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Abstract. The inverse scattering problem is considered for the radial s-wave Schro-
dinger equation with the energy-dependent potential V* (E, x) = U(x) + 2[/E Q(x). Note
that this problem is closely related to the inverse problem for the radial s-wave Klein-
Gordon equation of zero mass with a static potential.) Some authors have already studied
it by extending the method given by Gel’fand and Levitan in the case Q =0. Here, a more
direct approach generalizing the Marchenko method is used. First, the Jost solution
f*(E, x) is shown to be generated by two functions F*(x) and 47 (x, t). After introducing
the potential V™ (E, x)=U(x)—2]/EQ(x) and the corresponding functions F~(x) and
A (x, 1), fundamental integral equations are derived connecting F*(x), F~(x), A" (x, 1)
and A~ (x,t) with two functions z*(x) and z~(x); z*(x) and z~ (x) are themselves easily
connected with the binding energies E,” and the scattering “matrix” S* (E), E > 0 (the input
data of the inverse problem). The inverse problem is then reduced to the solution of these
fundamental integral equations. Some specific examples are given. Derivation of more
elaborate results in the case of real potentials, and applications of this work to other inverse
problems in physics will be the object of further studies.

1. Introduction

The problem of describing the interactions between colliding particles
is of fundamental interest in physics. In many cases, a description can
be carried out through a well known theoretical model. To this end, the
following “inverse problem” is investigated: having determined some
important quantities from experimental results, what are the values of
the parameters occurring in the chosen model which reproduce them?

In particular, we are interested in collisions of two spinless particles,
and we suppose that the s-wave scattering “matrix” S(E) (defined for all
energies E>0) and the s-wave binding energies E, are exactly known
from collision experiments.

We can try first to find a radial static potential ¥(x) (x = 0) which
yields the given S(E) (E > 0) and E, through the radial s-wave Schro-
dinger equation. We recall that this equation is written as follows, in the
center-of-mass of the two particles, and with the usual reduced variables:

V' +[E-V(x)]y=0, x=0. (1.1)
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The above inverse problem has been extensively studied [1]. The most
powerful methods of investigation are the Gel'fand-Levitan [2] and
Marchenko [3] ones. They both use the fact that (1.1) is an eigenvalue
equation. However, the Marchenko method is much more direct than
the Gel'fand-Levitan one which needs the introduction of a spectral
function not easily connected with the input data.
More generally, we can try to describe the interactions through the
equation
y""+[E-V*(E,x)]yt=0, x=0, (1.2)

in which the potential V*(E, x) depends on energy in some way. In
particular, in this paper, we choose the following form for the energy-
dependence:

VHEX)=Ux)+2)/EQ(x), x=0; (1.3)

l/E means the determination of the two-valued square root function,
defined as (note the negative sign)

VE=—|E[fexA¢f < ArgE <27; (1.4)

U(x) and Q(x) are complex valued functions. We note that, with the
additional condition U(x) = — Q?(x), (1.2) reduces to the Klein-Gordon
s-wave equation with the static potential Q(x), for a particle of zero mass
and of energy ]/E

It is useful to introduce the equation

y"+[E-V (E,x)]y =0, x=0, (1.5)
with the potential

V7 (E,x)=U(x)-2)/EQ(x), xZ0; (1.6)
ie., we introduce the other determination “—|/E” of the two-valued

square root function. Setting
k=)/E, (1.7)
we write (1.2) and (1.5), (1.3) and (1.6), in the equivalent forms
yr + [k = VE(k,x)]y* =0, x=0 (1.8a)
VEK x)=U(X)+2kQ(x), x=0, (1.8b)

where, because of our determination “}/E”, Imk <0 or k real positive.
However, (1.8a) and (1.8b) have a meaning for every complex k; we
sometimes use this fact in our work.

! The indices * correspond to each other according to their position. This convention
will be used throughout.
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In Section 2, assuming U(x), Q(x) and Q’(x) continuous, and x U(x),
0(x) and xQ'(x) integrable for x = 0 2, we examine the analytic properties,
in the complex k-plane, of the regular solution @* (k, x) and of the Jost
solution f* (k, x) of (1.8); we also derive some useful bounds3. Assuming
furthermore in Section 3 that the Jost function f* (k) has only non real
simple zeros in the half-plane Imk <0 [4], we define as in the case Q =0
the binding energies EI and the scattering “matrix” S* (k) (k> 0); we
note a “completion formula”* concerning the “admissible” solutions
@*(k,x) and ¢~ (k, x). The potentials U(x) and Q(x) have a physical
meaning if the numbers E;” produced are real and negative, and if the
function S (k) (k> 0) is absolutely bounded by 1 (this last condition is
fulfilled if ImU(x)<0 and ImQ(x)<0). However, as no additional
mathematical difficulty arises, we also admit non-physical potentials in
our study.

Our inverse problem is the construction of the potentials U(x) and
Q(x), given E,7 and S™ (k) (k >0). That is, for given E, and S (k) (k > 0),
we discuss the existence, the uniqueness, and the explicit construction of
U and Q in a certain class of functions. This problem has already been
studied [5] by extending the Gel’fand-Levitan method. In this paper, we
propose to solve it by a more direct approach generalizing the Mar-
chenko method. The principal difference from the case Q =0 is that (1.2)
is no longer an eigenvalue equation.

There is a simple plausibility argument for the existence of such a
generalization. The problem which we want to study and the problem
of a spinning particle in the scattering problem at fixed energy, as studied
by Sabatier [6], are formally similar. Since it was possible in the latter
case to generalize [6] the Gel'fand-Levitan-Regge-Newton procedure,
we may hope, in our case, by using analogous extensions, to generalize
the Marchenko procedure.

With the above assumptions on U(x) and Q(x), we show, in Section 4,
that f* (k, x) is generated by two functions F* (x) and 4% (x, t), and we
derive, in Section 5, coupled integral equations connecting F* (x), F~ (x),
A% (x,t) and A~ (x, t) with two functions z* (x) (x > 0) and z~ (x) (x > 0).
These “fundamental functions” z* (x) and z~ (x) are easily deduced from
E}, E;, S*(k) (k>0), S™ (k) (k>0) and certain numbers C,” and C,.

In Section 6, we investigate first the problem of solving the above
integral equations given z*(x) and z~ (x); we show how to construct

2 These conditions can be weakened; in particular, the assumption “U(x) continuous
for x =0” has been made for convenience only.

3 Throughout this paper, the term “bound” (“bounded”) is often used instead of
“absolute bound” (“absolutely bounded”).

4 We shall not use this “completion formula” in the following, though it is possible

to derive formally the fundamental integral equations of our inverse problem from related
formulas.

13*
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potentials U(x) and Q(x) which yield given functions z* (x) and z~ (x) as
fundamental functions, and we give some specific examples. Finally, we
apply these results to the solution of our inverse problem. In general, we
may expect many solutions to the problem, since we may start from
arbitrary values for the quantities C,, E,, C,” and S~ (k) (k> 0) to build
the functions z* (x) and z 7 (x); but the degree of this indetermination
has to be specified.

All the results we give can be refined, chiefly in the case of real
potentials. These improvements, as well as applications of our method
to other inverse problems in physics, will be the object of further studies.
It would also be of interest to investigate the inverse problem for poten-
tials with more complicated energy-dependence.

2. The Regular Solution ¢*(k,x) and the Jost Solution f*(k,x)

In this section, we establish some basic properties of particular
solutions of the Schrddinger equation

yE L k2 =VE(k,x)]yE =0, x>0, k=a+ib, (2.1a)
VE(k,x)=U(x) £ 2k Q(x) ; (2.1b)

U(x) and Q(x) are in general complex valued functions and we assume:

where

Assumption I. U(x) is continuous for x >0, and

0

[ x]U(x)| dx < 0. (2.2)
0
Assumption I1. Q(x) is continuously differentiable for x =0, and

:le(x)[ dx < oo, (2.3a)

}Ox|Q'(x)| dx <o (2.3b)
0

As a consequence of these assumptions, Q(c0) =0 and x|Q(x)| is bounded
for x=0.
The “regular solution” ¢ * (k, x) is defined, as in the case Q =0, by the

conditions
o*(k,00=0, ¢*'(k0)=1. (24)

¢@* (k, x) is defined equivalently as the solution of the integral equation

X

smkx mk (x—
n Dyt otk ydy  (25)

o=k, x)=

0
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in the class of functions continuous for x =0, and therefore, can be
written as the sum of the Neumann series

o ()= 3 0k x), (2.6a)
where "= L
05 (6 x) = ===, (26b)
* sink(x —y)

0r o x)= | 2 VE k) o (k) dy, nZl. (269)
0

With the help of (2.6) we can prove:

Lemma 2.1. For each x =0, ¢* (k, x) is an entire function of k, and
satisfies the following bounds®:

X

lo* (k, x)lécelblelklx e2l® x>0, keC, (2.7a)
where .
L(x)= £ DIUWI+21()(1dy, (2.7b)
N eikx - e—ikx elblx .
‘p_(k’x)“<Hi(x) 2k~ H 5 ) =Cm < 28a)
xz0, k=1,
where
H* ()= eFijowa (2.8b)
M(x)= !) IUOI+202WI+10(D dy . (28¢)

