (6.2.11)
Recall that the Legendre polynomials are defined by the formula
1 dt o,
and they form a complete system in L?(—1,1).
Therefore (6.2.11) implies
/ dppf(p)e +rA(r)e™ =0 vte[-1,1]. (6.2.13)
0
Equation (6.2.13) implies
/ dppf(p)e =0, Vte[-1,1], (6.2.14)
0
and
rA(r) = 0. (6.2.15)

Therefore A(r) = 0. Also f(p) = 0 because the left-hand side of (6.2.14) is an entire function of ¢, which
vanishes on the interval [—1, 1] and, consequently, it vanishes identically, so that pf(p) = 0 and therefore

f(p) =0.

Lemma 6.2.1 is proved. O

We prove that the problem (6.2.7), (6.2.8), (6.2.3), which is a Goursat-type problem, has a solution
and this solution is unique in the class of functions K(r,p), which are twice continuously differentiable
with respect to p andr, 0<r<oo, 0<p<r.

In this section we assume that g(r) € C'(0,a). This assumption implies that K(r,p) is twice
continuously differentiable. If (6.1.6) holds, then the arguments in this section which deal with integral
equation (6.2.34) remain valid. Specifically, existence and uniqueness of the solution to equation (6.2.34)
is proved under the only assumption [;' 7|g(r)|dr < oo as far as the smoothness of q(r) is concerned.

By a limiting argument one can reduce the smoothness requirements on ¢ to the condition (6.1.6),
but in this case equation (6.2.7) has to be understood in distributional sense.
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Let us rewrite the problem we want to study:

12Ky — p2K,, + [r? —1r2q(r) — p?]K(r,p) =0, 0<p<r, (6.2.16)
K(r,r) = g/ sq(s)ds := g(r), (6.2.17)

0
K(r,0) = 0. (6.2.18)

The difficulty in the study of this Goursat-type problem comes from the fact that the coeflicients in front
of the second derivatives of the kernel K (r, p) are variable.

Let us reduce problem (6.2.16) — (6.2.18) to the one with constant coefficients. To do this, introduce
the new variables:

E=Inr+Inp, n=Inr—Inp. (6.2.19)
Note that - -
r=ez, p=e?, (6.2.20)
n>0, —oo<§< oo, (6.2.21)
and . 1
Oy = ;(85 +0,), 0,= ;(85 — Op). (6.2.22)
Let

K(r,p) = B(&n).

A routine calculation transforms equations (6.2.16) — (6.2.18) to the following ones:

Bey(&m) — %Bn(&n) +Q(&n)B=0, >0, —oo0<E< o0, (6.2.23)
B(£,0)=g (eé) = G(), —c0<E< o0 (6.2.24)
B(—o00,m) =0, n2>0, (6.2.25)

where g(r) is defined in (6.2.17).
Here we have defined

Q&) = % [e“” —ettg (GHT") — 65*”} , (6.2.26)

and took into account that p = r implies n = 0, while p = 0 implies, for any fixed n > 0, that £ = —oc.
Note that

sup e 3G(€) < e, (6.2.27)
—oo<E<0
A
sup / 1Q(s,m)|ds < (A, B), (6.2.28)
0<n<BJ-co

for any A € R and B > 0, where ¢(A, B) > 0 is a constant.
To get rid of the second term on the left-hand side of (6.2.23), let us introduce the new kernel L(¢, n)
by the formula:

L(&1) == B(&,n)e 3. (6.2.29)
Then (6.2.23)— (6.2.25) can be written as:
Lye(€,m) +Q(§,mL(&n) =0, n>0, —o00<E<o0, (6.2.30)
€
_¢ 1 [e°
L(&,0) =e 2G(&) :=b(8) := 5/ sq(s)ds, —oo <& < o0, (6.2.31)
0



L(—o0,n) =0, n>0. (6.2.32)

We want to prove existence and uniqueness of the solution to (6.2.30) — (6.2.32). In order to choose a
convenient Banach space in which to work, let us transform problem (6.2.30) — (6.2.32) to an equivalent
Volterra-type integral equation.

Integrate (6.2.30) with respect to 1 from 0 to n and use (6.2.31) to get

n
Le(en) —¥(©) + [ Q0L it =0. (623
Integrate (6.2.33) with respect to £ from —oo to £ and use (6.2.33) to get
4 n
L¢,n) = —/ ds/ dtQ(s,t)L(s,t) + b(&) :=V L+, (6.2.34)
—o0 0
where c .
VL:=— [ ds [ dtQ(s,t)L(s,1). 6.2.35
| s [ aQenrs (6:2.35)

Consider the space X of continuous functions L(£,n), defined in the half-plane n > 0, —oco < & < 00,
such that for any B > 0 and any —oo < A < oo one has

L] := ||L||aB = sup__ (e L(s,t)|) < o0, (6.2.36)
ToSieB

where v > 0 is a number which will be chosen later so that the operator V' in (6.2.34) will be a contraction
mapping on the Banach space of functions with norm (6.2.36) for a fixed pair A, B. To choose vy > 0,
let us estimate the norm of V. One has:

—00<E<A0<n<B

£ n
WVII<  swp (/ ds / dt|@<s,t>|e”<“>e“L(s,w)
—00 0

3 n .
< ||IL| sup / ds/ dt (265+t +e5tg (6%) \) e 1= < EHLH, (6.2.37)
—00<E<A 0SB/ —00  JO v

where ¢ > 0 is a constant depending on A, B and foa r|q(r)|dr. Indeed, one has:

A n A n A 1 — ei’yB C1
2 / ds /O dtes Tt (1=t = 9¢ /O dtet=71=qt < 2e *Bf = (6.2.38)

and, using the substitution o = eSTH, one gets:
A n s+t
/ ds/ dte*Hg(e*F )]e 700 =
—o00 0
n A s+t
:/ dte_'y("_t)/ dse*tt|q (e 2 )\z
0 —o00
A+t
n e 2
=2 / dte=7(1=0) / doolq(o)| =
0 0

20— ) o 2
- /Od (o) = 2. (6:2:39)

From these estimates inequality (6.2.38) follows.
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It follows from (6.2.38) that V' is a contraction mapping in the space X ap of continuous functions
in the region —co < { < A, 0 <n < B, with the norm (6.2.36) provided that

v >c. (6.2.40)
Therefore equation (6.2.34) has a unique solution L(&,7) in the region
—0<E<A, 0<n<B (6.2.41)

for any real A and B > 0 if (6.2.40) holds. This means that the above solution is defined for any £ € R
and any n > 0.
Equation (6.2.34) is equivalent to problem (6.2.30) — (6.2.32) and, by (6.2.29), one has:

B(&,n) = L(&n)e?. (6.2.42)

Therefore we have proved the existence and uniqueness of B(&, n), that is, of the kernel K (r, p) = B(£,n)
of the transformation operator (6.1.3). Recall that r and p are related to £ and n by formulas (6.2.20).
Let us formulate the result:

Theorem 6.2.2. The kernel K(r,p) of the transformation operator (6.1.3) solves problem (6.2.16)
— (6.2.18). The solution to this problem does exist and is unique in the class of twice continuously
differentiable functions for any potential q(r) € C(0,a). If q(r) € L*(0,a), then K(r,p) has first
derivatives which are bounded and equation (6.2.16) has to be understood in the sense of distributions.
The following estimate holds for any r > 0:

/0 |K (r,p)|p~dp < . (6.2.43)

Proof of Theorem 6.2.2. We have already proved all the assertions of Theorem 6.2.2 except for the
estimate (6.2.43). Let us prove this estimate.
Note that

/ |K (r, p)|p~tdp = r/ IL(2Inr —n,n)|e”2dn < oo (6.2.44)
0 0

Indeed, if r > 0 is fixed, then, by (6.2.20), £ + n = 2Inr = const. Therefore d§¢ = —dn, and p~tdp =
3(d¢ —dn) = —dn, £=2Inr —n. Thus:

/ K (r,p)lp~"dp = / IL(2Inr —n,n)le” 3 " dn = 7"/ |L(2In7 — n,m)|e” 2 dn. (6.2.45)
0 0 0
The following estimate holds:
1
(€, )] < ceFenlmm ]2t (6.2.46)

where €; > 0, j = 1,2, are arbitrarily small numbers and p; is defined in formula (6.2.52) below, see
also formula (6.2.49) for the definition of pu.

Estimate (6.2.46) is proved below, in Theorem 6.2.2.

From (6.2.45) and estimate (6.2.56) (see below) estimate (6.2.43) follows. Indeed, denote by I the
integral on the right-hand side of (6.2.45). Then, by (6.2.56) one gets:

2 [2u1 (21 n
I<2+2y w = 2exp[2u1(2log )] < oo. (6.2.47)
e !

Theorem 6.2.2 is proved. O

Theorem 6.2.3. Estimate (6.2.46) holds.
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Proof of Theorem 6.2.3. From (6.2.34) one gets:

where co = SUP_» c¢o0 [0(§)] < 3 Iy sla(s)|ds (see (6.2.31)), and

3 n
Wi ::/_ ds/o dtu(s + ym(s, 1), (s) = 5e (1+ la(e?)) (6.2.49)

Tt is sufficient to consider inequality (6.2.48) with ¢ = 1: if ¢g = 1 and the solution mq(&, n) to (6.2.48)
satisfies (6.2.46) with ¢ = ¢;, then the solution m(&,n) of (6.2.48) with any c¢g > 0 satisfies (6.2.46) with
C = CpCy.

Therefore, assume that ¢o = 1, then (6.2.48) reduces to:

m(&,m) < 1+ (Wm)(,n). (6.2.50)

Inequality (6.2.46) follows from (6.2.50) by iterations. Let us give the details.
Note that

3 n n 3 n
W1l= / ds/ dtp(s+1t) = / dt/ dsp(s+1t) = / dtpr (E+1t) <nui(€+n). (6.2.51)
—o00 0 0 —00 0
Here we have used the notation .
11(§) :/ w(s)ds, (6.2.52)

and the fact that p;(s) is a monotonically increasing function, since p(s) > 0. Note also that ui(s) < co
for any s, —0o < s < 0.

Furthermore,
3 n n 3 2,2
W21 g/ ds/ dtp(s + )t (s +t) g/ dtt/ dsp(s + t)pi(s + 1) = %w (6.2.53)
—o0 0 0 —o0 : :
Let us prove by induction that
Wy < T EEE ) (6.2.54)

n! n!
For n =1 and n = 2 we have checked (6.2.54). Suppose (6.2.54) holds for some n, then

n )Y pr(s+1) _ "t opiti(E+n)
W“lgw(mln!)_/ dt—/ dsp(s + t) 2 — S(n+1). TR (6.2.55)

By induction, estimate (6.2.53) is proved for all n = 1,2, 3, .... Therefore (6.2.50) implies

X n,n 1.,
mEn) <1+y %M < col@renlmn (e (62.56)

n!
n=1

where we have used Theorem 2 from [Lev, section 1.2], namely the order of the entire function F'(z) :=

1+>07, W ,)2 is 5 and its type is 2. The constant ¢ > 0 in (6.2.46) depends on €;, j = 1,2.

Inln Mp(r)

e Where

Recall that the order of an entire function F(z) is the number p := limsup,_,

MFE(r) := max|,|=,|F(z)|. The type of F(z) is the number ¢ := limsup,._, W\f# It is known [Lev],

that if F(z) = ZZOZO ¢,z is an entire function, then its order p and type ¢ can be calculated by the
formulas:
%)

. nilnn lim sup,,_, . (n|cn
p = limsup ——, =
n—oo N Ten] ep

(6.2.57)

If e, = (n')27 then the above formulas yield p = 5 and o = 2. Theorem 6.2.3 is proved. O
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6.3 Uniqueness theorem.

Denote by £ any fixed subset of the set N of integers {0, 1,2, ...} with the property:

> % =00 (6.3.1)

teL
(0

Theorem 6.3.1. ([R10]) Assume that q satisfies (6.1.6) and (6.3.1) holds. Then the data {6¢}vecr
determine q uniquely.

The idea of the proof is based on property C-type argument.
Step 1: If g1 and g2 generate the same data {d¢}veer, then the following orthogonality relation holds
for p:=q1 — qa:

h(£) := /Oap(r)cbu(r)czszg(r)dr =0 YecL, (6.3.2)

where ¢;, is the scattering solution corresponding to ¢;, j = 1, 2.

Step 2: Define hy(¢f) := 2%[T'(¢ + 1)]2h(£), where T is the Gamma-function. Check that hi () is
holomorphic in Iy := {¢: Rel > 0}, {=o0+ir, o >0, and 7 are real numbers, h;(¢) € N (where
N is the Nevanlinna class in I, ), that is

4 1 — ret®
su log™ |hy (——)|dy < oo,
O<7"El/—7r e 1(1+7~@w)| 4

n log z if logx > 0, . .
where log™ z = 0if logz <0 If hy € N vanishes V¢ € £, then hy = 0 in I, and, by property

Cy, p(r) = 0. Theorem 6.3.1 is proved. O

6.4 Why is the Newton-Sabatier (NS) procedure fundamentally
wrong?

The NS procedure is described in [N] and [CS]. A vast bibliography of this topic is given in [CS] and
[N].

