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Abstract. The s-wave scattering solution is discussed for a class of nonlocal (non-
separable) potentials. Existence and uniqueness theorems are given and the analy-
ticity domain in the k-variable (£ = wave number in the C.M. system) is deter-
mined. Furthermore it is proved that solutions of the bound state problem exist
and a discussion of the square-integrable solutions, which can occur for a real
positive value of the encrgy, is given. In this last case the scattering solution also
exists but it is not unique. Finally the S-matrix is introduced and it is proved that
it is unambigously defined even if the scattering solution is not unique.

1. Introduction

In a previous paper [1] the Born expansion of the scattering solution
for a class of nonlocal potentials was considered. The analysis was
restricted to the s-wave Schroedinger equation

+ 0

y' () + Ky (r) = gof Vir,s)y(s)ds (1.1)

where ¢ is a real quantity and the following assumptions are made on
Vir,s):

a) V(r,s)is a real and symmetric function
Vr,s)= V¥(r,s)= V(s,r) (1.2)

in order to have a time-reversal invariant and hermitian interaction;
b) V(r,s) is a measurable function of both variables, 0 < r < 4 oo,
0 < s < 4 o0, and a real constant o > 0 exists such that:

+ oo -+ o
C= [exrdr [sexs|V(r,s)|ds <+co. (1.3)
0 0
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The scattering solution is the solution of eq. (1.1) satisfying the
following boundary conditions:

yp(k, r) = sinkr + @ (k, r)

Bk, 0) =0, lim [& (k) —ikdEA]=0. I

In ref. [1] the problem expressed by the integrodifferential equa-
tion (1.1) with the boundary condition (1.4) was reduced to the problem
of solving the linear integral equation

+ oo
vk, ) = vo(k, r) + gfL(lc; r,s)v(k, s)ds

(r, s) sinks ds

j
[T

(1.5)
Lk;r, s)= G(k;t,s)dt
0
Gkt 8) = — —ilc—sin [k min (s, t)] exp [tk max (s, t)]
in the Banach space
X= { (r) : |zl = fe“{:c ) dr < +oo} . (1.6)

Of course we can write eq. (1.5) as a linear functional equation in X:

[1—gLk)]v(k, ) = vo(k, ") . (1.7)

When eq. (1.5) is solved, the scattering solution u(k, r) is obtained by
means of v(k, r) as follows:

+ oo

w(k,r)=sinkr+g [Gk;r, s)v(k,s)ds. (1.8)
0

In [1] we found that, if |g| C' < 1, then the Born expansion converges,
it is holomorphic in |[Im#k| < & and gives the solution of the integro-
differential equation (1.1) with the boundary conditions (1.4).

In the present paper we prove that, for the class of nonlocal potentials
characterized by conditions a) and b) above, L (k) is a compact operator
in X for each kin Imk = — « and therefore we can use the well-known
Riesz-Schauder theory [2] to discuss the solutions of eq. (1.7).

In fact this theory allows us to prove that, for an arbitrary fixed
value of g, w(k, r) exists, it is unique (in a class of functions to be specified
later) and is analytic in & in the strip [Imk| < «, except at those k-points
where a nonzero solution of the homogeneous equation

[1—gLk)]xa=0 (1.9)
exists.



130 M. BerrERO, G. TALENTI, and G. A. ViaxNo:

On the other hand we prove that, if a nonzero solution z(r) of eq. (1.9)
exists at & = ko, Imky = 0, then

7(r) :700G(k0;r, s)x(s)ds (1.10)
0

is a solution of eq. (1.1) which satisfies the conditions

2(0) =0, [ly(r)dr < +oo. (L11)
0

We obtain also some informations about the distribution of the
points (in Tm% = 0) where a nonzero solution of eq. (1.9) occurs: these
points are contained in a circle of finite radius (for fixed g) and they can
lie only on the imaginary or on the real axis'. Furthermore they have no
cluster point except perhaps k = 0.

We can conclude that the nonzero solutions of eq. (1.9) are related to
bound states with negative binding energy if the value of % is pure
imaginary or to “spurious” bound states of positive energy if the value
of k is real? [3].

We prove also that, when a nonzero solution of eq. (1.9) exists for a
real value of %, then also eq. (1.7) admits a solution; in other words,
when a “‘spurious” bound state exists, then necessarily the scattering
solution exists too®. However the scattering solution is not unique. In
spite of this fact, it is very easy to show that the S-matrix is uniquely
defined.

Nonlocal potentials have been discussed elsewhere in the framework
of the Lipmann-Schwinger equation in momentum space [5]. On the
other hand our method works directly in configuration space, as is
usually done in the theory of local potentials [6].

In Sec. 2 we prove the main properties of the operator L (k). In
Sec. 3 the existence, uniqueness and analyticity in k£ of the scattering
solution is derived, whereas in Sec. 4 the bound states are discussed.
Finally Sec. 5 is devoted to the definition and properties of the S-matrix.