We give the proof of (2.8) in Appendix A.1. The results (2.5), (2.6) and
(2.7) are analogous to those obtained in the case @ =0 [7]. Note too that

ot (—k,x)=0" (k,x), keC. (2.9)

It is also possible to defined [8], for each complex k, a solution J* (k, x)
of (2.1) satisfying the asymptotic relations

Jt(k,x)=1+0(), J¥(kx)=0(1), as x—0. (2.10)

o*(k,x) and J* (k, x) form a fundamental system of solutions of (2.1).
The “Jost solution” f*(k,x) of (2.1) is defined as usual by the

asymptotic condition
lim &% (k,x)=1. (2.11)

5 In the following, we use C as a general constant. It is not meant to have the same
value everytime it is used.
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According to the Assumptions I and II, f * (k, x) exists for b <0. f * (k, x)
is defined equivalently as the solution of the integral equation

fErkx)=e"*+ | —smk(;:—x)

in the class of functions continuous for x = 0. It can therefore be expanded
as follows:

VER Y £k y)dy  (2.12)

fEk, x)= i fEk x), (2.13a)

where "0 )
£k, x) = etk (2.13b)
0= [ Dy 2 dody, nz1. @139

With the help of these equations, we can prove:

Lemma 2.2. For each x 20, f* (k, x), considered as a function of k, is
continuous for b <0, analytic for b <0 and satisfies the following bounds:

If*(k, %) Sl*F2N® x>0, b0, (2.14a)
where "
NX)={(IU®I+200))dy, (2.14b)
If*k,x)—e ™ F*(x)|<C % e?’™, x20, [kl=21, (2.15a)
where
Ft(x)= il 00y (2.15b)
P(x)= [ (IUWI+2100)]+1Q' ()]) dy. (2.15¢)

The proof of (2.15) is given in Appendix A.2. The proof of the other
results quoted above presents no difficulty [9]. Note too that

lim & £+ (k, x) = — k. (2.16)

It is also possible to define [10], for b <0, a solution g (k, x) satisfying
the condition

lim e “ikx gk, x)=1, lim e Tikx gk, x)=ik. (2.17)

f*(k, x) and g* (k, x) form a fundamental system of solutions of (2.1) for
k+0. We have the important relation

g*(kx)=f*(~kx), b=0, x20. (2.18)
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3. The Jost Function f* (k), the Binding Energies E
and the Scattering “Matrix” S* (k)

In this section, by analogy with the case Q = 0, we define, for V'* (k, x)
(b<0 or k>0), the binding energies EX and the scattering “matrix”
S* (k) (k> 0).

k being fixed, with b<0 or with k>0, we shall say that, for the
potential V* (k, x), the solution ¢* (k, x) represents a bound state if it is
square integrable, a scattering state if it is bounded and not square
integrable. We call these solutions the “admissible” solutions ¢* (k, x) of
(2.1). To study them, it is useful to define® the Jost function f* (k):

frR=WLf*(k x),0*(kx)], b=0, (.1)
the function g* (k):
g (k)=Wig*k x), o*(k,x)], b=0, (3.2)
and the function f5 (k):
FRy=W[f*kx), J*k x)], b=O0. (3.3)
We easily verify the formulas
Wle*k, x),J*k x)]=-1, keC, 3.4
WIf*k, x),g9% Kk x)]=2ik, b=<0. (3.5)

We deduce from the previous relations that

0% ()= 5o [7* (9% ()~ g* (0 /¥ (5 9], =0 and k0,
ik (3.6)
and, with (2.18), that

1 - _
@* (k,x)= ik ¥R f T (=kx)=fT (=K f*(kx)], keR—{0}.
3.7
In the same way, we find the formula 7

[Hlkx)=f*(k) J* (kx)— f7 () o* (k,x), b=0, (3.3
which yields, for x =0, the useful equality
frk)=f*(k0), b=0. (3.9)

Because of the Lemma 2.2, f* (k) is continuous for b <0, analytic for
b<0, and
|kl|i—r»n fEk)=F*(0). (3.10)

¢ We denote by W(f}, f,) the wronskian of two functions f; and f,.
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Using the asymptotic behaviour of f*(k,x) and g*(k, x) and the
formula (3.6), we can assert that, relatively to the potential V'*(k, x):

1. ¢*(kZ, x) represents a bound state if and only if k is a zero of
f*(k) for b<0; the numbers EF = (kF)? are the binding energies; for
real U(x) and Q(x), a classic argument (similar to that used in the case
0 =0 [7] to show that the binding energies are real and negative) leads
to the following relation:

@

1 Q) o™ (', %) dx
Rekf=-"— ; (3.11)
I lo* (ky, x)1* dx

0

2. ¢*(k, x) represents a scattering state if and only if k is real and
positive.

Now, we make an additional assumption:

Assumption I11. f* (k) has no real zero.

Let us remark that, for U(x) and Q(x) real, this condition is fulfilled
if f* (k), and hence f ~ (k), does not vanish for k =0. We can then define
the function

(k)
k)= , 3.12
e St0)=1, (3.13a)
.3?£nmsi (k)=[F*(0)]>. (3.13b)

Furthermore, as in the case of a complex energy-independent potential
[11], we have the relation

4k

SERIP =1+ —=5 T =hF ) jl(p (k, x)|*ImV=*(k,x)dx. (3.13¢)

T
For k>0, S* (k) represents the scattering “matrix” for V*(k, x). The
formula
1
k)= - 3.14
SH 0= ey kR (3.14)
shows that S*(k) and S~ (k) (keIR) are determined given S* (k) and
S~ (k) (k> 0). Note that the conditions Im U(x) <0 and Im Q(x) <0 imply,
via (3.13¢), that [S* (k)| (k > 0) is bounded by 1; if also the binding energies
E; are real and negative, the potentials U(x) and Q(x) have a physical
meaning.
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Using the properties of f* (k) and the Assumption III, it is easy to
prove that the number N* of zeros of f* (k) (Imk <0) is finite. In Sec-
tion 5 we shall need the following additional assumption:

Assumption IV. The zeros of f* (k) are simple.

We prove in Appendix C a “completion formula”, concerning the
“admissible” solutions ¢ (k, x) and ¢~ (k, x), in the space of twice con-
tinuously differentiable functions y(x) vanishing in the neighbourhood
of x=0 and x = co.

To end, let us give conjugacy relations in the case where U(x) and
Q(x) are real:

VE(k, x)=V*(k, x), keC, (3.15)
oE(k, x)=p*(k, x), keC, (3.16)
ik x)=f"(-kx), b=<O, (3.17)
fER=r7 (=), b=0, (3.18)
g5k, v=¢7(-kx), b=0, (3.19)

g ()=g"(=k), b=0, (3:20)

S* (k) S*(k)=1, kelR. (3.21)

As a consequence of (3.18), if k," is a zero of f*(k), — kZ is a zero of
fT(k);so, N* and N~ are equal and we can number the zeros of f* (k)
and f~ (k) in such a way that

kF = —kZ . (3.22)

n

We have too

. d
TG L@ (k)k=kn—' (3.23)

4. A Useful Expression for f* (k, x)

With the Assumptions I and II, we show that the Jost solution
f*(k, x) can be conveniently generated by two auxiliary functions F* (x)
and A* (x, t) and we study closely related questions. The principal results
of the section are the Theorems 4.1 and 4.2. They will be very useful later.

We obtain a preliminary result very simply. From the bounds (2.14)
and (2.15) it follows that

[ 1f*(a+ib,x)—F*(x)e “*e**|?da=0(e?**), b<0, x=0. (4.1)
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We deduce from the Plancherel theorem that there exists a function
A*(x, t), belonging to the class I?(— o0, o) in t, such that

+n
fi(k,x)—Fi(x)e‘ikx=lﬁ£r£.f/fi(x,t)e"”“dt, for b=0, x=0.
" 4.2)

Furthermore, according to a Titchmarsh theorem [12], we conclude
from the formula (4.1) and the Lemma 2.2 that

A*(x,t)=0, for t<x. 4.3)

As a consequence, f * (k, x) may be written in the form

fE(k,x)=F*(x)e ™+ Llim. [ A*(x,t)e"*dt, for b=0, x=0.
* (4.4)

The relation (4.4), though formally simple, is not easy to use, and gives
little information about the function A * (x, ).

We now obtain a more accurate result by another method. In the
following, we denote by ¢ 7 any non-increasing positive function, defined
for x =0, such that

0
[o(x)dx< . 4.5)

0

Let us introduce the class 2 of functions 4* (x, t) defined and continuous
with respect to (x, t) for t = x =0, and satisfying the condition

1A*(x,r)|§a(’2‘“), 46)

where ¢ may depend on A*; as a consequence, A* (x, t) belongs to the
classes I!(x, o) and I2(x, o) in t.
First, we prove the following lemma:

Lemma 4.1. Suppose that U(x) and Q(x) satisfy the Assumptions I and
II, that A*(x,t)is a function belonging to W and that F *(x) is a continuous
and bounded function. Define f *(k, x) as

fEhx)=F*(x)e ™+ [ A*(x,t)e"*dt, x=0, b<0. (47)

7 The symbol ¢ is not meant to designate the same function everytime it is used.
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Then f=*(k, x) is the Jost solution f* (k,x) of the Schridinger equation
(2.1) if and only if

a) Fr(x)=F*(x), x=0, (4.82)
b) A*(x,t) is a solution, in the class W, of the integral equation

x+t

<] 1 t+y—x
A*(x,t)—7 J; MU dy+ 5 f U(y)dy +§ A* (y,u)du
1 thy—x L[ x+t X+t
+—2-x£tU(y)dy f Ai(y,u)du+7F ( 5 >Q( 5 )
B (4.81)

FifQWAT(,t+y—x)dyti | Q) AT (y,t+x—y)dy,

t=2x=0.