Below two cases are discussed. The first case deals with the inverse scattering problem with fixed-
energy phase shifts as the data. This problem is understood as follows: an unknown spherically symmet-
ric potential ¢ from an a priori fixed class, say Li 1, a standard scattering class, generates fixed-energy
phase shifts §;,1 = 0,1,2,...,. The inverse scattering problem consists of recovery of ¢ from these data.

The second case deals with a different problem: given some numbers 0;, = 0,1,2,...,, which are
assumed to be fixed-energy phase shifts of some potential ¢, from a class not specified, find some potential
q1, which generates fixed-energy phase shifts equal to d;,/ = 0,1,2,...,. This potential ¢g; may have no
physical interest because of its non-physical” behavior at infinity or other undesirable properties.

We first discuss NS procedure assuming that it is intended to solve the inverse scattering problem in
case 1. Then we discuss NS procedure assuming that it is intended to solve the problem in case 2.

Discussion of case 1:

In [N2] and [N] a procedure was proposed by R. Newton for inverting fixed-energy phase shifts
01,1 =0,1,2,..., corresponding to an unknown spherically symmetric potential ¢(r). R. Newton did not
specify the class of potentials for which he tried to develop an inversion theory and did not formulate
and proved any results which would justify the inversion procedure he proposed (NS procedure). His
arguments are based on the following claim, which is implicit in his works, but crucial for the validity
of NS procedure:
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Claim N1: The basic integral equation.

dt

K(r,s)—f(r,s)—/OTK(r,t)f(t,s)ﬁ, 0<s<r<oo, (6.4.1)

is uniquely solvable for all v > 0.

Here
fr,s) = Z;CIUZ(T)UZ(S% up = \/;JH;(T), (6.4.2)

¢, are real numbers, the energy k? is fixed: k = 1 is taken without loss of generality, J, +1 (r) are the

Bessel functions. If equation (6.4.1) is uniquely solvable for all » > 0, then the potential g1, that NS
procedure yields, is defined by the formula:

2d K(r,r)

) ==

6.4.3
rdr r ( )

The R. Newton’s ansatz (6.4.1) - (6.4.2) for the transformation kernel K (r, s) of the Schroedinger oper-
ator, corresponding to some ¢(r), namely, that K (r, s) is the unique solution to (6.4.1) - (6.4.2), is not
correct for a generic potential, as follows from our argument below (see the justification of Conclusions).

If for some r > 0 equation (6.4.1) is not uniquely solvable, then NS procedure breaks down: it leads
to locally non-integrable potentials for which the scattering theory is, in general, not available (see [RI]
for a proof of the above statement) .

In the original paper [N2] and in his book [N] R. Newton did not study the question, fundamental
for any inversion theory: does the reconstructed potential ¢; generate the data from which it was
reconstructed?

In [CS, p. 205], there are two claims:

Claim i) that ¢1(r) generates the original shifts {;} "provided that {d;} are not ”exceptional””, and

Claim ii) that NS procedure "yields one (only one) potential which decays faster than r=3” and
generates the original phase shifts {0;}.

If one considers NS procedure as a solution to inverse scattering problem of finding an unknown
potential ¢ from a certain class, for example ¢(r) € L1 := {¢ : ¢ = G, fooo rlq(r)|dr < oo}, from
the fixed-energy phase shifts, generated by this ¢, then the proof, given in [CS], of Claim i) is not
convincing: it is not clear why the potential g1, obtained by NS procedure, has the transformation
operator generated by the potential corresponding to the original data, that is, to the given fixed-energy
phase shifts. In fact, as follows from Proposition 6.4.1 below, the potential g; cannot generate the kernel
K(r,s) of the transformation operator corresponding to a generic original potential ¢(r) € L1 1 := {¢ :
q=170 [y rlg(r)ldr < oco}.

Claim ii) is incorrect because the original generic potential ¢(r) € L1 1 generates the phase shifts {d; },
and if g1 (r), the potential obtained by NS procedure and therefore not equal to ¢(r) by Proposition 6.4.1
generates the same phase shifts {;}, then one has two different potentials ¢(r) and ¢;(r), which both
decay faster than r—3 and both generate the original phase shifts {4;}, contrary to Claim ii).

Our aim is to formulate and justify the following

Conclusions: Claim N1 and ansatz (6.4.1) - (6.4.2) are not proved by R. Newton and, in general, are
wrong. Moreover, one cannot approzimate with a prescribed accuracy in the norm ||q|| : = [° r|q(r)|dr
a generic potential q(r) € L1 1 by the potentials which might possibly be obtained by the NS procedure.
Therefore NS procedure cannot be justified even as an approximate inversion procedure. The NS procedure
18 fundamentally wrong in the sense that its foundations are wrong.

Let us justify these conclusions:

Claim N1 formulated above and basic for NS procedure, is wrong, in general, for the following reason:
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Given fixed-energy phase shifts, corresponding to a generic potential ¢ € L; 1, one either cannot
carry through NS procedure because:

a) the system (12.2.5a) in [CS], which should determine numbers ¢; in formula (6.4.2), given the
phase shifts §;, may be not solvable, or

b) if the above system is solvable, equation (6.4.1) may be not (uniquely) solvable for some r > 0,
and in this case NS procedure breaks down since it yields a potential which is not locally integrable (see
[R9] for a proof).

If equation (6.4.1) is solvable for all » > 0 and yields a potential ¢; by formula (6.4.3), then this
potential is not equal to the original generic potential ¢ € Ly 1, as follows from Proposition 6.4.1 which
is proved in [R9] (see also [ARS]):

Proposition 6.4.1. If equation (6.4.1) is solvable for all r > 0 and yields a potential ¢1 by formula
(6.4.3), then this q1 is a restriction to (0,00) of a function analytic in a neighborhood of (0, 00).

Since a generic potential ¢ € L; 1 is not a restriction to (0, 00) of an analytic function, one concludes
that even if equation (6.4.1) is solvable for all » > 0, the potential ¢1, defined by formula (6.4.3), is not
equal to the original generic potential ¢ € L, ; and therefore the inverse scattering problem of finding
an unknown ¢ € Ly ; from its fixed-energy phase shifts is not solved by NS procedure.

The ansatz (6.4.1) - (6.4.2) for the transformation kernel is, in general, incorrect, as follows also from
Proposition 6.4.1

Indeed, if the ansatz (6.4.1) - (6.4.2) would be true and formula (6.4.3) would yield the original
generic ¢, that is ¢; = ¢, this would contradict Proposition 6.4.1 If formula (6.4.3) would yield a ¢;
which is different from the original generic ¢, then NS procedure does not solve the inverse scattering
problem formulated above. Note also that it is proved in [R10] that independent of the angular momenta
[ transformation operator, corresponding to a generic ¢ € Ly ; does exist, is unique, and is defined by a
kernel K (r,s) which cannot have representation (6.4.2), since it yields by the formula similar to (6.4.3)
the original generic potential ¢, which is not a restriction of an analytic in a neighborhood of (0, o)
function to (0, 00).

The conclusion, concerning impossibility of approximation of a generic g € L; 1 by potentials ¢;, which
can possibly be obtained by NS procedure, is proved in Claim 6.4.3 section 2, see proof of Claim 6.4.3
there.

Thus, our conclusions are justified. O

Let us give some additional comments concerning NS procedure.

Uniqueness of the solution to the inverse problem in case 1 was first proved by A. G. Ramm in 1987
(see [R7]) for a class of compactly supported potentials, while R. Newton’s procedure was published in
[N2], when no uniqueness results for this inverse problem were known. It is still an open problem if for
the standard in scattering theory class of L; ; potentials the uniqueness theorem for the solution of the
above inverse scattering problem holds.

We discuss the inverse scattering problem with fixed-energy phase shifts (as the data) for potentials
g € Ly, because only for this class of potentials a general theorem of existence and uniqueness of
the transformation operators, independent of the angular momenta [, has been proved, see [R10]. In
[N2], [N], and in [CS] this result was not formulated and proved, and it was not clear for what class
of potentials the transformation operators, independent of I, do exist. For slowly decaying potentials
the existence of the transformation operators, independent of [, is not established, in general, and the
potentials, discussed in [CS] and [N] in connection with NS procedure, are slowly decaying.

Starting with [N2], [N], and [CS] Claim N1 was not proved or the proofs given (see [CT]) were
incorrect (see [R11]). This equation is uniquely solvable for sufficiently small r > 0, but, in general,
it may be not solvable for some r > 0, and if it is solvable for all v > 0, then it yields by formula
(6.4.3) a potential q1, which is not equal to the original generic potential ¢ € L11, as follows from
Proposition 6.4.1

Existence of ”transparent” potentials is often cited in the literature. A ”transparent” potential is a
potential which is not equal to zero identically, but generates the fixed-energy shifts which are all equal

63



to zero.

In [CS, p. 207], there is a remark concerning the existence of “transparent” potentials. This remark
is not justified because it is not proved that for the values ¢;, used in [CS, p. 207], equation (6.4.1) is
solvable for all v > 0. If it is not solvable even for one r > 0, then NS procedure breaks down and the
existence of transparent potentials is not established.

In the proof, given for the existence of the ”transparent” potentials in [CS, p. 197], formula (12.3.5),
is used. This formula involves a certain infinite matrix M. It is claimed in [CS, p. 197], that this matrix
M has the property MM = I, where I is the unit matrix, and on [CS, p. 198], formula (12.3.10), it is
claimed that a vector v # 0 exists such that Mv = 0. However, then M Mv = 0 and at the same time
MMuv = v # 0, which is a contradiction. The difficulties come from the claims about infinite matrices,
which are not formulated clearly: it is not clear in what space M, as an operator, acts, what is the
domain of definition of M, and on what set of vectors formula (12.3.5) in [CS] holds.

The construction of the ”transparent” potential in [CS] is based on the following logic: take all the
fixed-energy shifts equal to zero and find the corresponding ¢; from the infinite linear algebraic system
(12.2.7) in [CS]; then construct the kernel f(r,s) by formula (6.4.2) and solve equation (6.4.1) for all
r > 0; finally construct the ”transparent” potential by formula (6.4.3). As was noted above, it is not
proved that equation (6.4.1) with the constructed above kernel f(r, s) is solvable for all » > 0. Therefore
the existence of the ”transparent” potentials is not established.

The physicists have been using NS procedure without questioning its validity for several decades.
Apparently the physicists still believe that NS procedure is “an analog of the Gel’fand-Levitan method”
for inverse scattering problem with fixed-energy phase shifts as the data. In fact, the NS procedure is
not a valid inversion method. Since modifications of NS procedure are still used by some physicists, who
believe that this procedure is an inversion theory, the author pointed out some questions concerning this
procedure in [ARS] and [R9] and wrote this paper.

This concludes the discussion of case 1. |

Discussion of case 2:

Suppose now that one wants just to construct a potential q1, which generates the phase shifts corre-
sponding to some q.

This problem is actually not an inverse scattering problem because one does not recover an original
potential from the scattering data, but rather wants to construct some potential which generates these
data and may have no physical meaning. Therefore this problem is much less interesting practically
than the inverse scattering problem.

However, NS procedure does not solve this problem either: there is no guarantee that this procedure
is applicable, that is, that the steps a) and b), described in the justification of the conclusions, can be
done, in particular, that equation (6.4.1) is uniquely solvable for all v > 0.

If these steps can be done, then one needs to check that the potential ¢q, obtained by formula (6.4.3),
generates the original phase shifts. This was not done in [N2] and [N].

This concludes the discussion of case 2. a

The rest of the Section contains formulation and proof of Remark 6.4.2 and Claim 6.4.3.
It was mentioned in [N3] that if Q := [; r¢(r)dr # 0, then the numbers ¢; in formula (6.4.2) cannot
satisfy the condition > |¢;| < co. This observation can be obtained also from the following

Remark 6.4.2. For any potential q(r) € L11 such that Q := fooo rq(r)dr # 0 the basic equation (6.4.1)
is not solvable for some r > 0 and any choice of ¢; such that Y= |ci] < oo.

Since generically, for ¢ € Ly 1, one has @ # 0, this gives an additional illustration to the conclusion
that equation (6.4.1), in general, is not solvable for some r > 0. Conditions > ;% |c/| < oo and @ # 0
are incompatible.

In [CS, p. 196], a weaker condition > ;=7 2|¢;| < oo is used, but in the examples ([CS, pp. 189-191]),
c; =0 foralll > 1y >0, so that > ;% |¢;| < oo in all of these examples.
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Claim 6.4.3. The set of the potentials v(r) € Ly 1, which can possibly be obtained by the NS procedure,
is not dense (in the norm ||q|| := [, r|q(r)|dr) in the set Ly ;.

Let us prove Remark 6.4.2 and Claim 6.4.3.