2. Properties of the Operator L (k)

The main properties of the operator L(k), defined by eqs. (1.7) and
(1.5) above, are contained in the following theorems.

! This last fact is a consequence of the reality of ¢ and of condition a) above.

2 One can find very easily examples of nonlocal potentials satisfying condition
a) and b), and such that “spurious” bound states exist. Such an example is the
“nonlocal square well”, i.e. the potential: V(r,s) = 1,7, s < ry; V(r, s) = 0 other-
wise. If g takes one of the following values: g = (2 nn)z/rg; n=1,2,..., then one
“spurious” bound state exists.

3 This fact was already conjectured by A. MarTIN [4].
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Theorem 2.1. L (k) is a bounded operator in X for each kin Imk = — oy
furthermore | L(k)| — O if |k] > + oo in Imk = — o

Proof. From the inequality

2|
1+l

the following bound on G (k; 7, s) (defined in eq. (1.5)) is obtained

|sinz| = exp (|[Imz]) 2.1

2r

|G (ks 7, 8)| < TF

e rts)  Imk = —o. (2.2)

Now, from eq. (2.2) we get

]")@” or . ~ _ 9«
L H_fe? e <2fe dr 1+|icl V() ds, Imk = — o (2.3)

As a consequence of condition (1.3), the integral is convergent and there-
fore L(k) is a bounded operator if k is in Imk = — c.

If we change the order of integration and we write
fw =

-+ oo

[]L(k)ﬂ;<QJsc“sds()fe“’[V(r,s)]dr+Virafe“dsofe“|V(7‘,s)|dr (2.4)

both integrals are clearly convergent. For any ¢ > 0 we can choose a
such that

a -+ 00
fsc“ dsfe‘”\V(r, s)|dr < ~Z— (2.5)
0 0
and & such that
4 - -+ oo
k| > —gfe“s dsfc“’ |V (r,s)| dr. (2.6)
@ 0

From eqs. (2.4), (2.5) and (2.6) it follows that
k|l <e, Imk= -« (2.7)
and the Theorem is proved.

Theorem 2.2. L(k): X — X s a compact operator for each k in
Imk =z — o

Proof. Let {x,} be any bounded sequence in X, i.e. [z, = y (v is a
constant independent of =).

We write y, = L(k)z,. We have to prove the existence of a sub-
sequence {y,} (n; < n;,) and of an element y € X such that

4, =yl =0, j—>-+co. (2.8)
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We prove at first the following statements
@ ol = vIL@)]

+ o0
(i) sup [lexC+My, (r + b) — e* 'y, (r)]dr -0, k-0 (2.9)
n 0

(i) sup [e*7|y,(r)dr -0, R— +oco.
n R

Inequality (i) is a trivial consequence of the hypothesis |z,| < y and
of Theorem 2.1.
For what concerns (ii), by means of the following inequality

[sinz| < |z| exp (|Imz]) (2.10)
one obtains:
|G(k;r,s)| < rexC+d, Imk= —« (2.11)
and therefore

+ oo
sup [ [e* Wy, (r + h) — €Ty, (r)] dr =
n 0

+oo +oo (2"12)
<y [dr [text|ex NV (r 4+ b, t) — e*" V(r, t)| dt .
00

The r.h.s. of eq. (2.12) tends to zero when A — 0. This fact is a con-
sequence of condition (1.3) on ¥ (r, s) and of the continuity, under the
integral sign, of the operation of translation.

For what concerns (iii), from the inequality (2.11) we have

-+ co

+ o + oo
sup [ e*"|y,(r) dr < y [e*rdr [te*t|V(r,t)| dt (2.13)
n R R 0

and also in this case condition (1.3) implies that the r.h.s. tends to zero,
when R — + co.

Therefore (i), (ii) and (iii) are proved.

Now, if we write

Wy (1) = €7y (r) = w, (r) € L2(0, 4 o0) (2.14)

from the statements (i), (ii) and (iii) and from the M. Riesz theorem [7]

the sequence w, (r) is a relatively compact set in L1 (0, + co). — Therefore

a subsequence {w,,(r)} and a function w(r) € L*(0, 4- o) exist such that
+ o

[y, (r) —w(r)| dr -0, j—4oo. (2.15)
0

If we consider the subsequence {y,,(r)} = {¢~*"w, (r)} and the func-
tion y(r) = e~*Tw(r), then eq. (2.15) implies eq. (2.8) and the Theorem
is proved.