To prove the necessity of the conditions, we replace f* (k, x) by f* (k, x)
in (2.12) and make use of the formulas

. _ 2y—x
SOKY=Y) a2 L gy, (492)
k 2 %
. _ uty—x X
Sk =) i L g (4.9b)
k 2 utx—
we obtain
w 2y—x
[ A% (x,p)e ™ dy =(1—F*(x)e ™ + JV (k)F=0)dy [ e di
(4.10)
1 ® @ uty—x .
+ 5 [ VER ) dy [ A*(wdu | eT™de.
2 x y utx—y

Clearly, the hypotheses of the Lemma 4.1 allow the interchange of the
orders of integration in the integrals on the right hand side of (4.10).



188 M. Jaulent and C. Jean:

This yields the following equality:

jA (x,y)e” *®dy=(1—F* (x))e""xﬁ-fe"k‘dt{ }O FE()U(y)dy

1 x2t t+y—x 1 t+y—x

+ | Udy +§ A* 0 wdu+ — £U(y)dy I A* (y,u)du}

+ Tke-“"d{ [ ()00 dy (4.11)
* =t
x;t t+y~x t+y—x

+ fQ(y)dy+J A*(y,u)du + iQy)dy joA* y,u)du]

2

We integrate by parts the last term of (4.11); (4.11) then takes the form

F)—1+i [ F*()Q0) dy} ok

o]

T Jeear [Ai(x,t)_% j F20)UG)dy

X+t

1-";“ tty—x N
-5 | Uwdy [ A*(wdu 4.12)
x ttx—y
1 <o) t+y—x - X+t X+t
- ju * Lope
5§ oy T Aot P (25 o[*5)

2

w =
+ifQWAT(nt+y—x)dyFi | Q(y)Ai(y,t+x—y)dy} =0.

The first member of (4.12) appearing as a Fourier transform, the con-
ditions (4.8) follow easily. It is trivial to show that (4.8) is sufficient for
f*(k, x) to be the Jost solution of (2.1).

Let us now study the integral Eq. (4.8b). For this, we apply the
method of successive approximations. We define

aio=5 | PovmaE 5 (5 oS5, @i
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and, forn>1,

X+t

N 1 2 t+y—x .
Ay (0=~ | Uwdy [ Ar,(v,u)du
X t+x—y
1 o t+y—x
+5 UGy [ AL Gyudu (4.13b)
x+t y

2
x+t

o) 2
FifQWALE ht+y—x)dy+i | QWAL (nt+x—y)dy.

It is possible to derive by induction a bound for 47 :

x+t> [N(x)]"

, for neN, (4.14a)
2 n!

47 (o 0 < 5 a,,(

where w
J [ImQ(y)|dy
m=e® , (4.14b)

0,(x)= }o LUWI+12° WIdy, (4.14¢)

N(x) is defined by (2.14b).
As a consequence, the series

A (x, t)= f A (x, 1) (4.15)

n=0

converges uniformly for £ = x = 0. On the other hand, we see (by induc-
tion) that A7 (x, t) is continuous for ¢t = x = 0; it follows that A% (x, t) is
continuous for t >x >0. From (4.14a), we derive a bound for A% (x, 1):

A% (x, 0] 5 o‘v(x;_t> N 4.16)
Since . .
!) o,(x)dx = J(; yIUWI+1Q' lldy< o, (4.17)

we can finally conclude that A*(x,t) belongs to the class 2. Lastly,
inserting the series A* (x, t), defined by (4.15), in the integral equation
(4.8b), we verify that A% (x, ) is a solution of this equation in the class 2.
If A% (x, 1) is another solution of (4.8b) in the class 2, one can prove
by iteration the inequality

X+t

4% (x, ) - A* (x,0)| S0 <T) [N

n!

, for neN. (418)
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Hence:
AE(x, )= AF (x,1). (4.19)

We can now state the following result:

Lemma 4.2. With the Assumptions I and II, the integral equation
(4.8b) has a unique solution in the class .

Lemmas (4.1) and (4.2) yield the following theorem:

Theorem 4.1. With the Assumptions I and I, there exists a unique
function /f belonging to the class U and a unique continuous and bounded
function F* such that the Jost solution f* (k, x) may be expanded in the
form

fE,x)=F*(x)e ™ + [ A*(x,t)e ™ dt, b<0, x=0; (4.20)

F*(x)=F=*(x) and A* (x, ) is the unique solution in the class % of (4.8b).

The formulation (4.20) generalizes that given by Marchenko [13].
It is easy to verify using (4.13) that, for U(x) and Q(x) real, we have

AT(x, )=A"(x,1). 4.21)

Note too the identity [14]
A% (x,t)=A*(x,1), almost everywhere in ¢ . (4.22)
Let us further investigate A*. Starting from the expansion (4.15), we

show in the Appendix B that the first partial derivatives exist and are
continuous for t = x =0, and obey

iAi(x,t)‘ < Clozy+w (2|,
0x 2
(4.23a)
‘—A (xt‘ af(x)+W(x;_t)},
where . .
Wx)=z[IUX)+1Q*(x)| +1Q'(¥)I]. (4.23b)
For convenience, we now introduce the variables
X+t x—t
é - 2 b ’1 - 2 ’ (4.243)

and the function
aF (&) =A% (x,1). (4.24b)
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With these variables, the Eq. (4.8b) can be written as

wt(Em=y [ FEOUO)My - [dof Up+ 9o @9ds 5 F*000

o=

8

Fif Qu+na*(un du+zj Qu+¢&)a* (&, udu, (4.25)
4

(20, n<0 and ¢+7n20.

2

(f ")

. 0%
Clearly, — a* (&, 1), —a% a® (£, 1) and the mixed derivative

05 0&on

exist, and
02 at

()~ U0 G Fi = TG+ ] =0.

0 0

no% (4.26)
Setting t = x and # = 0 in (4.8b) and (4.25) respectively, and differentiating
both sides of the results, we find respectively

FE(x)—2 % A (x,x) +2iQ(x) A% (x,x)— FE(x)U(x)=0, (4.27a)

F*"(¢) - 2*—<xi(€ 0) £2iQ(¢)a* (£,0) = F*(§) U(§)=0. (427b)

Conversely, suppose that A% (x, t) belongs to the class A, that the
ora*
0&0n
tinuous with respect to (&,n), and that the Egs. (4.26) and (4.27b) be
satisfied. Then, we can easily show that a*(¢,#) is a solution of the
integral equation (4.25), and A* (x, ) is a solution of the integral equation
(4.8b). Furthermore, if A*(x,t) has second partial continuous deriv-
atives, we notice that

%ot 62Ai 0*A*

derivatives %ai(é, 1), —(%—ai(é, 1), (¢,1) exist and are con-

Feay GN= g (0= 5 (50, @28)
and that the Eq. (4.26) takes the form:
2 4% 2 4%
6 A ———(x, t)— aa‘; (x, ) = U(x) A% (x, 1) + 2iQ(x) %Ai(x, )=0.

(4.29)

Using the Lemma 4.1, we can prove the following theorem which will
be useful in Section 6:
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Theorem 4.2. Suppose that U(x) and Q(x) satisfy Assumptions I and 11,
and that the function f = (k, x) defined in (4.7) is such that

a) F* () =F*(x),
b) A*(x, t) belongs to A,
+ aA:t azAi 62Ai-

A
Ox (x, t)a ot (x’ t), axz (X, t) and ——— (x’ t)

ot*
exist and are continuous with respect to (x, t),
d) the Egs. (4.29) and (4.27 a) be satisfied,

| -o.

Ai
S ) =0

C) the derivatives

e) lim | sup
N-oo\4x2N

Ai
o &0

0

lim ( sup

N—-o \t+x2=N

then f* (k, x) is the Jost solution of the Schridinger equation (2.1).

5. Derivation of Fundamental Integral Equations

In this section, we make the Assumptions I, I, IIT and IV. We derive
coupled integral relations connecting F* (x), F~(x), A" (x, ) and A™ (x, 1)
with two functions z*(x) and z~ (x) directly determined by E;, E_,
S* (k) (k>0), S” (k) (k>0) and certain numbers C,” and C, (see 5.12).
This result is precisely stated in the Theorem 5.1.