Proof of Remark 6.4.2. Writing (6.4.3) as K(r,r) = —% fo sq1(s)ds and assuming @ # 0, one gets the
following relation:

K(r,r)= 7@ 14 0(1)] — oo as r — oo. (6.4.4)
If (6.4.1) is solvable for all r > () then from (6.4.2) and (6.4.1) it follows that K (r,s) = > ;= cipi(r)
uy(s), where ¢;(r) := w(r fo (ry t)u(t ‘tjzt, so that I — K is a transformation operator, where K is

the operator with kernel K(r7 s), ¢ +o1— Z(H'l)cpl q1 (1)1 = 0, q1(r) is given by (6.4.3), ¢; = O(r'+1),
asr — 0,

l l
uy(r) ~ sin (r - ;) ,  wi(r) ~ |Fy| sin (7‘ - g +5l) as r — 00,

where §; are the phase shifts at k = 1 and F; is the Jost function at & = 1. One can prove that
sup; | Fy| < co. Thus, if Y ;7 |¢i| < oo, then

K(r,r)=0(1) as r — 0. (6.4.5)

If @ # 0 then (6.4.5) contradicts (6.4.4). It follows that if @ # 0 then equation (6.4.1) cannot be uniquely
solvable for all » > 0, so that NS procedure cannot be carried through if @ # 0 and ;% |¢;| < oo. This
proves Remark 6.4.2. O

Proof of Claim 6.4.3. Suppose that v(r) € L1, and @, := fooo rv(r)dr = 0, because otherwise NS
procedure cannot be carried through as was proved in Remark 6.4.2.

If Q, = 0, then there is also no guarantee that NS procedure can be carried through. However, we
claim that if one assumes that it can be carried through, then the set of potentials, which can possibly be
obtained by NS procedure, is not dense in Ly 1 in the norm ||g|| := [, 7|q(r)|dr. In fact, any potential ¢
such that @ := fooo rq(r)dr # 0, and the set of such potentials is dense in L; 1, cannot be approximated
with a prescribed accuracy by the potentials which can be possibly obtained by the NS procedure.

Let us prove this. Suppose that ¢ € L 1,

Qq = / rq(r)dr # 0, and ||v, —¢|| = 0 as n — oo,
0

where the potentials v,, € Ly 1 are obtained by the NS procedure, so that Q,, := fO°° ru,(r)dr = 0. We
assume v, € Ly ;1 because otherwise v, obviously cannot converge in the norm || - || to ¢ € Ly,;. Define
a linear bounded on L, ; functional

fg) = / T rar)dr, 1£(@)] < lall

where [|g|| := [;¥ 7|q(r)|dr. The potentials v € Ly 1, which can possibly be obtained by the NS procedure,
belong to the null-space of f, that is f(v) =0

If limy, oo ||vn — ¢f] = 0, then lim, o |f(¢ — vn)| < limy oo |lg — vn|| = 0. Since f is a linear
bounded functional and f(v,) = 0, one gets: f(g — vn) = f(q) — f(vn) = f(q). Soif f(q) # 0 then
lim, o0 [f(g — vn)| = |f(g)| # 0. Therefore, no potential ¢ € L;; with @, # 0 can be approximated
arbitrarily accurately by a potential v(r) € Ly ; which can possibly be obtained by the NS procedure.
Claim 6.4.3 is proved. O
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6.5 Formula for the radius of the support of the potential in
terms of scattering data

The aim of this Section is to prove formula (6.5.1) for the radius of the support of the potential in terms
of the phase shifts. Let us make the following assumption.

Assumption (A): the potential q(r), r = |x|, is spherically symmetric, real-valued, foa lq|?dr < oo, and
q(r) =0 forr > a, but q(r) # 0 on (a — &,a) for all sufficiently small € > 0.

The number a > 0 we call the radius of compactness of the potential, or simply the radius of the
potential. Let A(c’, ) denote the scattering amplitude corresponding to the potential g at a fixed energy
k? > 0. Without loss of generality let us take k = 1 in what follows. By o/, € S? the unit vectors in
the direction of the scattered, respectively, incident wave, are meant, S is the unit sphere in R3. Let
us use formulas (5.1.19) and (5.1.20).

It is of interest to obtain some information about ¢ from the (fixed-energy) scattering data, that is,
from the scattering amplitude A(o’, a), or, equivalently, from the coefficients A;(a). Very few results of
such type are known.

A result of such type is a necessary and sufficient condition for ¢(z) = ¢(|z|): it was proved [R, p.131],
that g(z) = ¢(|z|) if and only if A(a/,a) = A(a’ - ). Of course, the necessity of this condition was a
common knowledge, but the sufficiency, that is, the implication: A(a/,a) = A(d/ - a) = q(z) = q(|z|),
is a new result [R2].

A (modified) conjecture from [R, p.356] says that if the potential g(x) is compactly supported, and
a > 0 is its radius (defined for non-spherically symmetric potentials in the same way as for the spherically
symmetric), then

N
-

_ 20 — 20 1
a=limy_o | — | sup |Awm()] = limy_, <5g2‘€> , (6.5.1)
€ acs? €
—4<m<e

where 0, are the fixed-energy (k = 1) phase shifts. We prove (6.5.1) for the spherically symmetric
potentials ¢ = ¢(r).

If ¢ = q(r) then Ay, () = @¢Yem (o) where @y depends only on ¢ and k, but not on « or o/. Since
k=1 is fixed, ay depends only on £ for ¢ = ¢(r). Assuming q = ¢(r), one takeb Al a) = A(o/ ) and

calculates Ay (a) = [q2 A(0/ - @)Yem(a') do/ = @Yo (), where @y := f_ C’( ) (t)dt, ¢=

0,1,2,... Here we have used formula (14.4.46) in [RK, p.413], and C,gp)( ) are the Gegenbauer polyno-
mials (see [RK, p.408]). Since C’( ) = Py(t ) Py(1) = 1, where P,(t) are the Legendre polynomials (see,
e.g., [RK, p.409]), one gets: a, = 27rf A(t)Py(t) dt.

Formula (6.5.1) for ¢ = ¢(r) can be written as a = lim,_, (ﬂ%lﬁgﬁlé).

Indeed, sup ,cq2 |Yem| = O (E%), as is well known (see, e.g., [MP, p.261]). Thus lim,_ .
——<m<t

[

<sup aes? |ng(oz)|> =1, and formula for (6.5.1) yields:
—0<m<e

2 ~
a = “Timy_. (£|ag|ﬁ) . (6.5.2)
e
Note that assumption (A) implies the following assumption:
Assumption (A’): the potential q(r) does not change sign in some left neighborhood of the point a.

This assumption in practice is not restrictive, however, as shown in [R, p.282], the potentials which
oscillate infinitely often in a neighborhood of the right end of their support, may have some new properties
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which the potentials without this property do not have. For example, it is proved in [R, p.282], that
such infinitely oscillating potentials may have infinitely many purely imaginary resonances, while the
potentials which do not change sign in a neighborhood of the right end of their support cannot have
infinitely many purely imaginary resonances. Therefore it is of interest to find out if assumption A’ is
necessary for the validity of (6.5.2).

The main result is:

Theorem 6.5.1. Let assumption (A) hold. Then formula (6.5.2) holds with lim replaced by lim.

This result can be stated equivalently in terms of the fixed-energy phase shift d,:

20+ 1 1
lim( i (we) —a. (6.5.3)

l—o00 e
Below, we prove an auxiliary result:

Lemma 6.5.2. If ¢ = q(r) € L?(0,0), q(r) is real-valued and does not change sign in some interval
(a1, a] where ay < a, and a is the radius of q, then

/000 q(r)r™dr

Below we prove (6.5.3) and, therefore, (6.5.1) for spherically symmetric potentials.

m=1,2,.. (6.5.4)

a = lim,, oo

Proof of Lemma 6.5.2. First, we obtain a slightly different result than (6.5.4) as an immediate conse-

quence of the Paley-Wiener theorem. Namely, we prove Lemma 6.5.2 with a continuous parameter ¢

replacing the integer m and lim replacing lim. This is done for ¢(r) € L?(0,a) and without additional

assumptions about q. However, we are not able to prove Lemma 6.5.2 assuming only that ¢(r) € L?(0, a).
Since ¢(r) is compactly supported, one can write

0o a Ina
I(t) := / q(r)rtdr = / q(r)etrdr = / q(e*)ee™du. (6.5.5)
0 0 —00
Let us recall that Paley-Wiener theorem implies the following claim (see [Lev]):
If f(2) = fbblz g(u)e="=du, [by,bs] is the smallest interval containing the support of g(u), and g(u) €
L2(by,bs), then
In| [, g(u)et dul
; .

(6.5.6)

) . (6.5.7)

Formula (6.5.7) is similar to (6.5.4) with m replaced by ¢ and lim replaced by lim.

bQ = Etﬁﬂ,o (t_l In |f(lt)|) = mtﬁw,oo
Thus, using (6.5.5) and (6.5.6), one gets:

Ina
/ q(e*)e e du

— 00

Ina = Ht_,+oo (tl In

Remark 6.5.3. We have used formula (6.5.6) with by = —oo, while in the Paley-Wiener theorem it is
assumed that by > —oo. However, for by < by, g £ 0 on [ba — €,ba] for any € > 0, one has:

by b1 bz
/ g(u)edu = / g(uw)edu + / g(w)e™du = hy(t) + ha(t).

—o0 —o0 by
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Thus lim;_, Z;Eg =0, and

—_— hl |h1 (t) + hz(t)|

limy_, o ;

T, olha®]

=lim; o

In|l 1 — 1
lim 7n\ + o )l = imtﬂooin‘}u(t” =Ina.
t t—oo t t

Therefore formula (6.5.7) follows.

To prove (6.5.4), we use a different approach independent of the Paley-Wiener theorem. We will use
(6.5.4) below, in formula (6.5.19). In this formula the role of ¢(r) in (6.5.4) is played by rq(r)[1+ €(r, £)],
where e = O(3). Let us prove (6.5.4).

Assume without loss of generality that ¢ > 0 near a. Let I := foa q(r)rmdr = Oal q(r)yr™dr +
f:l q(r)r™dr = I; + Io. We have |I1] < cal”, c1(a — n)™ < Iz < cea™, where 7 is an arbitrary small
positive number. Thus, I > 0 for all sufficiently large m, and I'/™ = 1/m(l + Il)l/m One has
a—n< Il/ < a and I—l — 0 as m — oo. Since 7 is arbitrary small, it follows that lim,,_. I/ = a.
This completes the proof of (6.5.4). Lemma 6.5.2 is proved. a
Proof of formula (6.5.3). From (5.1.19) and (5.1.23) denoting ag = €Y sindy, one gets A(o/ - ) =
SoZgarYe(@)Ye(e!) :=4m 352 arYe(a)Ye(a'), where, ag := §5, k =1, and a, = 215[ L = ¢ sin gy,

w=- [ drurlaryno), (65.5)
0

where wu,(r) = rje(r) ~ sin(r— ) as r — oo, ji(r) are the spherical Bessel functions, ji(r) :=

V 37 Jeq 1 (1), and ty(r) solves (5.1.15) - (5.1.17), and the integral

wr) = ue) + [l avaldds, k=1 (6.5.9)

where
ge(r,s) = —ug(r)w(s), T < s ge(r,8) = ge(s,7), (6.5.10)
we(s) =iy /5 Hlffz( s),  w(r) = \/TJ”;(TL (6.5.11)

and H él) is the Hankel function.
It is known [RK, p.407] that

2v 2nv v \2v (6.5.12)
Jo(rVHD (1) ~ = — v — +o0,
and [AR, Appendix 4]:
1
1\ * 1
JV(T)H,EU(T)‘ < <y2 - 16) ,ov> o (6.5.13)

Tt follows from (6.5.12) that u,(r) does not have zeros on any fixed interval (0, a] if ¢ is sufficiently large.

Define ve(r) := i’jg ; Then (6.5.9) yields

) = 1+ [ sy (. (6:5.14)
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From (6.5.10) and (6.5.12) one gets

r r\*¢
ge(r, 8) ~ 211 (;) , r<s, { — +o0, (6.5.15)
up(s) s\ {1
~ (- . 5.1
o) (T) . l— 4o (6.5.16)
Thus
gulr,5) 28 % (6.5.17)

UZ( 20+ 1°

r)
This implies that for sufficiently large ¢ equation (6.5.14) has small kernel and therefore is uniquely
solvable in C'(0,a) and one has

Ye(r) = ug(r) [1 +0 <2)] as { — 400, 0<r<a, (6.5.18)

uniformly with respect to r € [0, a].

In the book [N] formula (12.180), which gives the asymptotic behavior of Sy for large £, is misleading:
the remainder in this formula is of order which is much greater, in general, than the order of the main
term in this formula. That is why we had to find a different approach, which yielded formula (6.5.18).