Writing the formula (4.20) for the case x =0, we find

FE(k)=F*(0)+ fAi(o, e~ dt, keR, (5.1)
0

0 T .
fF(=k=FT )+ | AT(0,—te *dt, keR, (5.2)
where A* (0, t) belongs to L! (0, o) and A7 (0, — t) belongs to L' (— o0, 0).
Theorems on Fourier transforms of integrable functions, and par-
ticularly a Wiener-Levy theorem [15], show that there exists a function
s* (y) defined and integrable on R such that

S*(k)=[F*(0)]*+ }0 st()e *dt. (5.3)

Let us nov&;E consider the equality derived from (3.7) by dividing both
sides by f2il(<k) :

2ikm =f (=kx)—ST(—=k) f*(k, x), keR. (54)

fE (k)
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Substituting (4.20) and (5.3) in (5.4), we obtain

2ke* (k, x)

7 (k) -F (0’]
ikx —ikx

+2ikF’—“(0)[<Pi(k’ X)—(Hi(") ;,-k —H™ () ezik )]

. B (5.5)
=—F*(x)e ™ [ sT(@)e™dt—[F7(0)]* [ A*(x,1) e ™*"dt

+ ?Ax(x, ) e”"dt—( }0 sT(t) e”“dt)(ojoAi(x, t)e‘”“dt).

The right hand side of (5.5) is easily written in the form of the Fourier
transform of a function B* (x, ¢) integrable with respect to ¢:

—[F¥(0))2A%(x, — 1) — FE*(x)s ¥ (t + x)

- }osx(t+u)Ai(x,u)du, t<—x,
B¥(x,1)= —F*(x)s™(t+x) (5.6)
- }osx(t+u)Ai(x,u)du, —x<t<x,

AF(x,t) — FE(x)s¥ (t + x)

— [sTt+wA*(x,wdu, t=x.

If the Fourier transform B¥ (x, t) of the left hand side of (5.5) exists
as a Cauchy principal-value in some interval of t, then B (x, ) and
BT (x, t) must coincide almost everywhere in this interval. We therefore
evaluate the quantity

Biun=o | [2ke 00 - | F*0) .
+2ikF¢(0)(<pi(k,x)—(Hi(x) ;lk H7 () ﬂkx))}e‘““dk.

Let us consider the same integral computed along a closed path con-
sisting of the real segment [ — R, + R] and the half circle |k| = R contained
in the lower half of the complex k-plane. Since ¢* (k,u) and f* (k) are
continuous for Imk <0 and analytic for Imk <0, and since the As-
sumption III holds, we can apply the theorem of residues. Furthermore,

14 Commun. math. Phys., Vol. 28
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thanks to the bounds (2.7a), (2.8a) and the relation (3.10), we see, using
one of Jordan’s lemmas, that, in the case ¢t > x = 0, the integral along the
half circle vanishes as R— co. We conclude that the quantity

BT (x,1)= lim BE (x, 1) (5.8)
exists for t >x =0 and is given by
B o=i Y Res [2ik &8 o izo. s9)

=1 k=K [ (k) ’

Using the Assumption IV, we obtain

o N* 2iki (Di (ki x) e—ikﬁt
BF (x,t)=i ! e ,
(x ) lnéi:l d +
Ef_(k)|k=kﬁ

With the help of the relations (3.6) and (4.20), we write

t>x20. (510

l§¢(x,t)=NzC,:Tfi(k,,i,x)e_”‘:’, t>x2=0, (5.11)
where ! e
cF = TM_’ (5.12)
Wfi(k)|k=kﬁ
and

l§$(x,t)=Fi(x)p¢(x+t)+TAi(x,u)pi(u+t)du, t>x=0, (5.13)

where .
pT(x)= Y CFeiknx, (5.14)
n=1
So, we have shown
BT (x,t)=B (x,1), (5.15)

for almost every t(t > x = 0). It is always possible to choose the function
s*(¢) of (5.3) in such way that the following equality:

sTH)=FT(0)A7(0,t)—pT (t)— F(0) }o AT 0, u)sT(u+1t)du
. 0 (5.16)
—F¥0) [ A* (0, pT (u+1t)du,
0

deduced from (5.15), (5.13) and (5.6) by putting x =0, holds everywhere
for t > 0. Since s* (¢) and p* (¢) are integrable for t =0, p* (t) is continuous
for t =0, and 4* (0, t) is continuous and bounded for ¢ >0, it is easy to
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see that s*(f) is continuous for t = 0. As a consequence, B* (x, t) is con-
tinuous with respect to (x, ¢) for t = x = 0. A glance at (5.13), shows that
the same is true for B* (x, t). Therefore, the equality (5.15) holds for
t 2 x=0. We finally obtain two coupled integral equations:

Ai(x,t)=F;(x)zi(x+t)+?Aﬂx,u)zi(u-!—t)du, t=2x=0, (5.17)

where

zE(x)=s%(x) +p*(x). (5.18)
z* and z~ will be called the “fundamental functions” associated to U and
Q. We see from the formula

+R
s (x)= lim —1— j [S*(k)—F*(0)*] e**dk, x>0, (5.19)
R-w 2T “R

which will be proved later on, and from the formulas (3.13), (3.14) and
(5.14) that the fundamental functions are determined by the data of E;,
E,;, S* (k) (k>0), S” (k) (k>0) and the numbers C,” and C, .

On the other hand, we easily derive from (4.20) the relation

F+(x)—F_(x)=T[A_(x, )— A" (x,1)]dt, (5.20)

and from (2.15b) the relations
F*(x)F~(x)=1, (5.21a)
}i_p[}oFi(x)=1. (5.21b)

The Egs. (5.17), (5.20) and (5.21) replace the fundamental equation
obtained by Marchenko [16] and are the analogues of equations given
by Sabatier [17] for the scattering of a spinning particle. In the next
section, they will be the starting point of the investigation of our inverse
problem.

In what follows, we consider z* (x). It is clear first that z* (x) is con-
tinuous for x =0 and integrable on [0, co[. In order to obtain a bound
for z*, we shall need the following classic result (R) [18]:

(R): “Let f(x) and g(x) be non-negative functions in the interval
a < x=<b= o0, and suppose that g(x) and f(x) g(x) are integrable in this
interval. If

b
fSc+ [ fOg@®dt, a<x=<b,
X
where c is a positive constant, then

b
Jg@dt
fX)Scex  ,a=x=Zb”
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Using the bound (4.16) in the Eq. (5.17), we obtain

t) te i@+l (#) du. (522

|zi(x+t)|§ca,,<x-2'-

Suppose first that g, (1) does not vanish for any positive value of u; then,

zi(x+t)a;1(x;-t> <

PN _fu+t u+t u 6-23)
+co, (t)£ ztw+1)o, 1( 3 )} av( 3 )av<—2—> du.
Using (R) we have:
et (E5) seers ol EFDue (529
Setting t = x in (5.23), it is easy to obtain the bound
2% (x)| < co, (-3‘-) x=0. (5.25)

If now o, (1) vanishes for some positive value of u, there exists some uy >0
such that ¢,(u)=0 for u = u, and a,(u) £0 for 0 <u <u,. Hence:

zE(x)=0 for x=>2u,, (5.26)
2up—x
)+c | |zi(u+t)|a("+

Using (R), we are still led to the bound (5.25). Lastly, it is obvious that
(5.25) holds in the case o,(u) =0. With the help of the bounds (4.23) and
(5.25), it is easy to see from the formula (5.17) that z* (x) is continuously
differentiable; s* (x) is therefore also continuously differentiable and as
a consequence the formula (5.19) is justified. z*’ being given by the
formula

z¥'(2x) = —Fi(x)Fq:’(x)zir (2x)+Fi(x)A¥(x, x) z% (2x)

Izi(x+t)}§cav(x+ u)du. (5.27)

(5.28)
+Fi(x) Ai(u X)|yor— F* (x)f A;(x Wzt w+z)du, x20,

it is not difficult to prove that it satisfies the bound

25" (2x)| L c[62(x)+ W(x)], x=0. (5.29)
Clearly w
xa,(X) < [y[IUW)I+1Q (M]dy<oo, x20; (5.30)
hence: Oox B

[ x6l(x)dx=c | g,(x)dx<o0. (5.31)
0 0
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On the other hand, we see from (4.23b) that

oC

[ xW(x)dx<oo. (5.32)

0
As a consequence of (5.30), (5.31) and (5.32),

ey

| xlz*(x)] dx < 0. (5.33)
0
To recapitulate:

Theorem 5.1. If the conditions I, 11, 111 and IV hold, the functions
A" (x,t), A" (x,t), F*(x) and F~(x), which generate the Jost solutions
f*(k,x) and [~ (k, x), satisfy the fundamental equations (5.17), (5.20) and
(5.21). The function z* (x) is continuously differentiable for x =0, satisfies
the bound (5.25) and xz*'(x) is integrable.

For real U and Q, we easily obtain, in view of (3.20), (3.23), (3.22) and
(3.18), the following conjugacy relations:

C:i=c7T, (5.34)
P (X)=p7(x), (5.35)
sTX)=5(x), (5.36)
ZEX)=z7(x). (5.37)

6. The Inverse Problem

Our purpose, in this section, is to give a method of solving the inverse
problem set in the introduction, i.e. of constructing the potentials U(x)
and Q(x) from the knowledge of the binding energies E,;” and of the
scattering “matrix” S* (k) (k > 0). Up to now, we have proved that, given
potentials U(x) and Q(x) satisfying the Assumptions I, II, IIT and IV, the
Jost solution f*(k, x) is generated by two functions A* (x, t) and F* (x),
where (A" (x,1), A~ (x,t), F*(x), F~(x)) is a solution of the system of
fundamental equations (5.17), (5.20) and (5.21). These equations are
determined from the data of the fundamental functions z* (x) and
2z~ (x) (x=0). The starting point of our method is the investigation of
this system. A complete solution of it is carried out only in some special
cases at the end of the section. Nevertheless, for some sufficiently large
values of the real positive number a, we solve, under not too restrictive
conditions upon the input functions z*(x) and z~ (x), the following
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system of equations:

AT(x,)=F (x)z*(x+1t)+ 0fOA_(x,u)z"(u+ tydu, t=x=a, (6.1a)

A (e, ) =F (x)z" (x +1)+ ?A*(x,u)z_(u-l— Hdu, t=x=a, (6.1b)

Fro)—F (0= [ [A~ (o0 —A* (6, 0]dt, xZa, (62
F*(x)F " (x)=1, xZ=a, (6.3a)
lim Ff(x)=1, x=a; (6.3b)

X—> 00

if a =0, this system is identical with the system (5.17)—(5.20)—(5.21).