From (6.5.8), (6.5.11), (6.5.12), and (6.5.18) one has:

ap=— /Ooo dr q(r)u(r) [1 +0 (2)}

a 1 1 o\ 261 (6.5.19)
=— [ d A0 ()| ——==— .
/0 ra(rrr 1L+ 0\ 9 ) e \ar g
Therefore, using (6.5.4), one gets:
1
2041 @ 2t
lim + \ag|i = lim drq(r)r’r®|  =a. (6.5.20)
{— 00 (& {—o00 0
Theorem 6.5.1 is proved. O

Remark 6.5.4. Since 6, — 0 as { — 400, and sindy ~ 8¢, €9 ~ 1, as 6, — 0, formulas (6.5.20) and
ap = €% sindp imply limy_ o (#\(Mﬁ) = a, where 0y is the phase shift at a fixed positive energy.
This is formula (6.5.3).
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Chapter 7

Inverse scattering with “incomplete
data”

7.1 Uniqueness results

Counsider equation (1.2.3) on the interval [0,1] with boundary conditions u(0) = u(1) = 1 (or some
other selfadjoint homogeneous separated boundary conditions), and ¢ = g, ¢ € L'[0,1]. Fix 0 < b < 1.
Assume g(z) on [b, 1] is known and a subset {A,(n) }vn=1,2,3,... of the eigenvalues A, = k2 of the operator
¢ corresponding to the chosen boundary conditions is known. Here

m(n) 1

=—(14¢,), o=const >0, [e,] <1, &, —0. (7.1.1)
n o

We assume sometimes that

> lenl < 0. (7.1.2)
n=1

Theorem 7.1.1. If (7.1.1) holds and o > 2b, then the data {q(x),b < x < 1;{\yn)}va} determine
q(z) on [0,b] uniquely. If (7.1.1) and (7.1.2) hold, the same conclusion holds also if o = 2b.

The number o is “the percentage” of the spectrum of ¢ which is sufficient to determine ¢ on [0, b] if
o > 2b and (7.1.2) holds. For example, if ¢ = 1 and b = 1, then “one spectrum” determines ¢ on the

2
half-interval [0, %] Ifb=1 0 =21 then “half of the spectrum” determines ¢ on [0, %] Of course, g is

assumed known on [b,1]. ilf b= 12, o = 2, then “two spectra” determines ¢ on the whole interval. By
“two spectra” one means the set {\,} U{un}, where {u,} is the set of eigenvalues of ¢ corresponding to
the same boundary condition u(0) = 0 at one end, say at = 0, and some other selfadjoint boundary
condition at the other end, say v/(1) = 0 or «/(1) + hu(l) = 0, h = const > 0. The last result is
a well-known theorem of Borg, which was strengthened in [M], where it is proved that not only the
potential but the boundary conditions as well are uniquely determined by two spectra. A version of

“one spectrum” result was mentioned in [L1, p.81].

Proof of Theorem 7.1.1. First, assume o > 2b. If there are ¢; and g» which produce the same data, then
as above, one gets

b
G(\) ==g(k) = /0 p(x)p1(z, k)pa(z, k) de = (prw’ — cp’lw)’z = (1w’ — plw)| (7.1.3)

z=b
where w 1= @1 — 9, p = q1 — q2, k = VX. Thus

g(kj) =0at k== )‘m(n) = i]{,‘n (714)
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The function G(A) is an entire function of A of order 1 (see (1.2.11) with k = V), and is an entire
even function of k of exponential type < 2b. One has

20l Imks|
k| <e——. 7.15
90 < e (115)
The indicator of g is defined by the formula
1 i0
h(0) := hy(6) := Tim Injgtre)] (7.1.6)
r—00 r

where k = re®®. Since |[Imk| = r|sin@)|, one gets from (7.1.5) and (7.1.6) the following estimate
h(8) < 2b|sind|. (7.1.7)

It is known [Lev, formula (4.16)] that for any entire function g(k) # 0 of exponential type one has:

im0 < L / - hy(0) do, (7.1.8)

r—oo T 27

where n(r) is the number of zeros of g(k) in the disk |k| <r. From (7.1.7) one gets

I 26 7 4b
R < —_— 1 = — .
57 ), hg(0) do < o /0 | sin 0| d6 - (7.1.9)

From (7.1.2) and the known asymptotics of the Dirichlet eigenvalues:
A= ()2 +c+o(l), n— oo, c=const, (7.1.10)
one gets for the number of zeros the estimate
nry=2 Y 1= 2‘;[1 +o(1)], r— oo. (7.1.11)
2 10y )<
From (7.1.8), (7.1.9) and (7.1.11) it follows that
o < 2b. (7.1.12)

Therefore, if o > 2b, then g(k) = 0. If g(k) = 0 then, by property C,, p(xz) = 0. Theorem 7.1.1 is
proved in the case o > 2b.
Assume now that o = 2b and

> lenl < oo (7.1.13)

n=1
We claim that if an entire function G(X) in (7.1.3) of order § vanishes at the points

n?n?

and (7.1.13) holds, then G(A\) = 0. If this is proved, then Theorem 7.1.1 is proved as above.

Let us prove the claim. Define
(oo}
A
D(N) = 1—— 7.1.15
W=TI(1-5) (7.1.15)

n=1
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and recall that

Dy(N) = bma("\/\?) - 11 (1 _ A) T nirt (7.1.16)

Since G(\,,) = 0, the function
w()) = 2 (7.1.17)

is entire, of order < % Let us use a Phragmen-Lindel6f lemma.

Lemma 7.1.2. [Lev, Theorem 1.22] If an entire function w(\) of order < 1 has the property sup—c<y<oo
|lw(iy)| < ¢, then w(A) = c. If, in addition w(iy) — 0 as y — +oo, then w(A\) = 0.

We use this lemma to prove that w(A) = 0. If this is proved then G(\) = 0 and Theorem 7.1.1 is
proved.

The function w(A) is entire of order 3 < 1.

Let us check that

sup  |w(iy)| < oo, (7.1.18)
—oo<y<oo
and that
lw(iy)| — 0 as y — +oc. (7.1.19)

One has, using (7.1.5), (7.1.15), (7.1.16) and taking into account that o = 2b:

1

| ( )| ’G(zy) <I>0(iy)‘ - 62b|1m\/ﬁ| ea"]m\/@‘ -1 10_0[ 1+ % 2
w(iy)| = - — | =
D(iy) Po(iy) | = (L+yl) \ 1+ |y|> Pl
A2 ’
c c C1
< 7 | <—= (I+len)) € ——1 -
L+ yl2 {n:ugxn} Ha L+ lyl2 {n:ulgxn} L+lyl=

Here we have used elementary inequalities:

l1+a a 14+a

< - if a>d>0; <1 if 0<a<d 7.1.20
11d-d & =970 13g=0 1 Usaes9 (7.1.20)

with a := i’—;, d:= %, and the assumption (7.1.13).

We also used the relation:

i ; ol Im/iy]
sin(oViy) ‘ ~C as Yy — +oo.

o/iy 20]/iy|
Estimate (7.1.20) implies (7.1.18) and (7.1.19). An estimate similar to (7.1.20) has been used in the

literature (see [GS]).
Theorem 7.1.1 is proved. O

7.2 Uniqueness results: compactly supported potentials
Consider the inverse scattering problem of Section 5.2 and assume

g=0forz>a>0. (7.2.1)
Theorem 7.2.1. Ifq € Ly satisfies (7.2.1), then any one of the data S(k), §(k), f(k), f'(k), determine

q uniquely.
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Proof. We prove first S(k) = ¢q. Note that without assumption (7.2.1), or an assumption which implies
that f(k) is an entire function on C, the result does not hold. If (7.2.1) holds, or even a weaker
assumption:

lq(z)] < cre @V > 1, e1,e0 >0, (7.2.2)
then f(k), the Jost function (1.2.5), is an entire function of k, and S(k) is a meromorphic function on C
with the only poles in C; at the points ik;, 1 < j < J. Thus, k; and J are determined by S(k). Using
(1.2.16) and (1.2.11), which holds for all £ € C, because f(k) and f(x,k) are entire functions of k, one
finds s; = i Resg=ix; S(k). Thus all the data (1.2.17) are found from S(k) if (7.2.1) (or (7.2.2)) holds. If
the data (1.2.17) are known, then ¢ is uniquely determined, see Theorem 5.2.1.

If §(k) is given, then S(k) = e2%*) 50 5(k) = q. If f(k) is given then S(k) = £ k’?, so f(k)=q. If
1(0, k) is given, then one can uniquely find f(k) from (1.2.11). Indeed, assume there are two f(k), fi
and fy, corresponding to the given f/(0, k). Subtract from (1.2.11) with f = f1 equation (1.2.11) with
f = fa, denote f1 — fo := w, and get (x) f'(0,k)w(—k) = f(0,—k)w(k) o w(g“l)c) = w(g—k’)c) Since
w(oo) = 0, and f/(0,k) = ik — A(0,0) + [;° A2(0,y)e’*¥dy, one can conclude that w = 0 if one can
check that is analytic in C;. e function , as at most finitely many zeros in C,, an

heck th (g;) lytic in C. The f 1(0,k) h finitel C d

these zeros are simple. From (x) one concludes that if f/(0,k) = 0, k € C,, then w(k) = 0, because
if f/(0,x) = 0 then f'(0,—x) # 0 (see (1.2.11)). Thus ff”(gf,)c) is analytic in C4. Similarly % is
analytic in C,. These two functions agree on the real axis, so, by analytic continuation, the function
% is analytic in C; and vanishes at infinity. Thus it vanishes identically. So w(k) =0, f1 = fa2, and

f(k) is uniquely determined by f’(0, k). Thus Theorem 7.2.1 is proved. O

7.3 Inverse scattering on the full line by a potential vanishing
on a half-line

The scattering problem on the full line consists of finding the solution to:

tu—k*u=0, zcR, (7.3.1)
u=e* 4 r(k)e”* 4 0(1), z— —oo, (7.3.2)
u = t(k)e'™ +o(1), x — +oo, (7.3.3)

where r(k) and t(k) are, respectively, the reflection and transmission coefficients. The above scattering
problem describes plane wave scattering by a potential, the plane wave is incident from —oo in the positive
direction of the z-axis. The inverse scattering problem cousists of finding g(x) given the scattering data

where s; > 0 are norming constants, k; > 0, and fk]z are the negative eigenvalues of the operator ¢,.

It is known [M], that the data (7.3.4) determine ¢ € L1 1(R) :={q: ¢ =17, [0 (1 + |z])|gldz < oo}
uniquely. Assume that
qg(z) =0, z<0. (7.3.5)

Theorem 7.3.1. If g € L1 1(R) and (7.3.5) holds, then {r(k)}vi>o determines q uniquely.

Proof. If (7.3.5) holds, then u = €*** +r(k)e~%* for x < 0, and u = t(k) f(z, k) for x > 0, where f(k,z)
is the Jost solution (1.2.5). Thus

ik(1—r(k)) W/ (=0,k) o/ (+0,k) _ f'(0,k)
T+r(k)  w(=0,k)  wu(+0,k)  f(k) I(k). (7.3.6)

Therefore r(k) determines I(k), so by Theorem 3.1.2 g is uniquely determined. O
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Chapter 8

Recovery of quarkonium systems

8.1 Statement of the inverse problem

The problem discussed in this Section is: to what extent does the spectrum of a quarkonium system
together with other experimental data determines the interquark potential? This problem was discussed
in [TQR], where one can find further references. The method given in [TQR] for solving the above
problem is this: one has few scattering data E;, s;, which will be defined precisely later, and one
constructs, using the known results of inverse scattering theory, a Bargmann potential (i.e., a potential
which has a rational Jost function) with the same scattering data and considers this a solution to the
problem. This approach is wrong because the scattering theory is applicable to the potentials which
tend to zero at infinity, while our confining potentials grow to infinity at infinity, and no Bargmann
potential can approximate a confining potential on the whole semiaxis (0,00). Our aim is to give an
algorithm which is consistent and yields a solution to the above problem. The algorithm is based on the
Gel’fand-Levitan procedure of Section 4.3.
Let us formulate the problem precisely. Consider the Schroedinger equation

=V +q(r)Y; = Ejib; in R?, (8.1.1)
where ¢(r) is a real-valued spherically symmetric potential, r := |z|, 2 € R?,
q(r) =r+p(r), p(r)=o(1)asr— oo. (8.1.2)

The functions 1 (), ||¢;]|L2(rs) = 1, are the bound states, E; are the energies of these states. We define
w;(r) := r;(r), which correspond to s-waves, and consider the resulting equation for w;:

Cuj = —uj +q(r)u; = Eju;, >0, u;j(0)=0, [[uj|[r2(0,00) = 1. (8.1.3)

One can measure the energies F; of the bound states and the quantities s; = u;(()) experimentally.
Therefore the following inverse problem (IP) is of interest:
(IP): given:
{Ej,Sj}vj=1,27.__ (814)

can one recover p(r)?

In [TQR] this question was considered but the approach in [TQR] is inconsistent and no exact results
are obtained. The inconsistency of the approach in [TQR] is the following: on the one hand [TQR]
uses the inverse scattering theory which is applicable to the potentials decaying sufficiently rapidly at
infinity, on the other hand, [TQR] is concerned with potentials which grow to infinity as r — +o00. It
is nevertheless of some interest that numerical results in [TQR] seem to give some approximation of the
potentials in a neighborhood of the origin.

Here we present a rigorous approach to IP and prove the following result:
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Theorem 8.1.1. IP has alt most one solution and the potential q(r) can be reconstructed from data
(8.1.4) algorithmically.

The reconstruction algorithm is based on the Gel’fand-Levitan procedure for the reconstruction of
q(z) from the spectral function. We show that the data (8.1.4) allow one to write the spectral function
of the selfadjoint in L?(0, 00) operator ¢, defined by the differential expression (8.1.3) and the boundary
condition (8.1.3) at zero.

In Section 8.2 proofs are given and the recovery procedure is described.

Since in experiments one has only finitely many data {E;, s;}1<j<7, the question arises:

How does one use these data for the recovery of the potential?