§ 1. Solution of the System of Fundamental Equations (6.1), (6.2) and (6.3)

We make the following assumption on the input functions z* (x) and
z7(x):
Assumption I'. The function z* (x)is continuous for x = 0 and bounded

. X . . . .
by a function g, (7) , positive, non-increasing and integrable for x = 0:

s (). 642
Ojo oo(x)dx<o0. (6.4b)

(]

We seek the functions A7 (x,t) and A~ (x, t) belonging to the class 2,2
and the functions F*(x) and F~ (x) continuous and bounded for x = a,
which verify the system of Egs. (6.1), (6.2) and (6.3). We set

Rx=:jioo (%)dt, x20. 6.5)

Clearly, there exist x, =0 and x, =0 such that
R.<1 for x=x,, (6.6a)
R. <3 for x=x,. (6.6b)

We now prove that, for t>x>x,, A (x,) and A~ (x,t) are uniquely
determined by (6.1a) and (6.1b), given F* (x) and F~ (x). For this, it is
sufficient to show that, x being fixed, the two following coupled Fredholm

8 The class 2, is defined as is the class 2 in Section 4, but for ¢ > x > a instead of
t=x=0.
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integral equations with kernels z* (u+1¢) and z~ (u+1)

A", t)= 4" (cwztu+t)du, tZx=x,, (6.7a)

A~ (x, 0= 4", u)z (u+t)du, (2x2xq, (6.7b)

have only the trivial solution. Inserting (6.7b) and (6.7a) in the right
hand side of (6.7a) and (6.7 b) respectively, and interchanging the orders
of integration we obtain

Ai(x,t)=OjoAi(x,u)G:(u,t)du, t=Zx2=xg, (6.8)
where i
(Ef(u,t)=@f,0(u,t)=oj?zi(u+v)zq:(v-’rt)dv:(ﬁf(t,u), (6.9)
) u=zx, t=x, x=0.

Clearly, we have the following bounds for u=x, t=x, x=0:

|62 (u, 1)) <R, 0, (“+x), (6.10a)
1€ (u, 1) ngao(t;x), (6.10b)
|62 (u, 1) <R, 08/ (";x) ol (t;x>. (6.10¢)

It is not difficult, from (6.8) and (6.10), to prove by induction that

A% (x,0)= [ A% (x,u) €] ,(w, t)du, t=x=x,, n20, (6.11)

where "
G;L:n(u, t)= j @ik(“, U) G_:—:”_l_.k(v, t) dl),

. (6.12)
=€, (tw, uzx, tzx, 0£k<n—-1, nz1,
and
IGi"(u’t)|§R§n+lo-0(u-'2_x>9 nZO’ (6.133)
t
I@f,n(u,t)léRi”“oo< ;x) n=0. (6.13b)
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Hence, we can write from (6.11) and (6.13a)

4% (x, )| SRZ"*VM, t=2x2x, n20, (6.14a)

where
M=t>suEO|Ai(x, N, (6.14b)

and this yields the desired result
A% (x,)=0, t=x=x,, (6.15)

because the limit of the right hand side is obviously zero as n— co. Now,
we apply the method of successive approximations to (6.1a) and (6.1b),
considered as coupled Fredholm integral equations with kernels z* (u + £)
and z~ (u+ t) and with solution (4% (x, t), A~ (x, t)). It is straightforward
but tedious to show that the unique solution, for t = x = x,, of the system
(6.1a)—(6.1b) is given by

AT, )=FT(X) YZ(x, )+ FX(x) D7 (x,1), t=x=x,, (6.16)
with .
PEx, )=zt (x+0)+ [zE(x+w) O] (w,t)du, t=2x2x,, (6.17)

o (u, t)—Z(ﬁ ) =0T (tw), u=x, t=x, x=x,. (6.18)

The mainstay of the proof is the uniform convergence (because of the
bound (6.13)) of the series (6.18) for u=x, t = x, x = x,. The following
formulas are also needed:

[ 2% (u+0v) €L, w,v)dv= [ z* (w+0) €], (v, u) dv,

(6.19)
n=20, u=2x, w=x, x=2=0,

[zt u+0v) @F (W, v)dv= [ zE(w+0v) B (v,u)dv,

(6.20)
UZXx, wx, X2Xg.

It is now easy to see that, in the system of fundamental equations, (6.1a)
and (6.1b) can be replaced by (6.16) for ¢t = x = x,. Furthermore, for
UZx,t=x,x=xy, @ (u, t) is continuous with respect to (x, u, t) and has
the following bounds:

| (u, 1)| < RR2 O‘0< (6.21a)

u+x
2 b

R t+x
451- < x . ]
l x (u, t)l =7 R,zc [40) ( ) ) 5 (6.21 b)
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for t = x=x,, P (x, 1) is continuous with respect to (x, ), and

1

. < X+t
12015 T oo 51 622)
Inserting (6.16) in (6.2), we obtain
e}
Fr(x) 1= [ (¥ (x,u)— D; (x,u)) du
¥ - (6.23)
=F"(x)|1— j(?’:(x,u)—@;(x,u))du}, X=X -
Since (6.21) and (6.22) together give:
j (lpf (X, u) - ¢:-ct (X: u)) du é 1 _;( ) X g ) (624)

we see, in view of (6.6 b), that the second factor of each side of (6.23) does
not vanish for x = x,. Then, recalling (6.3a), we obtain:

1— [ (PF(x,u)—DE (x,u)du

[F*(x)]*= , x=x,. (6.25)

1—

P I e X)

(3 (x,u) — T (x,w) du

F*(x) is completely determined by the condition (6.3b). Clearly, F* (x)
is continuous for x = x; and has the bound:

|Fi ()= W’ X2 X . (6.26)

Thus 4% (x, t) given by (6.16) is continuous for t = x = x, and, because
of the bound

1 x+t
£ ) < 1 t2x2x, (627
‘A (x’ t)l = (1 _ Rx) (1 _ 2Rx).i GO ( 2 )’ =X —xl ( )

A*(x, t) belongs to the class 2. So, we have proved that the system of
fundamental Egs. (6.1), (6.2) and (6.3) has a unique solution (4* (x, t),
A™(x, 1), F* (x), F~ (x)) for a>x;.

§ 2. Solution of the System of Equations (6.1) and (6.2)

Now, we suppose a = x;. Let a* (x, t) be a function belonging to the
class A, and f*(x) a function continuous and bounded for x = a. If
(a* (x, 1), a” (x,t), f(x), f~(x)) is a solution of the system of Egs. (6.1)
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and (6.2), ie. if
af(x,0)=fT()zEx+ 0+ [aT(xu)zEu+0)du, t=x=a, (6.28)

ffX)—-f " (x)= }O[a"(x, —at(x,0)]dt, x=a, (6.29)

the results obtained in §1 are still valid up to and including (6.24) if

A (x, t) is replaced by a* (x, 1), F* (x) by f*(x), x, and x; by a. This is
true, in particular, for the formula (6.23) and hence

)

) F*(x), x=a. (6.30)

[T )=

Using (6.16), we conclude finally that there exists a unique function U(x)
defined and continuous for x = a such that

[FR)=UXF*(x), xza, (6.31a)

a*(x,)=U(x) A% (x,1), t=x=a. (6.31b)

§ 3. Properties of the Solution (47 (x, 1), A~ (x,1), F* (x), F~ (x))
From here on, I’ is replaced by the stronger Assumption II':

Assumption II'. z* (x) is twice continuously differentiable for x>0,
and there exist functions gy(x), o;(x) and o,(x), positive and non-
increasing for x =0 such that

2% (x)| < 0, (%) and [ xop()dx < 0, (6.322)
0
22 ()| < o, (—’2‘—) and [ x20,(x)dx < o0, (6.32b)
0
122" ()| < 7, (%) and of X2, (x) dx < o0 . (6.32¢)
0
We set 3
Go)= | o, (%) d, (6.332)
2x
500= [ o (%) dt. (6.33b)
2x
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Clearly, from Assumption IT',

[ xGo(x)dx < o0, (6.34a)
0
[ x6;(x)dx < o0. (6.34b)
0
Let us also set
S, =sup(@o(x), 6o (x), R), xZ0. (6.35)
There exists x, =0 such that
S.,<1 for x=x,. (6.36)
We define x5 by
X3 = Sup(xl, .xz) . (6.37)

It is then straightforward but tedious to prove:
a) F*'(x) exists and is continuous for x = x;, and

IF*' ()| = Clog(x) + 0 (x)],  xZx; (6.38)
b) F*”(x) exists and is continuous for x = x5, and

F*" (0| £ Cloo () + 80 () + 01 () +6:(0)],  xZx35  (639)

0 0 . .
<) x A*(x,t)and — A* (x, t) exist and are continuous for t = x = x;,
x

ot
and
0 X+t x4+t
IE;Ai(x,t)§C[ao< 5 )+01< > )}, t=2x=x,, (6.40)
\———A (x, 1) gc{&o(x;t%al(x;’t)], t2x2x, (641)
|EAi(x,x> < CLoo () + 0 (x)]. xzx5  (642)
a2 4% 2 4%
d) —6—x2—(x’ t) and ———a—tz—(x, t) exist and are continuous for
t=Xx2=x5, and
0 X+t X+t X+t (6.43)
I—a;z“Ai(x,l) éc‘iao( 2 )+O-l( 2 >+0'2( 2 >:I, tzszC:;,
2 L [x+t X+t
e Ai(x,t)}__<_C 0'1( 3 )+oz( 5 )J, t=x2x;. (6.44)
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In Appendix D, we give some bounds useful in deriving the preceding
results. Note that if

a) z¥ (x) is twice continuously differentiable for x >0,

b) z*(00)=z%"(00)=2z%"(00) =0,

¢) z¥”(x) is bounded by a positive and non-increasing function

o, (;—) such that | x*¢,(x) dx < oo, the Assumption II' is fulfilled, and
0

moreover, it is possible to choose a,(x) and g, (x) in such a way that
6, =0, and 6, = 0,. The bounds of § 3 take then a simpler form.

§ 4. Partial Differential Equations for A" (x, 1), A™ (x, #), F*(x) and F ™ (x)
Let us define the functions Q(x), a® (x, ) and f* (x) as follows:

F*’
F*

Oo(x)= (( )) X2=X3, (6.45)

2

(x,1) — a A*(x, t)+2zQ(x)——A (e,1), (6.46)

0?

i =
a*(x,)= >
tZ2x=x

fEx)=F*"(x)-2 —(%Ai(x,x)_-t%Q(x)Ai(x,x), xZx3. (647)

The above results show that a* (x,f) belongs to the class o, and that
f*(x) is continuous and bounded for x > x,. We next apply the operator

2 2

6axz - (’ft 5 +2iQ(x) —6— to both sides of (6.1); by means of dlfferen-
tiation under the 1ntegral sign and of integrations by parts, it is not
difficult to prove that (a* (x, ), a” (x, 1), f* (x), £~ (x)) is a solution of
the equation (6.28) for a=x;. Using the identity obtained by dif-
ferentiating twice both sides of (6.2), we find that the Eq. (6.29) is also
true for a=x;. From the results in §2, we conclude that there exists
a function U(x) defined and continuous for x = x; such that

i2zQ(x)—)A (x,)=U(x)A*(x,1), t=x=x;3, (6.43)

02 0
( x>

F'(x)—2 %Ai(x,x)i%Q(x)Ai(x,x)=U(x)Fi(x), x=x;. (6.49)

It is easy to see from the formulas (6.45) and (6.49) with the help of the
bounds established in § 3, that Q(x) is continuously differentiable for
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X = x5, U(x) is continuous for x = x; and that

Q)| = Cloo(x) + 6o (x)], xzx3,  (6.50)
10" ()| = Cloo(x) +Go(x) + 0, () + 6, (X)], xZx3,  (6.51)
U= Cloo(x) +G0(x) +01(x) +61(x)], x2x3.  (6.52)

Hence, using the Assumption II':

0

[ x10(x)|dx <0, (6.53)
oj? x|Q'(x)|ldx < o0, (6.54)
Oj? x|U(x)|dx < o0 (6.55)

X3

§ 5. Construction of U and Q from Given z"and z~

Given functions z* (x) and z~ (x) satisfying the Assumption II', we
propose to find potentials U(x) and Q(x), whose associated fundamental
functions are precisely z* (x) and z~ (x). The results obtained in § 4 are
not sufficient for our purpose. We shall assume that they hold, not only
for x = x5 but also for x = 0; this will be proved in some particular cases
in §7. Then, from the important Theorem 4.2, we see that the Jost
solution f* (k, x) corresponding to the potentials U(x) and Q(x) defined
by (6.49) and (6.45) is generated by the functions 4% (x,t) and F* (x),
themselves obtained from the data of z* and z~ by solution of (6.1), (6.2)
and (6.3) for a=0. Let z; (x) and z, (x) be the fundamental functions
associated with the potentials U(x) and Q(x), which we also suppose
satisfy the Assumptions III and IV. The generating functions A* (x, t)
and F*(x) being unique for a given potential from Theorem 4.1, z* (y)
and zZ(y) are solutions of the same Volterra integral equation

o= (54255 - frefz)a (30 %)Zi(v)d(:’%)

y=20,

derived from (5.17) by setting t=x, v=x+4+u, y=2x. Since A7 (x,1)
belongs to the class A, and F*(x), z* (x), zZ (x) are bounded, it is easy
to prove that

2 (x)=zF(x), x=0. (6.57)
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Therefore, with the assumptions made, there is one pair of potentials
(U(x), Q(x)) which reproduces the input functions z* (x) and z~ (x) as
fundamental functions. U(x) and Q(x) are given by (6.49) and (6.45). The
pair (U(x(, Q(x)) is unique in the class € of potentials satisfying the
Assumptions I, I, IIT and IV since the system of fundamental equations
has been proved to hold in these conditions.

§ 6. Construction of U and Q from the Data of E,f and S* (k) (k > 0)

Here, we suppose that the N* binding energies E, and the scattering
matrix S (k) (k> 0) are exactly known from collision experiments, and
we apply the results of § 5 to construct the potentials U(x) and Q(x) which
reproduce E,; and S* (k) (k> 0). We assume we are given N numbers
CS, N~ numbers C,, N~ numbers E, and a function S~ (k) (k> 0);
the quantities C,;, N~, C,, E,; and S~ (k) (k>0) play the role of
parameters, and may be chosen freely. We assume N*, N", E;f, E,, C,
C,, ST (k) and S™ (k) (k>0), to be such that the input functions z™ (x)
and z~ (x) (x> 0) are determined via the formulas (5.14), (3.14), (3.13),
(5.19) and (5.18), and that they verify the conditions of § 5. We know then,
from § 5, how to construct the unique pair of potentials (U(x), Q(x))
belonging to € which have z* (x) and z~ (x) as associated fundamental
functions. For U(x) and Q(x) to reproduce E," and S* (k) (k > 0), it is suf-
ficient that the constructed function F*(x) satisfies the relation (3.13b),
and that the following conditions be satisfied by the solution (A7 (x, t),
A7 (x,t), F*(x), F~(x)) of the system of fundamental Egs. (5.17), (5.20)
and (5.21):

F+(0)p_(t)+TAJr(O,u)p_(u-i—t)du:O, t=0, (6.58)
0
A‘(O,t)=F+(O)s‘(t)+TA*(O,u)s‘(uH)du, t=0, (6.59a)
0

—[F(0)]?A"(0,—t)=F*(0)s~ (£) + cjoAJ“(O,u)s‘(u—l— tdu,t<0.(6.59b)
0

(6.58), (6.59a) and (6.59b) are readily obtained by writing 1 * (k,)=0
and f*(k)=S"* (k) f ~(— k) (ke R). Using the formula (5.17) for x =0, it
is easy to see that either of the two formulas (6.58) and (6.59a) yields the
other. Note that if the conditions (5.34), (3.22) and (3.21) hold, U(x) and
Q(x) are real. If S*(k)=S"(k)=S(k), C; =C, =C, and k, =k, =k,,
then Q =0.
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An important question has still to be solved. One would like to know
how far one can vary the input parameters C,), N~, C,, E, and
S~ (k) (k> 0) and still retain the existence of a pair (U(x), Q(x)) solution
of the inverse problem. This question has been already solved for real
U and Q =0: we know [19] that, under very general conditions on E,
and S(k), the only restriction on the numbers C, for the inverse problem
to be soluble is that they be positive. It should also be possible, by using
similar arguments, to solve the question for real U(x) and Q(x). In
general, we may expect many solutions to the problem.

§ 7. Specific Examples

In the real world E,; and S* (k) (k > 0) must be found from collision
experimentsand E, , N~, C,\, C,7, S (k) (k > 0) are almost free parameters.
In general they lead to complicated functions z* and so to complicated
integral equations. Here we start from simple functions z*. In this way
one can see how the method is applied without involving oneself in
complicated numerical calculation.

First, we remark that there are cases in which our method of solution
of the system of fundamental Egs. (6.1), (6.2) and (6.3) holds for a=0.
In fact, if we have

R._o<3, Se—o<l1, (6.60)
then the number x; may be chosen equal to zero in all the results of

§ 1,2, 3,4. If the conditions III and IV hold for the potentials U(x) and
QO(x) that we construct, we also obtain the results of § 5. This is the case if

R.-0<3, (6.61)
since the Jost function f* (k) constructed has then no zeros for Imk <0.