We give the following recipe: the unknown confining potential is assumed to be of the form (8.1.2), and
it is assumed that for j > J the data {E;, s,},> for this potential are the same as for the unperturbed
potential go(r) = r. In this case an easy algorithm is given for finding ¢(r).

This algorithm is described in Section 8.3.

8.2 Proofs

We prove Theorem 8.1.1 by reducing (IP) to problem of recovery of ¢(r) from the spectral function.
Let us recall that the selfadjoint operator L has discrete spectrum since ¢(r) — 4o0o0. The formula
for the number of eigenvalues (energies of the bound states), not exceeding A, is known:

1 1
E 1:=N(\)~— A —q(r)|zdr.
Ej<>\ ( ) ™ /q(r)<>\[ Q( )]

This formula yields, under the assumption ¢(r) ~ r as r — 0o, the following asymptotics of the eigen-
values:

3
By~ (G0} asj— oo

The spectral function p(\) of the operator L is defined by the formula

PN = o (8.2.1)
Ej<\
where a; are the normalizing constants:
Q= / 5 (r)dr. (8.2.2)
0

Here ¢;(r) := ¢(r, E;) and ¢(r, E) is the unique solution of the problem:
Lo :=—¢" +q(r)p=FE¢p,r>0,¢0,E)=0, ¢'(0,F) =1. (8.2.3)

If E = Ej, then ¢; = ¢(r, Ej) € L?(0,00). The function ¢(r, E) is the unique solution to the Volterra
integral equation:
sin(v Er "sin[VE(r—y
otr, ) = 20D [PIVELZ 00, myay (824
0

VE VE

For any fixed r the function ¢ is an entire function of E of order 3, that is, |¢| < cexp(c|E|'/?), where

¢ denotes various positive constants. At E = E;, where E; are the eigenvalues of (8.1.3), one has

é(r,Ej) == ¢j € L*(0,00). In fact, if ¢(r) ~ cr®, a > 0, then |¢;| < cexp(—yr) for some y > 0.
Let us relate o; and s;. From (8.2.3) with £ = E; and from (8.1.3), it follows that

uj

¢j = (8.2.5)

Sj
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Therefore L
aj = [15172(0.00) = =2 (8.2.6)
J

Thus data (8.1.4) define uniquely the spectral function of the operator L by the formula:

=) s (8.2.7)

E; <\

Given p(A), one can use the Gel'fand-Levitan (GL) method for recovery of ¢(r). According to this
method, define

() = p(N) — po(N), (8.2.8)

where pg(\) is the spectral function of the unperturbed problem, which in our case is the problem with
q(r) = r, then set

L(z,y) := /_Oo do(z, A)¢o(y, A)do(A), (8.2.9)

where ¢g(z, A) are the eigenfunctions of the problem (8.2.3) with ¢(r) = r, and solve the second kind
Fredholm integral equation for the kernel K (x,y):

K(z,y) + /; K(z,t)L(t,y)dt = —L(z,y), 0<y<ux. (8.2.10)

The kernel L(z,y) in equation (8.2.10) is given by formula (8.2.9). If K(z,y) solves (8.2.10), then

K
p(r) = 2%““), r> 0. (8.2.11)
T

8.3 Reconstruction method

Let us describe the algorithm we propose for recovery of the function g(x) from few experimental data
{Ej, sj}1<j<s. Denote by {E? b j}1<j<J the data corresponding to gg := r. These data are known
and the corresponding eigenfunctions (8.1.3) can be expressed in terms of Airy function Ai(r), which
solves the equation w” — rw = 0 and decays at +00, see [Leb]. The spectral function of the operator Ly
corresponding to ¢ = qg := 1 is

po(N) = (s (8.3.1)
E9<X
Define
p(A) == po(A) + a(N), (8.3.2)
o(N) = Z s? - Z (59)27 (8.3.3)
E; <A E9<A
and

J J
Z s2¢(z, Ej) )= > () (y), (8.3.4)

Jj=1

where ¢(x, E) can be obtained by solving the Volterra equation (8.2.5) with ¢(r) = ¢o(r) := r and
represented in the form:

E1/2 E1/2
sin(B/ ") / Kz, (8.3.5)
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where K (x,y) is the transformation kernel corresponding to the potential ¢(r) = go(r) :=r, and ¢; are
the eigenfunctions of the unperturbed problem:

—¢j +ro;=Ejg; r>0, ¢;(0)=0, ¢5(0)=1 (8:3.6)

Note that for E # E7 the functions (8.3.5) do not belong to L*(0,00), but ¢(0, E) = 0. We denoted
in this section the eigenfunctions of the unperturbed problem by ¢; rather than ¢g; for simplicity of
notations, since the eigenfunctions of the perturbed problem are not used in this section. One has:
¢j(r) = c;Ai(r — EY), where ¢; = [Ai'(—E )]_ EO > 0 is the j—th positive root if the equation
Ai(—F) = 0 and, by formula (8.2.6), one has s fo Ai%(r — Eo)dr] 1/2_ These formulas make the
calculation of ¢;(x), EY and s easy since the tables of Airy functions are available [Leb].

The equation analogous to (8.2.10) is:

2J
K(x,y) + ch / KW ()t = = 3¢9 0)W; 1), (8.3.7)

where W (t) := ¢(t, Ej),c; = 57,1 < j < J, and W;(t) = ¢;;(t),¢; = (s9_;)%, J +1 < j < 2J. Equation
(8.3.7) has degenerate kernel and therefore can be reduced to a linear algebraic system.
If K(x,y) is found from (8.3.7), then

p(r) = QC%K(T, r), q(r)=r+p(r). (8.3.8)
Equation (8.2.10) and, in particular (8.3.7), is uniquely solvable by the Fredholm alternative: the homo-
geneous version of (8 2.10) has only the trivial solution. Indeed, if h+ [ L(t,y)h(t)dt = 0,0 <y < z,
then ||h||2 + I, Ih|2[dp(X) — po(N)] = 0, so that, by Parseval equality, 1=, |h|2dp(\) = 0. Here
hi= fo o(t, \)dt, where ¢(t, \) are defined by (8.3.5). This implies that E(EJ) =0forallj=1,2,...
Since h()\) is an entire function of exponential type < x, and since the density of the sequence Fj; is
N

by

infinite, i.e., limy_, = 00, because E; = O(j 2/3) as was shown in the beginning of Section 8.2, it

follows that h = 0 and consequently h(t) = 0, as claimed.

In conclusion consider the case when E; = E?,s; = s} for all j > 1, and {Ep,so} is the new
eigenvalue, By < EY, with the corresponding data so. In this case L(t,y) = s3¢o(t, Eo)po(y, Eo), so that
equation (8.2.10) takes the form

K(z,y) + sg¢0(y) /O”” K (z,t)¢o(t, Eo)dt = —sgo(z, Eo)o(y, Eo).

Thus, one gets:
i S%¢3($7 EO)
dr1+ st [ ¢3(t, Eo)dt

p(r) = -
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Chapter 9

Krein’s method in inverse scattering

9.1 Introduction and description of the method

Consider inverse scattering problem studied in Chapter 5 and for simplicity assume that there are no
bound states. This assumption is removed in Section 9.4.

This chapter is a commentary to Krein’s paper [K1]. It contains not only a detailed proof of the
results announced in [K1] but also a proof of the new results not mentioned in [K1]. In particular, it
contains an analysis of the invertibility of the steps in the inversion procedure based on Krein’s results,
and a proof of the consistency of this procedure, that is, a proof of the fact that the reconstructed
potential generates the scattering data from which it was reconstructed. A numerical scheme for solving
inverse scattering problem, based on Krein’s inversion method, is proposed, and its advantages compared
with the Marchenko and Gel’fand-Levitan methods are discussed. Some of the results are stated in
Theorem 9.1.2 — Theorem 9.1.5 below.

Consider the equation for a function I'; (¢, s):

x
(I+ H,)Ty :=T(t,9) —|—/ Ht—uwly(u,s)du=H(t—3s), 0<t,s<uz. (9.1.1)
0
Equation (9.1.1) shows that T, = (I + H,)™*H =1 — (I + H,)™ !, so

(I+H,)'=1-T, (9.1.2)

in operator form, and
H,=(I-T,) '—1 (9.1.3)

Let us assume that H(t) is a real-valued even function

H(—t)=H(t), H(t)e L'R)NL*R),
1+ H(k) >0, H(k):= h H(t)e™*dt = 2/00 cos(kt)H (t)dt. (9.1.4)
—00 0

Then (9.1.1) is uniquely solvable for any « > 0, and there exists a limit

[(t,s) = lim T'y(t,5) :=Ta(t,s), t,5>0, (9.1.5)
where I'(¢, s) solves the equation

IL(t,s) + /000 H(t —u)l(u,s)du=H(t—3s), 0<ts<o0. (9.1.6)
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Given H(t), one solves (9.1.1), finds I'y,(s,0), then defines

E(xz,k) — E(z, —k)

¢($,k) = 2 ’

(9.1.7)

where )
E(z,k) := et [1—/ Ta.(s,0)e”*ds| . (9.1.8)
0

Formula (9.1.8) gives a one-to-one correspondence between F(x, k) and T'a.(s,0).

Remark 9.1.1. In [K1] T'9,(0,s) is used in place of T'2,(s,0) in the definition of E(x,k). By formula
(9.2.22) (see Section 9.2 below) one has T';(0,2) = Tx(x,0), but T'(0,s) # Tx(s,0) in general. The
theory presented below cannot be constructed with T'a;(0,8) in place of T'ay(s,0) in formula (9.1.8).

Note that ,
E(x, k) = e* f(—k) + o(1), x — +oo, (9.1.9)
where -
flk):=1 —/ T'(s)e™**ds, (9.1.10)
0
and
I'(s) := lirf I'2(s,0) :==T(s,0). (9.1.11)
Furthermore,

ikx —ikx
ooy = LR = 11
i

Note that ¥(z,k) = |f(k)|sin(kz + 6(k)) + o(1), x — 4oo, where f(k) = |f(k)|le"®®), §(k) =
—0(—k), keR.

The function §(k) is called the phase shift. One has S(k) = e2"(),

We have changed the notations from [K1] in order to show the physical meaning of the function
(9.1.9): f(k) is the Jost function of the scattering theory. The function W@:k) g the solution to the

f(&)
scattering problem: it solves equation (1.2.3), and satisfies the correct boundary conditions: wf(?,;];) =0,

and % = e®) sin(kx + 5(k)) + o(1) as © — oc.
Krein [K1] calls S(k) := 1K) the S-function, and S(k) is the S-matrix used in physics.

F(®)
Assuming no bound states, one can solve the inverse scattering problem (ISP): Given S(k) Vk > 0,

find q(x).
A solution of the ISP, based on the results of [K1], consists of four steps:

1) Given S(k), find f(k) by solving the Riemann problem (9.2.38).

+o(1), z— +oo. (9.1.12)

2) Given f(k), calculate H(¢) using the formula

oo
~ . 1
1+H:1—|—/ H(t)e'*dt = : 9.1.13
S IO 11
3) Given H(t), solve (9.1.6) for I';(¢,s) and then find I'y,(22,0), 0 < x < co.
4) Define
a(x) = 2y, (22,0), (9.1.14)
where
a(0) = 2H(0), (9.1.15)
and calculate the potential
q(z) = a*(x) + d'(x), a(0) =2H(0). (9.1.16)



One can also calculate ¢(z) by the formula:

d
= Qd—[FQI(Qx, 0) — 'y, (0, 0)]. (9.1.17)
Indeed, 2T, (22, 0) = a(z), see (9.1.14), L T5,(0,0) = —2', (22, 0)T'2,(0, 2z), see (9.2.23), and I'>, (2, 0)
= T'25(0,2z), see (9.2.22).

There is an alternative way, based on the Wiener- Levy theorem to do step 1). Namely, given S(k),
find §(k), the phase shift, then calculate the function g(¢ fo ) sin(kt)dk, and finally calculate
f(k) =exp (fo Zktdk).

The potential q € Ly generates the S-matrix S(k), with which we started, provided that the
following conditions (9.1.18) — (9.1.21) hold:

q(z)

S(k) = S(—k)=S"'(k), keR, (9.1.18)
the overbar stands for complex conjugation, and
indgrS(k) =0, (9.1.19)
1E @)l @) + IF@)l @) + 127 @) ], < 00, (9.1.20)
where |
F(z) := 27/ [1 — S(k)]e**=dk. (9.1.21)
™ —0o0

By the index (9.1.19) one means the increment of the argument of S(k) ( when k runs from —oo to 400
along the real axis) divided by 27. The function (9.1.7) satisfies equation (1.2.5). Recall that we have
assumed that there are no bound states.

In Section 9.2 the above method is justified and the following theorems are proved:

Theorem 9.1.2. If (9.1.18) — (9.1.20) hold, then q(x) defined by (9.1.16) is the unique solution to ISP
and this q(x) has S(k) as the scattering matriz.

Theorem 9.1.3. The function f(k), defined by (9.1.10), is the Jost function corresponding to potential
(9.1.16).

Theorem 9.1.4. Condition (9.1.4) implies that equation (9.1.1) is solvable for all x > 0 and its solution
1S UNLQUE.