We give now an exactly soluble example. We start from the following
input functions:

zt)=ae ™, =20, ateC, p>0, (6.62a)
z7(t)=0, t=0, (6.62b)
and we suppose a) or b):

a) Ima* +0, (6.63)
b) a* isrealand p>a”. (6.64)
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The system of fundamental Egs. (5.17), (5.20) and (5.21) can be easily
solved, with the solution

at +4
F*(x)= (1 - 7 e‘“") , x20, (6.65)
AT (x,)=aTe PCTIF (), t=x=0, (6.66)
A" (x,)=0, t=x=0; (6.67)
Hence:
0(x)=—iaTe P*[F~ ()], x20, (6.68)
U(x)=Q2pa*e 2P+ @*)Y e *P*) [F~(x)]*, x20, (6.69)
fl,x)=e"™F (x), x20, (6.70)

[Tk x)=e ™ F~ () {[F* ()]*k—ip}[k—ip]™', x=0, (6.71)

STl =[S~ (—k] ' = [(1 - %) k— ip} (k—ip)~t. (6.72)

f (k) never vanishes; f* (k) has a simple zero for k=k,, k, being
defined as

at\ "t

therefore, if p> Rea™ there is no bound state corresponding to V™ if
Ima* #0, and p<Rea™, there is a bound state corresponding to V*
and it is easily found that

+\-2
Cg=—a+(1— “p ) . (6.74)

In both cases, it is easy to verify directly that the pair (U(x), Q(x)) is the
only pair of potentials belonging to € which has the input functions
z" (x) and z~ (x) given by (6.62) as fundamental functions. Note that for
real at, U(x) is real and Q(x) is imaginary.

For appropriate values of the complex numbers «* and «~, we can,
more generally, construct the unique pair of potentials (U(x), Q(x))
belonging to € which has as fundamental functions

@) =ae™?, t=0, p>0. (6.75)

We can always choose o™ and o~ in such a way that there is no bound
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state. We give the principal results:

+ o 3
F(x)= (1_“_e—sz+ x oc2 e_‘“”‘)
b (6.76)

T + - -3
-(1— Y ey X oc2 e"‘“’x) , x20,
p 4p

- -1
Ai(x,t)=(1— i e-4px)

4 2
p+ _ 6.77)
A F*(x) oczcx e 3P L FT (x)ot e“""e'”'}, t=x=0,
p
o+ -\ ,—2px ot a” -4
—il™ —aT)e P¥(1 - el px
Q0= ot~ o~ oc*l;‘ ot ’
1+ e—4px_____e—2px) <1+ e—4px____e—2px)
( 4p? p 4p? p
x20: (6.78)
the form of U(x) is more complicated ; let us only note that
Ulx) ~ Ce” 2px (6.79)

Lastly, note that if «* =a~, U(x) and Q(x) are real, and that if a* =,
Q(x) vanishes.

Acknowledgement. Professor P. C. Sabatier suggested this problem. We would like to
thank him for many helpful discussions.

Appendix A.1

We want to estimate the behaviour of ¢* (k, x) for large values of k.
For this, we start from the Neumann series (2.6) and write the general
term as follows:

@n (k, x) =0y (k, X) + B (k, x) + 7, (k,x), for nz0, (A.12)
vE(k, x)=aF (k, x)+ b (k,x)+cE(k,x), for n=0, (A.1b)

where:
k)= prln=— A2
oKX= 0 ,X)——Wa (A.2a)
76 (k, X)=ag (k, x) = bg (k, x) = c5 (k, x)=0, (A.2D)

15 Commun. math. Phys., Vol 28
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and, forn>1: )
ikx

o (k, x)= + — g e o) ak (k, y)dy, (A.3a)
—ikx x
BE (k, %) = J ¢ 00) B ) dy, (A.3b)
ikx x
a (l, x) = [ e ™ Q(y) BE_, (k, y) dy
e—ik:c0 x (A3C)
F— (j)e”‘yQ(y)oc.?_l(k,y)dy,
X 1 k —
bi (k)= D ) [ )+ B ] dy (A3
& (k, ) = 5smk<x y){—@— +2Q(y)]v,, (loydy  (A39)

We readily see that

oo (Filowas]

+ _ 0 >
o (k, x) 2k p , for n=0, (A.d4a)
e (i 000d))
+ _ _ 0 >
By (k, x) ik = , for n=0. (A.4D)
Hence: " -
Y o (k, x)= H (x) (A.5a)
n=0 2ik
) _ e—ikx
Y Ba(k,x)=—HT (x) ———, (A.5b)
n=0 21k

where H* (x) is given by (2.8 b). We are led to look for a bound for the
quantity

ikx —lkx

0% )= (09 S — 17

), ie.for ) pF(k x).
n=1

It is straightforward to prove that

oo
Ikl2 n!

where M(x) is defined by (2.8c). We obtain a similar bound for a} (k, x)

b2 (k, x)| < for n=1 and k|=1, (A.6)
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by integrating by parts each of the two terms of the expression (A.3c).
We have for the first term, for n>1,

eikx x )

= ie—’k”Q(y)ﬂf_l(k,y)dy
y n—1
_ eikx x e—21ky (+l£ Q(t) dl’)
e e (21000
=+ 2 o) =11 . (A.7)
i x x e—-2lky
g
(<ifooaf (fowa]
/ 0 N wn—1 \o
|12’ (n—1)! +07(y) (19 W dy,

and an analogous result for the second term. We deduce from this:
e [(ME ™! (ME)"

k|2 (n— 1! n!

for n=1 and |k|=1.

With the help of inequalities (A.6) and (A.8), it is not difficult to prove
by induction the following bound for y, (k, x):

Pl TeME)Tt M)
h)r:nt(kvx)‘éc lklZ (n_1)| + n!

for n=1 and k|21,

b

lay (k,x)| < C

(A.8)

H

(A.9)

which leads to the inequality (2.8a).

Appendix A.2

Proceeding as in Appendix A.1, we obtain the behaviour of f* (k, x)
for large values of k. We write the integral Eq. (2.12) in the form

1) M = 1T 1] 0OV * (i) dy+ | S0 &%+ 3)dy
} x (A.10)
e

e— 2ik(y—x)

[UG) £2kQ()] €* f* (K, y)dy,

15%
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and expand f ¥ (k, x) e'** as follows:

fEk,x)e* =} g; (k,x), (A.11a)
n=0
g (k, %)= py (k, x) + v (k,x), for n=0, (A.11b)
vEk, x)=rE(k,x)+sE(k,x)+tE(k,x), for n=0, (A.11¢)
where:

ue (k,x)=1, v§ (k, x) =75 (k, ) =55 (k,x)=t5 (k,x)=0, (A.11d)

and, forn=>1:

i ()= Fi | Q0) s (K y) dy, (A.110)

w2 (kx)= +i °5° ™20 0(3) 4 | (k, y) dy A110)
1 ® .

£ 0ox)= o [ UG —e 9] i (k) dy,  (Adlg)

(k)= —if [Mw(y)][ ~20-97y% | (k, y)dy. (A1)

It is easy to see that

(1 o)
i x) = = for n20, (A.122)
and '
Yok x)=F*(x), (A.12b)
n=0

where F* (x) is given by (2.15b). We seek now a bound for the quantity
f*(k,x)e**— F*(x), ie. for Y vZ(k, x). It is not difficult to obtain the

n=1

inequality
C (PX)"

Iy (k, x)| < —— Kl

, for n=1 and k=+0, (A.13)

where P(x) is defined by (2.15¢). Integrating by parts (A.11f) and using
the Assumption II, we derive also a bound for rZ (k, x):

. C [(PEY™ , (PO
e R |

for n=1 and k+0. (A.14)
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From formulas (A.13) and (A.14), we prove by induction that

C [@P()"™!  (2P()"
k| (n—=1)! n!

vy (k,x)| < ,for n=1and K|=1. (A.15)

Inequality (2.15a) follows immediately from (A.15).

Appendix B
We intend to prove the differentiability of 4* with the help of the

expansion (4.15). We note first that %Ag (x,t) and %A(]—L (x, t) exist

and are continuous for t = x = 0, and are given by the formula

0 0
EASI (x,t)= EASI (x, 1)
(B.1)

- e B e () Fe A

They also satisfy

‘—;;Aa—r(x,t) and ’iA{,—'(x,t).émW( (B.2)

X+t
ot ’

where W(x) is defined by (4.23b). Let us assume that the property (P):

133

0 . .
5 AZ (x,t) and v AZ (x, 1) exist and are continuous for t = x>0,

and satisfy

IaixA,,i (x, )| and —aa—tA;—" (x, 1)
(B.3)
. (N s (NG x+t\ (N(x)"”
gmag(x)[(z_n T R e +mW< 2 ) ni

is true for a fixed arbitrary value of n= 1. Using this and the results
obtained for AF (x,t) and A%, (x, t), it is tedious but straightforward to

0 0 . .
prove that ™ AZ  (x,t) and a A, x,t) exist and are continuous for
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t=x=0 and are given by the following formulas:

1

A (x,t)=— - 1 U0) AF(t+y—x)dy

% — 8

0
0x
x+t

2
[ UM AF(p, t+x—y)dy

7
+__ /x+t Ai/x+t X+t (B.4)
-2 \ 2 2 )
jQ(y)—A 0, t+y—x)dy
x+t
.2 0
+i Q(y)EAf(y,Hx—y)dy,
o, 1
57 A () =+ IU(y)A 0, t+y—x)dy
X+
1
5 f UWAF (. t+x—y)dy
i x4+t s [ X+ x+t
J_rzg( ; )A( > 2) (B.5)

Fi]00) o AFO,t+y—x)dy

2
- )
+i | Q(y)EAf(y,Hx—y)dy-

Inserting the bounds (B.3) and (4.14a) in the expressions (B.4) and (B.5),
we show the validity of the bound (B.3) and hence of the property (P)
in the case n+ 1. As it is not difficult to prove (P) for n=1, we conclude
it holds for every n= 1.