Theorem 9.1.5. If condition (9.1.4) holds, then relation (9.1.11) holds and I'(s) := T's(s,0) is the
unique solution to the equation

+ /OO H(s—uw)l'(u)du=H(s), s>0. (9.1.22)
0

The diagram explaining the inversion method for solving ISP, based on Krein’s results, can be shown
now:

2. 1. trivial 1.
Sk) OEY r ) OB g )“’é”r (t5) T Lo 0) OB ) OB (9.1.23)
81 S2 Sq 85 S6

In this diagram s,,, denotes step number m. Steps so, s4, S5 and sg are trivial. Step s; is almost trivial:
it requires solving a Riemann problem with index zero and can be done analytically, in closed form.
Step s3 is the basic (non-trivial) step which requires solving a family of Fredholm-type linear integral
equations (9.1.1). These equations are uniquely solvable if assumption (9.1.4) holds, or if assumptions
(9.1.18) — (9.1.20) hold.

In Section 9.2 we analyze the invertibility of the steps in diagram (9.1.23). Note also that, if one
assumes (9.1.18) — (9.1.20), diagram (9.1.23) can be used for solving the inverse problems of finding ¢(x)
from the following data:
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a) from f(k), Yk > 0,
b) from |f(k)|?, Vk > 0, or
c¢) from the spectral function dp(\).

Indeed, if (9.1.18) — (9.1.20) hold, then a) and b) are contained in diagram (9.1.23), and c) follows

YA _d A>0
from the known formula dp()\) = GFICANIEY ’
0, A<O0

Let A = k2. Then (still assuming (9.1.19))

one has: dp = %de, k> 0.

Note that the general case of the inverse scattering problem on the half-axis, when indgS(k) := v # 0,
can be reduced to the case v = 0 by the procedure described in Section 9.4, provided that S(k) is the
S—matrix corresponding to a potential ¢ € L1 1(R4). Necessary and sufficient conditions for this are
conditions (9.1.18) — (9.1.20).

Section 9.3 contains a discussion of the numerical aspects of the inversion procedure based on Krein’s
method. There are advantages in using this procedure (as compared with the Gel’fand-Levitan pro-
cedure): integral equation (9.1.1), solving of which constitutes the basic step in the Krein inversion
method, is a Fredholm convolution-type equation. Solving such an equation numerically leads to inver-
sion of Toeplitz matrices, which can be done efficiently and with much less computer time than solving
the Gel’fand-Levitan equation (1.5.4). Combining Krein’s and Marchenko’s inversion methods yields an
efficient way to solve inverse scattering problems.

Indeed, for small x equation (9.1.1) can be solved by iterations since the norm of the integral operator
in (9.1.1) is less than 1 for sufficiently small =, say 0 < & < . Thus ¢(z) can be calculated for 0 < 2 < %>
by diagram (9.1.23).

For z > xy > 0 one can solve by iterations Marchenko’s equation (1.5.13) for the kernel A(x,y),
where, if (9.1.19) holds, the function F(x) is defined by the (1.5.11) with Fy = 0.

Indeed, for > 0 the norm of the operator in (1.5.11) is less than 1 and it tends to 0 as x — +o0.

Finally let us discuss the following question: in the justification of both the Gel’fand-Levitan and
Marchenko methods, the eigenfunction expansion theorem and the Parseval relation play a fundamental
role. In contrast, the Krein method apparently does not use the eigenfunction expansion theorem and the
Parseval relation. However, implicitly, this method is also based on such relations. Namely, assumption
(9.1.4) implies that the S-matrix corresponding to the potential (9.1.16), has index 0. If, in addition, this
potential is in Ly 1 (R4 ), then conditions (9.1.18) and (9.1.20) are satisfied as well, and the eigenfunction
expansion theorem and Parseval’s equality hold.

Necessary and sufficient conditions, imposed directly on the function H(t), which guarantee that
conditions (9.1.18) — (9.1.20) hold, are not known. However, it follows that conditions (9.1.18) — (9.1.20)
hold if and only if H(¢) is such that the diagram (9.1.23) leads to a ¢(z) € L11(Ry). Alternatively,
conditions (9.1.18) — (9.1.20) hold (and consequently, ¢(x) € Ly 1(Ry)) if and only if condition (9.1.4)
holds and the function f(k), which is uniquely defined as the solution to the Riemann problem

O, (k)= [1+Hk)] '®_(k), keR, (9.1.24)

by the formula f(k) = ®4(k), generates the S-matrix S(k) by formula (9.1.15), and this S(k) satisfies
conditions (9.1.18) — (9.1.20). Although the above conditions are verifiable, they are not quite satisfactory
because they are implicit, they are not formulated in terms of structural properties of the function H ()
(such as smoothness, rate of decay, etc.).

In Section 9.2 Theorem 9.1.2 — Theorem 9.1.5 are proved. In Section 9.3 numerical aspects of the
inversion method based on Krein’s results are discussed. In Section 9.4 the ISP with bound states is
discussed. In Section 9.5 a relation between Krein’s and Gel’fand-Levitan’s methods is explained.
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9.2 Proofs

Proof of Theorem 9.1.4. If v € L*(0,z), then

1 ~ _
(U + H£U7U) = 2 [(/Ua:J)LQ(]R) + (vav)LQ(R)] (921)

™

where the Parseval equality was used, v := fox v(s)etksds,

(v,v) = /01’ [v|*ds = (v,0) 2 (R).- (9.2.2)

Thus I + H, is a positive definite selfadjoint operator in the Hilbert space L?(0,z) if (9.1.4) holds. Note
that, since H(t) € L*(R), one has H(k) — 0 as |k| — oo, so (9.1.4) implies

1+ H(k) >¢>0. (9.2.3)

A positive definite selfadjoint operator in a Hilbert space is boundedly invertible. Theorem 9.1.4 is
proved. O

Our argument shows that
Slilg (I + Hy) 2wy < ¢ (9.2.4)

Before we prove Theorem 9.1.5, let us prove a simple lemma. For results of this type, see [K2].

Lemma 9.2.1. If (9.1.4) holds, then the operator

Hyp:= /OOo H(t — u)p(u)du (9.2.5)

is a bounded operator in LP(Ry), p = 1,2, cc.
For T, (u,s) € LY(R4) one has

I / QUH(t — )T (1, 8)] 20y < €1 / dulT (u, 5)|. (9.2.6)

Proof. Let [[gllp = ll¢lls(s, ). One has

oo [e.¢] o
el < sup [ anme—u) [ letlau< [ m@dslel = 2Amllelh. 027

ueERyL JO — 00
where we have used the assumption H(t) = H(—t). Similarly,
1Helloo < 2[[H]|1 [|¢]oo- (9.2.8)

Finally, using Parseval’s equality, one gets:

2r||Holl3 = [|Hp1 |72y < sup |H (k)] ll3, (9.2.9)
where )
z), x>0,
os (1) = { o A (9.2.10)

Since |H (k)| < 2||H||; one gets from (9.2.9) the estimate:

[[Hellz < v2/7[|H|]1 [[o]]2- (9.2.11)
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To prove (9.2.6), one notes that

/ dt\/ duH (t —u)Ty(u,s)|> < sup / dt|H(t —u)H(t — v)|(/ T, (u, s)|du)?
0 x u,v>x J0 x

<ol dullafu,s)?
Estimate (9.2.6) is obtained. Lemma 9.2.1 is proved. m|

Proof of Theorem 9.1.5. Define T';(¢,s) = 0 for ¢ or s greater than x. Let w := T';(¢,s) — I'(¢,s). Then
(9.1.1) and (9.1.6) imply

(I+H,)w= /OO H(t —u)T(u, s)du := hy(t, s). (9.2.12)

If condition (9.1.4) holds, then equations (9.1.6) and (9.1.22) have solutions in L'(R,), and, since
sup,cg |H(t)| < 0o, it is clear that this solution belongs to L>(R4) and consequently to L*(R.), because
[lellz < [lellsoll@lli- The proof of Theorem 9.1.4 shows that such a solution is unique and does exist.
From (9.2.4) one gets

s1;13||(1+Hz)*1||L2(0@) <c b (9.2.13)

For any fixed s > 0 one sees that sup,, [|h:(t,s)|| — 0 as y — oo, where the norm here stands for any
of the three norms LP(0,z),p = 1,2, 00. Therefore (9.2.12) and (9.2.11) imply

lwllZ2 0.0y < ¢ hallZ2(0,)

<2 / H(t — u)(u, s)du / H(t —u)(u, s)du
z L'(0,z) IV Lo (0,z)
< const ||T(u, S)Hil(wm) —0asx — o0, (9.2.14)
since I'(u, s) € L*(Ry) for any fixed s > 0 and H(t) € L'(R).
Also
lw(t, $)1 2o 0.0y < 2(llhallF e 0,0) + Hzwl|Zoe 0,2)) (9.2.15)
< a0, 8)|121 (2,00) + €2 Sup 1H (¢ = w)l[Z2(0.0) /101 Z2(0,0) (9.2.16)
where ¢; > 0 are some constants. Finally, by (9.2.6), one has;
a3 < cal [ 10w 8)}d)? = 0 25 = +ox. (9.2.17)
From (9.2.15) and (9.2.17) relation (9.1.11) follows. Theorem 9.1.5 is proved. O
Let us now prove Theorem 9.1.3. We need several lemmas.
Lemma 9.2.2. The function (9.1.8) satisfies the equations
B =ikE —a(2)E_, E(0,k)=1, E_:=E(z,—k), (9.2.18)
E' = —ikE_ —a(z)E, E_(0,k)=1, (9.2.19)

where E' = € " and a(x) is defined in (9.1.14).
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Proof. Differentiate (9.1.8) and get

2z
. : — 8F21(S 0) i
E' =ikE — e'*® <2F »(22,0)e~ k22 +2/ =20 Jemiksgs ) . 9.2.20
We will check below that 5T.(t
% = T, (t, )Ty (x, s), (9.2.21)
and
Tu(t,s) =Tp(x —t,x — s). (9.2.22)
Thus, by (9.2.21),
(91—‘295(8, 0)
4:_1—‘1’72 Fx27 . 2.2
922) 22(8, 22)9, (22, 0) (9.2.23)
Therefore (9.2.20) can be written as
2x
E' = ikE — e *a(x) 4 a(zx)e*® / Tau (s, 2x)e~ 4 ds. (9.2.24)
0
By (9.2.22) one gets
Ta.(s,22) = Ty (22 — 5,0). (9.2.25)

Thus

2z 2x
eik‘r/ To.(s,22)e"*ods = / Dop (22 — 5,0)e* @9 (s
0 0

2z
:e—““/ Ta.(y,0)e™dy. (9.2.26)
0

From (9.2.24) and (9.2.26) one gets (9.2.18).

Equation (9.2.19) can be obtained from (9.2.18) by changing k& to —k. Lemma 9.2.2 is proved if
formulas (9.2.21) — (9.2.22) are checked.

To check (9.2.22), use H(—t) = H(t) and compare the equation for I';(z —t,z — s) 1= ¢,

Dp(z—t,x—s) +/ Hxz—-t—wl(u,x—s)du=H(x—t—x+s)=H(t—s), (9.2.27)
0
with equation (9.1.1). Let w = & —y. Then (9.2.27) can be written as
30—|—/ H(t—y)pdy = H(t — s), (9.2.28)
0

which is equation (9.1.1) for . Since (9.1.1) has at most one solution, as we have proved above (Theo-
rem 9.1.4), formula (9.2.22) is proved.
To prove (9.2.21), differentiate (9.1.1) with respect to x and get:

I (t,s)+ / H(t —u) (u,s)du = —H(t — z),(z,s), T := s (9.2.29)
0

or

Set s = x in (9.1.1), multiply (9.1.1) by —T'x(z, s), compare with (9.2.29) and use again the uniqueness
of the solution to (9.1.1). This yields (9.2.21).
Lemma 9.2.2 is proved. O

Lemma 9.2.3. Equation (1.2.5) holds for ¢ defined in (9.1.7).
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Proof. From (9.1.7) and (9.2.18) — (9.2.19) one gets

o = E" - E” _ (kE —a(z)E_)" — .(—ikE, - a(;v)E)’. (9.2.30)
2 21

Using (9.2.18) — (9.2.19) again one gets

W= k2 + g0, q(2) = aX(z) + (). (9.2.31)
Lemma 9.2.3 is proved. O

Proof of Theorem 9.1.3. The function v defined in (9.1.7) solves equation (1.2.5) and satisfies the con-
ditions

P(0,k) =0, '(0,k) = k. (9.2.32)

The first condition is obvious (in [K1] there is a misprint: it is written that (0, k) = 1), and the second
condition follows from (9.1.7) and (9.2.19):

508 = E'(0,k) — BL(0,k) _ ikE —aE_— (ikE_ —aBE)| _ 2ik _
’ 2 2 o 2

k.

Let f(z,k) be the Jost solution. Since f(z,k) and f(x,—k) are linearly independent, one has ¢ =
c1f(x, k) + cof(x, —k), where ¢1, co are some constants independent of = but depending on k.

From (9.2.32) one gets ¢; = f(z_ik), cy = %gk); f(k) :== f(0,k). Indeed, the choice of ¢; and
co guarantees that the first condition (9.2.32) is obviously satisfied, while the second follows from the
Wronskian formula: f'(0,k)f(—k) — f(k)f'(0,—k) = 2ik.

Comparing this with (9.1.12) yields the conclusion of Theorem 9.1.3. O

Invertibility of the steps of the inversion procedure and proof of
Theorem 1.1

Let us start with a discussion of the inversion steps 1) — 4) described in the introduction.

Then we discuss the uniqueness of the solution to ISP and the consistency of the inversion method,
that is, the fact that g(z), reconstructed from S(k) by steps 1) — 4), generates the original S(k).

Let us go through steps 1) — 4) of the reconstruction method and prove their invertibility. The
consistency of the inversion method follows from the invertibility of the steps of the inversion method.

Step 1.  S(k) = f(k).
Assume S(k) satisfying (9.1.18) — (9.1.20) is given. Then solve the Riemann problem

F) = S(-k)f(~k),  keR. (9.2.33)

Since indgS(k) = 0, one has indgS(—k) = 0. Therefore the problem (9.2.33) of finding an analytic
function fy (k) in Cy :={k: Imk > 0}, f(k) := f+(k) in C4, (and an analytic function f_(k) := f(—k)
in C_ :={k: Imk < 0},) from equation (9.2.33) can be solved in closed form. Namely, define

f(k:):exp{;m/_oo W}, Imk > 0. (9.2.34)

Then f(k) solves (9.2.33), f+(k) = f(k), f—(k) = f(—k). Indeed,

In fi(k)—In f_(k)=In S(—k), keR (9.2.35)

85



by the known jump formula for the Cauchy integral. Integral (9.2.34) converges absolutely at infinity,
In S(—y) is differentiable with respect to y for y # 0, and is bounded on the real axis, so the Cauchy
integral in (9.2.34) is well defined.

To justify the above claims, one uses the known properties of the Jost function

flk)y=1 +/ A0, y)e ¥ dy =1 —|—/ A(y)et*vdy, (9.2.36)
0 0
where estimates (1.2.26) and (1.2.27) hold and A(y) is a real-valued function. Thus
A(0) 1 [ .
=1- - — Al (t)et*t 2.
fy = 1= - [ aweran (9237
0) 174
S 1= AP - g AK) (1)
S(—k) = C . =14+0|—-). 9.2.38
S T R + A L) k (9-2.38)
Therefore )
nS(—k) = O (k> as |k| — oo, keR (9.2.39)
Also
; [ ik ;. of
flk)=1 A(y)ye™dy, f:= . (9.2.40)
0 ok
Estimate (1.2.26) implies
/ ylA(y)|dy < 2/ tlg(t)|dt < 0o, A(y) € L*(Ry), (9.2.41)
0 0

so that f(k) is bounded for all k € R, f(k) — 1 € L2(R), S(—k) is differentiable for k # 0, and In S(—y)
is bounded on the real axis, as claimed. Note that

f(=k)=f(k), keR (9.2.42)

The converse step f(k) = S(k) is trivial: S(k) = % If indgS = 0 then f(k) is analytic in C,,

)
f(k)#0in Cy, f(k)=1+0(3) as |k| — oo, k € C, and (9.2.42) holds.

Step 2. f(k) = H(t).
This step is done by formula (9.1.13):

1 /°° ikt ( 1 )

H(t) = — e’ —1)dk. 9.2.43
W= L \rwp (24

One has H € L*(R). Indeed, it follows from (9.2.37) that

1
If(B)? —1= —7/ A'(t) sin(kt)dt + O (|k2) |k| — o0, keR. (9.2.44)
The function L oo
= E/ A'(t) sin(kt)dt (9.2.45)
0

is continuous because A’(t) € L'(R,) by (1.2.27), and w € L?*(R) since w = o (= ) as |k| — oo, k € R.
Jr

|K|
Thus, H € L*(R).
Also, H E L'(R). Indeed, 1ntegrat1ng by parts, one gets from (9.2.43) the relation: 2w H(t) =
N e _““t (k) f(=k)— f(— k)f(k)]lf( = 1g(t), and g € L*(R), therefore H € L*(R). To check that
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g € L*(R), one uses (9.2.36), (1.2.26) — (1.2.27), and (9.2.40) — (9.2.41), to conclude that [f(k)f(—k) —
f(—k)f(k)} € L*(R), and, since f(k) # 0 on R and f(oo) = 1, it follows that g € L?(R). The inclusion
[f(k)f(—=k) — f(—=k)f(k)] € L3*(R) follows from (9.2.36), (1.2.26) — (1.2.27), and (9.2.40) — (9.2.41).

By (9.2.43), the function H'(t) is the Fourier transform of —ik(1— |f(k)|?)|f(k)|~2, and, by (9.2.44),

E(Jf()]?—1) = =2 fooo A'(t) sin(kt)dt + O (‘—io ,as |[k| — oo, k €R. Thus, H'(t) behaves, essentially,

as A’(t) plus a function, whose Fourier transform is O (\Til> Estimate (1.2.27) shows how A’(t) behaves.

Equation (9.1.1) shows that I',(¢,0) is as smooth as H(t), so that formula (9.1.17) for g(x) shows that
q is essentially as smooth as A’(¢).
The converse step
H(t) = f(k) (9.2.46)

is also done by formula (9.1.13): Fourier inversion gives |f(k)|? = f(k)f(—k), and factorization of | f(k)|?
yields the unique f(k), since f(k) does not vanish in C; and tends to 1 at infinity.

Step 3. H =T4(s,0) = I'y,(22,0).

This step is done by solving equation (9.1.1). By Theorem 9.1.4 equation (9.1.1) is uniquely solvable
since condition (9.1.4) is assumed. Formula (9.1.13) holds and the known properties of the Jost function
are used: f(k) — 1 as k — oo, f(k) #0 for k #0, k € R, f(0) # 0 since indgS(k) = 0.

The converse step I';(s,0) = H(¢) is done by formula (9.1.3). The converse step

I (22,0) = T'y(s,0) (9.2.47)

constitutes the essence of the inversion method.
This step is done as follows:

(9.1.8)

(9'2'18);(9'2'19)E(x,k) =Y, (5,0). (9.2.48)

Ts0(2,0) 5 ()

Given a(z), system (9.2.18) — (9.2.19) is uniquely solvable for E(z, k).
Note that the step ¢(z) = f(k) can be done by solving the uniquely solvable integral equation (1.2.6):
with ¢ € L1 1(R4), and then calculating f(k) = f(0, k).

Step 4.  a(z) := 202, (22,0) = q(x).
This step is done by formula (9.1.16). The converse step

q(z) = a(z)

can be done by solving the Riccati problem (9.1.16) for a(x) given ¢(z) and the initial condition 2H(0).
Given ¢(z), one can find 2H(0) as follows: one finds f(z, k) by solving equation (1.2.6), which is uniquely
solvable if ¢ € Ly 1(R4), then one gets f(k) := f(0, k), and then calculates 2H (0) using formula (9.2.43)

with ¢ — 0 N
2H(0) = %/_m <m - 1) dk.

Proof of Theorem 9.1.2. If (9.1.18) — (9.1.20) hold, then, as has been proved in Section 5.5, there is a
unique g(x) € L1 1(R4) which generates the given S-matrix S(k).

It is not proved in [K1] that q(x) defined in (1.19) (and obtained as a final result of steps 1) — 4))
generates the scattering matriz S(k) with which we started the inversion.

Let us now prove this. We have already discussed the following diagram:

(9:2:30) (9.1,19) (

) (9.1.14 (9.1.16

S(k) F(k) HE) SV T, (5,0) = Top (22, 0) &Y 4 (2) OE g (a). (9.2.49)

To close this diagram and therefore establish the basic one-to-one correspondence S(k) < ¢(x), one
needs to prove I'g;(2x,0) = I';(s,0). This is done by the scheme (9.2.48).
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Note that the step ¢(x) = a(z) requires solving Riccati equation (9.1.16) with the boundary condition
a(0) = 2H(0). Existence of the solution to this problem on all of R} is guaranteed by the assumptions
(9.1.18) — (9.1.20). The fact that these assumptions imply ¢(z) € Lq:1(R4) is proved in Section 5.5.
Theorem 9.1.2 is proved. O

Uniqueness theorems for the inverse scattering problem are not given in [K1]. They can be found in
Section 5.5

Remark 9.2.4. From our analysis one gets the following result:

Proposition 9.2.5. If ¢(x) € L1 1(Ry) and has no bounds states and no resonance at zero, then Riccati
equation (9.1.16) with the initial condition (9.1.15) has the solution a(x) defined for all x € R,.

9.3 Numerical aspects of the Krein inversion procedure.

The main step in this procedure from the numerical viewpoint is to solve equation (9.1.1) for all x > 0
and all 0 < s < z, which are the parameters in equation (9.1.1).

Since equation (9.1.1) is an equation with the convolution kernel, its numerical solution involves
inversion of a Toeplitz matrix, which is a well developed area of numerical analysis. Moreover, such an
inversion requires much less computer memory and time than the inversion based on the Gel’fand-Levitan
or Marchenko methods. This is the main advantage of Krein’s inversion method.

This method may become even more attractive if it is combined with the Marchenko method. In the
Marchenko method the equation to be solved is (1.5.13) where F(x) is defined in (1.5.11) and is known if
S(k) is known. The kernel A(z,y) is to be found from (1.5.11) and if A(x,y) is found then the potential
is recovered by the formula: Equation (1.5.11) can be written in operator form: (I + F,)A = —F. The
operator F}, is a contraction mapping in the Banach space L!(x, 00) for z > 0. The operator H, in (9.1.1)
is a contraction mapping in L>(0,z) for 0 < z < xo, where g is chosen to that [;° |H(t — u)|du < 1.
Therefore it seems reasonable from the numerical point of view to use the following approach:

1. Given S(k), calculate f(k) and H(t) as explained in Steps 1 and 2, and also F'(x) by formula (1.5.11).

2. Solve by iterations equation (9.1.1) for 0 < x < xp, where ¢ is chosen so that the iteration method
for solving (9.1.6) converges rapidly. Then find ¢(z) as explained in Step 4.

3. Solve equation (1.5.13) for « > xg by iterations. Find ¢(x) for x > zo by formula (1.5.12).

9.4 Discussion of the ISP when the bound states are present.

If the given data are (9.1.15), then one defines w(k) = H}le z::; if indgS(z) = —2J and W(k) =
ﬁw(k:) if indpS(k) = —2J — 1, where v > 0 is arbitrary, and is chosen so that v # k;, 1 < j < J.

Then one defines Sy (k) := S(k)w?(k) if indgS = —2J or Si(k) := S(k)W?(k) if indgS =
—2J — 1. Since indgw?(k) = 2J and indgW?2(k) = 2J + 1, one has indgS;(k) = 0. The theory of
Section 9.2 applies to Sp (k) and yields g1 (x). From ¢ (z) one gets ¢(x) by adding bound states fka and
norming constants s; using the known procedure (e.g. see [M]).

9.5 Relation between Krein’s and GL’s methods.

The GL (Gel'fand-Levitan) method in the case of absence of bound states of the following steps (see
Chapter 4, for example):
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Step 1. Given f(k), the Jost function, find

2= 9 1\ sinkzsinky
e N O

- % /oo dk (‘f(k”_? — 1) (coslk(z — y)] — cos[k(x + y)])

0
=Mz —y) — M(z +y),

where M (z) := L [* dk (|f(k)|7% — 1) cos(kz).

Step 2. Solve the integral equation (1.5.4) for K(z,y).

Step 3. Find ¢(x) = 2%. Krein’s function, H(t), see (9.1.13), can be written as follows:
1 —ikt 1
H(t) = | (|f( N2 —1) e Mdk = — (|f( )2 — 1) cos(kt)dk. (9.5.1)
™ ™ Jo
Thus, the relation between the two methods is given by the formula:
M(x) = H(x). (9.5.2)
In fact, the GL method deals with the inversion of the spectral foundation dp of the operator — ‘i +
q(x) defined in L?(Ry) by the Dirichlet boundary condition at # = 0. However, if 1ndRS(k) =0
(in this case there are no bound states and no resonance at k = O), then (see (1.2.21)): dp(\) =
edk A>0, A=k
7f|f(’€)\6’ \ - 0’ ” 50 dp(\) in this case is uniquely defined by f(k), k > 0.
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Chapter 10

Inverse problems for the heat and
wave equations.

10.1 Inverse problem for the heat equation

Consider problem (1.5.25) — (1.5.28). Assume
T
a(t)=0fort > T, / a(t)dt < oo, a(t) #0. (10.1.1)
0

One can also take a(t) = §(t) where 6(t) is the delta-function. We prove that the inverse problem of
finding q(x) € L*[0,1], ¢ = q, from the conditions (1.5.25) — (1.5.28) has at most one solution.
If (1.5.28) is replaced by the condition

Uz (0,t) = bo(t), (10.1.2)

then q(x), in general, is not uniquely defined by the conditions (1.5.25), (1.5.26), (1.5.27) and (10.1.2),
but q is uniquely defined by these data if, for ezample, q(3 —x) = q(1 + ), or if q(z) is known on [1,1].
Let us take the Laplace transform of (1.5.25) — (1.5.28) and put v(z, A) := [~ u(w,t)e dt, A(X) :=

v(1,A), B(A) :=v,(1,A), Bo(A) :=v,(0,A). Then (1.5.25) — (1.5.28) can be written as
lw+d:=—0"+qzv+ =0 0<z<1, v0,N\)=0, v(l,A)=A\) (10.1.3)
v'(1,\) = B()\) (10.1.4)
and (10.1.2) takes the form
v'(0,\) = Bo(A). (10.1.5)
Theorem 10.1.1. The data {A(N), B(A)}, known on a set of A € (0,00), which has a finite positive
limit point, determine q uniquely.