In view of (B.3), it is obvious that the series Z aiAi (x,t) and
n=0

9]
y A (x, t) converge uniformly on every compact set. Therefore,
n=0
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0 0 . .
" A*(x,t) and 3 A* (x, t) exist and are continuous for ¢ > x >0 and,

;—A (x,t)= i A (x, 0, (B.6)
0
3_A Z ~A (x, 7). (B.7)

The inequality (4.23a) follows immediately.

Appendix C

In this appendix, making the Assumptions I, II, III and IV, we prove
a “completion formula”.
To this purpose, we introduce the Green’s function

qo*(k,x)%, y2x,

G*(k,x,y)= o (C.1)
+ B » X
@“(kaY)—jT%)—, 0<y=x.

Except for a finite number of non real poles corresponding to the bound
states, G= (k, x, y) is, for fixed x and y, analytic in k for Imk <0 and
continuous in k for Imk <0. Let y(x) be a function twice differentiable
and vanishing in the neighbourhoods of x =0 and x = c0. We set

0(x)= —v"(x)+ U(x) p(x). (C.2)

It is easy to see that

p(x)= 10 G*(k,x,y) [0(y) £ 2kQ(w(y) — K*w(y)]1dy ; (C.3)

hence:

1 [ee}
P TG ) 00) dy+2j G (k%) Q) W) dy
0 (C.4)

—ki G*(k,x, y)p(y)dy.

We integrate both sides of (C.4) around a half-circle |k| = R contained
in the lower half of the complex k-plane and described in the positive
sense. Thanks to the bounds (2.7) and (2.14), we see, using a Jordan’s
lemma, that the integral of the first term of the second side of (C.4)
vanishes as R— 0. The same result holds for the integral of the second
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term; to prove this, we replace, in G* (k, x, ), o* (k, y) and f* (k, y) by

otk )= H () S —H () & +RE(KY),  (C.5)
’ 2k Y 3k iy, '
FE(ky)=F()e ™+ RE(k, y), (C.6)

we integrate by parts with respect to y the terms containing e** and
e” ™ in the expression of | G*(k, x, y) Q(y) w(y) dy, and lastly, we make

0
use of the bounds (2.7), (2.8), (2.14) and (2.15). The left hand side of (C.4)
yields im p(x). We have therefore

p(x)= — L lim | kdk [ G*(k,x,y)p(y)dy. (C.7)
IT R-w |k|=R 0

Let us consider the same integral computed along a closed path, which

is composed of the real segment [ — R, + R] and the half circle |k|=R

contained in the lower half of the complex k-plane; applying the theorem

of residues, and making use of the formula (3.6) in the case k= k;", we

obtain as R— o

1 [e e} 0
p(x)=— o [ kdk [ [G*(k,x,y)—G*(—k,x,»)]p(y)dy
o 0 (C.8)

N+ [°Y)
+ Y Bro*(ki,x) [ o= (ki »)w()dy,
=1 0

n

where
4i(k,)?

: .
9% 0) 5 * Wlhois

Bf =

n

(C.9)

We add the formula (C.8) corresponding to the index “+” and the
formula (C.8) corresponding to the index “—”; then, with the help of the
relations (2.9) and (3.7), we derive the following “completion formula”
valid in the space of the functions y(x) previously defined:

p(x)= g o  (k,x)do™ (k) Z " (k,y)w(y)dy

+ 107 x)de™ (0 f 0™ (k) () dy

v g B (C.10)
+ Y T"w*(kn*,x) [ o* ks, v)wy)dy
n=1 0

N-

B _ @
+Zl 5 <p,.(k,,,X)(I)<p kv, V) w(y) dy,
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where
do* (k) _ 1 k?

dkm fERST(=R
Note that the coupled integral equations (5.17), which are of para-

mount importance in the study of the inverse problem, may be easily
derived, in a purely formal sense, from the formulas (C.8).

kz

0. (C.11)

Appendix D

In this appendix, we list some bounds useful in deriving the results
of § 3. These bounds are obtained without difficulty; we omit proofs.
Forn=0,u=x,t=x, x=0, we have:

§(2n+1)R§"ao(x+”)co(”t), (D.1)

0 +
e S0 2 2

|a—i @,n(u,t)l gRi"oo(t;x)&o(";“); (D.2)

foruzx,t=x,x=xq:

o . 1+ R2 x+u x+t
— ¢* <
2 etwn| s i a (e (Y5 @3
J ., a . 1 x+t\. [x+u
7 pt —_pT < ; (D.
20| and | L 020|510 (S50 (5 s 04
fort=x=x,:
o . x+t .
—— 0 (x,1)| =Cop Loo(x)+ 6o(x)] , (D.5)
0x 2
0 x4+t . x+t x+t
lg;lp;i(xat) éc[ao(x)o'o( 3 >+00(x)0'0(—2—>+01( ) )],

(D.6)

‘%'Pf(x,t)[gc[oo(xwo(x;t)+a1(x;”)]; (D.7)

foru=zx,t=2x,x=0:

gC[ao(x)al(xTH)+al<x;u)o-o(x—zi_t”, (D.8a)

82
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| aaxz @i"(u’t)l = (40n— 1)n +10n) 53" 0 (x) ao(x;t)
D.8b
+ 852G, (L) g, (X)) 4 52 X+t (>1)
2 )72 "go(x)o [~ |, nz1,
z xtt xX+u
Ox du o) < ( ) ( ), (D.9a)

t
< 2n87"64(x) 0, (x-zi-t) +82"d, (x—zl_ )0'1 (x-;—u)’

(D.9b)

* .
0x0u Conlw1)
n=1,

32
o G| SR 0 (S5 5 (F1). nzo: @0

foruzx,t=x,x=x,:

X+t X+t x+u
ao(x)ao( > )+00(—2 )al( > )

+50(x)01<x—2|_t>};

2

.
Y ) B <
16x2 * =¢

(D.11)

foruzx,t=x,x=x,:

»* x+t x4+t X+u
< 2Tt
‘6 Fm P u,t)| <C o‘o(x)cro( > >+60( > )01( 2 )}, (D.12)
0* o x+t x+u
P @ (u,t)| and P (t,u) §Cao( 5 )61( 5 ); (D.13)

fortzx=x,:

i x
| oz tu] =Can

- t) [0+ 01 () +3,(], (D.14)

l@az YE(x,1) <C[ao(x)01( _2H>+0'2(X-ZH)
(D.15)

+0'0(X-2H)(O'o(x)+0'1(x)+5'1(x)) )
‘6‘32 P (x, 1) <o‘0(x)01(x—2'_t)+az(x—2|_t). (D.16)
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Note Added in Proof. After the completion of this work we read a paper by H. Cornille

[J. Math. Phys. 11, 79 (1970)] in which he studied the reconstruction of U(x) and Q(x) from
the S-matrix discontinuities in the complex k-plane for the Schrodinger equation (1.8a)
with the energy-dependent potential V*(k, x) = U(x) + 2(k* + m?)* Q(x), m =0, in the case
where U(x) and Q(x) are superpositions of exponential-type potentials — with the additional
condition U(x)= —Q?(x), this equation reduces to the Klein-Gordon equation with the
static potential Q(x) for a particle (antiparticle) of mass m and of energy k — In this study
he gave an extension of the Marchenko formalism: he showed that the Jost solution
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f*(k,x) may be written in the form (Cornille formula 33)
[E(kx)=e""%cos [ Q) dy+ [[K,(x, 1) £ (K +m*) K, (x, )] e~ * dt, 0]

and by using dispersive methods he derived two coupled integral equations (Cornille
formula 34) connecting K, (x, t) and K,(x,t) with certain functions easily deduced from
the S-matrix discontinuities in the complex k-plane. Using the theorem of residues in the
complex k-plane, it is easy to see that these functions are also easily deduced from the
S-matrix for real k, from the binding energies and from certain other numbers associated
with the bound states, and therefore are similar to our functions z* and z™. It is certainly
possible to prove that this formalism is valid for a larger class of potentials U(x) and Q(x)
though one cannot expect to use dispersive methods in general for the proof. However, for
m =0, because of our assumption that Q(x) is differentiable — which allowed us to perform
useful integration by parts all along our paper — our formalism is not identical with the
Cornille formalism. The connection between the two formalisms is nevertheless easy to do.
Integrating by parts the second term in the integral of (i) and taking into account the relation

K, (x,x)= sinf Q() dt (Cornille formula 39a), we find again our relation (4.20) if we set

x

AE(x, =K, (x, ) Fi % Ky (x,1). (ii)

Furthermore, starting from the Cornille integral equations for K, (x, {) and K, (x, t), and
integrating by parts certain terms, we find, after some work, our integral Egs. (5.17) for
A*(x,1) and 4~ (x, 1), but valid only in the case of superpositions of exponential-type
potentials.