Proof. Since A()\) and B(A) are analytic in [[, := {A: %A > 0}, one can assume that A()\) and B(\)
are known for all A > 0. If k = iA2 and ¢ is defined in (1.2.3) then v(z,\) = c(k)o(z, k), ¢(k) # 0,
AN) = c(k)p(1, k), B(A) = c(k)¢'(1, k), so

B\ _ ¢'(1,k)

00 = oLk (10.1.6)

Thus the function %:\\; is meromorphic in C, its zeros on the axis kK > 0 are the eigenvalues of ¢ =

—% + ¢(x), corresponding to the boundary conditions u(0) = v/(1) = 0 and its poles on the axis k > 0
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are the eigenvalues of ¢ corresponding to «(0) = u(1) = 0. The knowledge of two spectra determines ¢
uniquely (Section 7.1). O

An alternative proof of Theorem 10.1.1, based on property C,, is: assume that ¢; and go generate
the same data, p := ¢1 — g2, w 1= v — ve, where v;, j = 1,2, solves (10.1.3) — (10.1.4) with ¢ = ¢;, and
get (x) 1w = pra, w(0,A) = w(l,A) = w'(1,A) = 0. Multiply (x) by ¢1, f1p1 + Ap1 = 0, 1(0,A) =0,
¢'(1(0,A) = 1, and integrate over [0, 1] to get

1
/ puaprdr =0 YA > 0. (10.1.7)
0

By property C, it follows from (10.1.7) that p = 0. Theorem 10.1.1 is proved. O

Theorem 10.1.2. Data (10.1.3), (10.1.5) do not determine q uniquely in general. They do if q(x) is
kTLOlUTL on [%7 1]) or qu(l' + %) = q(% — 1?)

Proof. Arguing as in the first proof of Theorem 10.1.1, one concluded that the data (10.1.3), (10.1.5)
yields only one (Dirichlet) spectrum of ¢, since ¢’ (0, k) = 1. One spectrum determines ¢ only on “a half
of the interval”, b = %, see Section 7.1. Theorem 10.1.2 is proved. O

10.2 What are the “correct” measurements?

From Theorem 10.1.1 and Theorem 10.1.2 it follows that the measurements {u;(1, %) }y¢>0 are much more
informative than {u;(0,%)}vi>o for the problem (1.5.25) — (1.5.27). In this section we state a similar
result for the problem

u = (a(z)u’), 0<z<1, ¢t>0; wu(x,0)=0, u(0,t)=0, (10.2.1)

u(l,t) = f(t). (10.2.2)

The extra data, that is, measurements, are
a(L)u'(1,t) = g(t), (10.2.3)
which is the flux. Assume:
f#0, feLY0,1), a(z)eW>Y(0,1), a(x)>c>0, (10.2.4)

WHP is the Sobolev space. Physically, a(z) is the conductivity, u is the temperature. We also consider
in place of (10.2.3) the following data:

a(0)u’(0,t) = h(t). (10.2.5)

Our results are similar to those in Section 10.1:

data {f(t), g(t) }yt>0 determine q(x) uniquely, while data {f(t),h(t)}vi=0 do not, in general, deter-
mine a(x) uniquely.

Therefore, the measurements {g(t) }v+>o are much more informative than the measurements {i(t) }vt>o.
We refer the reader to [R9].

10.3 Inverse problem for the wave equation

Consider inverse problem (1.5.20) — (1.5.24). Our result is

Theorem 10.3.1. The above inverse problem has at most one solution.
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Proof. Take the Fourier transform of (1.5.20) — (1.5.24) and get:

w—Kv=0 x>0, v(xk) = / ez, t)dt, (10.3.1)

0

0 .

v(0,k) =1, v(l,k) = A(k) = / a(t)e*tdt. (10.3.2)

0
From (10.3.1) one gets v(z, k) = c(k)f(z, k), where f(x,k) is the Jost solution, and from (10.3.2) one
gets v(z, k) = fj(cg(c,g) and A(k) = f;b’;;) = %, because ¢ = 0 for > 1. Thus f(k) = % is known. By
Theorem 7.2.1, g is uniquely determined. Theorem 10.3.1 is proved. O

Remark 10.3.2. The above method allows one to consider other boundary conditions at x = 0, such as
u'(0,t) = 0 orw/(0,t) = hu(0,t), h = const > 0, and different data at x = 1, for example, u'(1,t) = b(t).
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Chapter 11

Inverse problem for an
inhomogeneous Schrodinger
equation

In thisSecyion an inverse problem is studied for an inhomogeneous Schrodinger equation. Most of the
earlier studies dealt with inverse problems for homogeneous equations. Let

tu — K*u = —u" + q(x)u — kK*u = 6(x), z€R, —iku — 0, |z| — oc. (11.1.1)

u
Olz|
Assume that g(z) is a real-valued function, ¢(z) = 0 for |z| > 1, ¢ € L*°[—1,1]. Suppose that the data
{u(-1,k),u(1,k)}, Vk >0 are given.

The inverse problem is:

(IP) Given the data, find q(x).

This problem is of practical interest: think about finding the properties of an inhomogeneous slab
(the governing equation is plasma equation) from the boundary measurements of the field, generated
by a point source inside the slab. Assume that the self-adjoint operator £ = f% + ¢q(r) in L?(R) has
no negative eigenvalues (this is the case when ¢(z) > 0, for example). The operator ¢ is the closure in
L?(R) of the symmetric operator £y defined on C§°(R!) by the formula fyu = —u” + g(z)u. Our result
is:

Theorem 11.1.3. Under the above assumptions IP has at most one solution.

Proof of Theorem 11.1: The solution to (11.1.1) is

95) (2 k), x>0
= [P rn ’ 11.1.2
" { 1) 02 k), z <0 (11.12)

Here f(z,k) and g(z, k) solve homogeneous version of equation (11.1.1) and have the following asymp-
totics:

flz, k) ~ e o — 400, g(z,k)~e 2 —o0, (11.1.3)

f(k) == f(0,k), g(k):=g(0,k), (11.1.4)

[f,9] = fg' — f'g = —2ika(k), (11.1.5)

where the prime denotes differentiation with respect to z-variable, and a(k) is defined by the equation
f(a, k) = b(k)g(@, k) + a(k)g(z, k). (11.1.6)
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It is known that

g(x, k) = =b(—=k)f(z, k) + a(k) f(z, —k), (11.1.7)

a(—k) = alh), b(—k) =B, k)P =1+ kP, keR, (11.1.8)

alk) =1+ O(%), k—oo, keCy; blk)= O(%)7 |k] — o0, ke€R, (11.1.9)
[f(z, k), g(z, —k)] = 2ikb(k), [f(z,k),g(z, k)] = —2ika(k), (11.1.10)

a(k) in analytic in C4, b(k) in general does not admit analytic continuation from R, but if ¢(x) is
compactly supported, then a(k) and b(k) are analytic functions of k € C\ 0.

The functions
g(k)f(1,k) f(k)g(—1,k)

are the data, they are known for all £ > 0. Therefore one can assume the functions
_ 9(k) _ fk)
hi(k) == m, hao(k) := a(h) (11.1.12)
to be known for all £ > 0 because
f(LE)=e* g(—1,k) =e*, (11.1.13)
as follows from the assumption ¢ = 0 if |z| > 1, and from (11.1.3).
From (11.1.12), (11.1.7) and (11.1.6) it follows that
a(k)hi(k) = =b(=k)f(k) + a(k)f(=k) = =b(—k)ha(k)a(k) + ho(—k)a(—k)a(k), (11.1.14)
a(k)ha(k) = b(k)a(k)hi (k) + a(k)hi(—k)a(—k). (11.1.15)
From (11.1.14) and (11.1.15) it follows:
—b(=k)ha(k) + ha(—k)a(—k) = hi(k), (11.1.16)
b(k)hi(k) + a(—=k)hi(—k) = ha(k). (11.1.17)
Eliminating b(—k) from (11.1.16) and (11.1.17), one gets:
a(k)hi(k)ha(k) + a(=k)hi(=k)he(=k) = h1(k)hi(—=k) + ha(=k)h2(k), (11.1.18)
> a(k) = m(k)a(—=k) +n(k), keR (11.1.19)
where
m(k) = _M(=k)ha(=F) n(k) := M(=k) | ha(=K) (11.1.20)

hi(k)ha(k) ha(k) hi(k)
Problem (11.1.19) is a Riemann problem for the pair {a(k),a(—k)}, the function a(k) is analytic in
Ct:={k:k e C,Imk > 0} and a(—k) is analytic in C_. The functions a(k) and a(—k) tend to one as

k tends to infinity in C; and, respectively, in C_, see equation (11.1.9).
The function a(k) has finitely many simple zeros at the points ik;,1 < j < J, k; > 0, where —k‘?

are the negative eigenvalues of the operator ¢ defined by the differential expression fu = —u" + g(x)u in
L*(R).
The zeros ik; are the only zeros of a(k) in the upper half-plane k.
Define
) L - dl k 11.1.21
ind a(k) = omi ) n a(k). (11.1.21)
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One has
inda = J, (11.1.22)

where J is the number of negative eigenvalues of the operator ¢, and, using (11.1.12), (11.1.22) and
(11.1.20), one gets

indm(k) = —2[ind hy (k) + ind ha(k)] = —2[ind g(k) + ind f (k) — 2J]. (11.1.23)

Since ¢ has no negative eigenvalues, it follows that J = 0.

In this case ind f(k) = indg(k) = 0 (see Lemma 1 below), so indm(k) = 0, and a(k) is uniquely
recovered from the data as the solution of (11.1.19) which tends to one at infinity, see equation (11.1.9).
If a(k) is found, then b(k) is uniquely determined by equation (11.1.17) and so the reflection coefficient
r(k) := % is found. The reflection coefficient determines a compactly supported ¢(z) uniquely [R9],

but we give a new proof. If ¢(z) is compactly supported, then the reflection coefficient r(k) := %

is meromorphic. Therefore, its values for all k¥ > 0 determine uniquely r(k) in the whole complex k-
plane as a meromorphic function. The poles of this function in the upper half-plane are the numbers
tkj,j =1,2,...,J. They determine uniquely the numbers k;,1 < j < J, which are a part of the standard
scattering data {r(k),k;,s;,1 < j < J}, where s; are the norming constants. Note that if a(ik;) = 0
then b(ik;) # 0: otherwise equation (11.1.6) would imply f(z,ik;) = 0 in contradiction to the first
relation (11.1.3). If r(k) is meromorphic, then the norming constants can be calculated by the formula

55 = —1 Z((zi ; —1Resk=ik, r(k), where the dot denotes differentiation with respect to k, and Res denotes

the residue. So, for compactly supported potential the values of (k) for all k& > 0 determine uniquely
the standard scattering data, that is, the reflection coefficient, the bound states fk?- and the norming
constants s;, 1 < j < J. These data determine the potential uniquely. Theorem 11.1.3 is proved. O

Lemma 11.1.4. If J =0 then ind f =indg = 0.

Proof. We prove ind f = 0. The proof of the equation ind g = 0 is similar. Since ind f(k) equals to the
number of zeros of f(k) in C,, we have to prove that f(k) does not vanish in C;. If f(2) =0, z € Cq,
then z = ik, k > 0, and —k? is an eigenvalue of the operator ¢ in L?(0, 00) with the boundary condition
u(0) = 0.

From the variational principle one can find the negative eigenvalues of the operator ¢ in L?*(R.)
with the Dirichlet condition at * = 0 as consequitive minima of the quadratic functional. The minimal
eigenvalue is:

= mf/ u”? + q(z)u?] do =Ko, uweH'(Ry), |lullrew,) =1, (11.1.24)

where H1(R) is the Sobolev space of H'(R )-functions satisfying the condition u(0) = 0.
On the other hand, if J = 0, then

0<inf / u? +q(z)u’lde == k1, weH'(R), |lullremw) =1 (11.1.25)

Since any element u of H !(R,) can be considered as an element of H!(R) if one extends u to the whole
axis by setting u = 0 for « < 0, it follows from the variational definitions (11.1.24) and (11.1.25) that
k1 < Kkg. Therefore, if J = 0, then k1 > 0 and therefore kg > 0. This means that the operator £ on
L?(R,) with the Dirichlet condition at = 0 has no negative eigenvalues. This means that f(k) does
not have zeros in C4, if J = 0. Thus J = 0 implies ind f(k) =0

Lemma 11.1.4 is proved. 0O
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Remark 11.1.5. The above argument shows that in general
indf<J and indg<J, (11.1.26)

so that (11.1.23) implies
indm(k) > 0. (11.1.27)

Therefore the Riemann problem (11.1.19) is always solvable.
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