Theorem 2.3. & — L (k) is a holomorphic operator valued function in
the half-plane Tmk > — .
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Proof. We have to prove that, for each k in Im#k > — &, a bounded
operator L(k): X — X exists such that

HM‘M" L(’“)“*W, 2] > 0. (2.16)

By means of the Cauchy Theorem and of the inequality (2.11) we get*

kr, ,
(s 7, 5)] 2n|95(k ) ak

where the path of integration C is the circle with center in & and radius
R = a« + Imk; furthermore, if |A| < R, we also have

= - exrt) (2.17)

lG(k—l—h r,8) — G(k;r, ) _ G(lc;r,s) _
~ G s 7, 5) " @19
/; r"g ’ o (r S
|9§ G =i S ey T
Now, let us define
- o0
L(k)yx(r) = [ L(k;r, s)w(s) ds
i (2.19)
Lks;r,s)= [ V(r,t)Gk;t,s)dt.
0
From eq. (2.17) we easily obtain
Lk < - fe”dr/dsfdth(r, Bl tex C+9]a(s)] = o Ja] . (2.20)
0 0 0

Tt follows that L (k) is a bounded operator in X (Imk > — &) and that

. C
1L®))] = % Tk

On the other hand, from eq. (2.18) we have
!l Lk + h})b- L(k) LUC)H <

(2.21)

4 oo

wr " Gk + h; r,s)— Gksr,8)
gsup“ ”fe drfdsf]Vrt)]' (2.22)

reX

n| C

—-G'(]C',T,S) m

|z (s)| dt < >0, |0

and the Theorem is proved.

¢ We indicate with an upper dot differentiation with respect to k.
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3. The Scattering Solution

From Theorem 2.2 and the Riesz-Schauder theory [2] it follows that,
for fixed k in Imk = — «, the resolvent

Rk, g) = [1 —gLk)]™* (3.1)

is a bounded operator in X for every value of g in the complex g-plane,
except at most for a countable set of values, say g, (k). Each g, (k) is an
eigenvalue of L(k) of finite multiplicity, i.e. the number of linearly
independent solutions of the homogeneous equation (1.9) (with ¢ = g, (k))
is finite and nonzero.

However the main interest does not lie in the properties of R(k, g)
as a function of ¢ for fixed k&, but in the properties of R (%, g) as a function
of k for fixed g¢.

Let us suppose that ¢ is a fixed real quantity.

We shall call Q the set of £-points in Imk = — « such that g belongs
to the resolvent set of L(k); and Q' the set of k-points in Imk = —«
such that g belongs to the spectrum of L(k). Q and Q' are disjoint sets
and their union is the half-plane Imk = —a. R(k, g) exists and it is
bounded in X if k& € Q, whereas it does not exist if k € £'.

We shall analyze later the structure of the set Q'. We observe only
that £’ is certainly contained in a circle of finite radius. In fact from
Theorem 2.1 it follows that, for fixed ¢, there exists a k,(g) such that for
|k| > ko(g), Imk = — o we have

gl [ L (k)| <1 (3.2)

ie. gL(k) is a contraction in X. Therefore R (k, g) certainly exists and it
is bounded in X for |k| > k,(9), Imk = — .

The main Theorem of this Section is the following.

Theorem 3.1. Let £, be the interseciion of the set £2 with the strip
Imk| < a. For each k € Q, there exists one and only one function y(k, r),
r = 0 such that:

(i) w(k, r) has an absolutely continuous first derivative,

(i) p(k, r) is a solution of the integrodifferential equation (1.1) with
the boundary conditions (1.4)

(iii) the following condition

Jexrp' " (k,r) -+ B2y (k, r)| dr <+ oo (3.3)
0
18 satisfied.
Furthermore (k, r) ts holomorphic, for fixed r = 0, in £2,.
In order to prove this Theorem we need the following Lemmas.
Lemma 3.1. Q is an open set. k — R(k, g) is a holomorphic operator
valued function in Q.
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Proof. Let ky € £2 and let § be given by
o+ Imk,
O = 1 Cll R o) 34)
We prove that the open circle |k — ko| < ¢ is contained in £.
As is well known, if 4 is a bounded operator which has an inverse
A1, then any operator B such that

1B — 4] < |]A 1| (3.5)

has an inverse B~! which can be represented by the series (convergent in
norm)

L oo

B-1= Y [4-Y(4 — B)]"4-1. (3.6)
n=90
We write:
A=1-gL(k), B—1— gLk, +h) (3.7)
where |i| < 0. Then, by Theorem 2.3 and inequality (2.21) it follows that

’ L R C
1B~ Al =gl LU+ B~ L £ 5 1o < S0 =
. . (3.8)

T B T T4
and condition (3.5) is satisfied. Therefore B-! = R(k, + h, g) exists for
any % such that |h| <  and, as a consequence, £ is open.
Furthermore, from eqs. (3.6) and (3.7) it follows

R(ky 4 by g) — R(ko, ¢ Lk + h
~fwmm%ﬂ~ifﬂ—gﬁwmm L+ D= 28 Rty ) =
(3.9)
= h {Y {B (ko, g ko + k) — L(ko)1}* g" R (ko, g) -
The norm of the r.h.s. of eq. (3.9) is bounded by
| g 9" {R (kg g) LL (ko -+ 1) — L{ko)]y" R ko, 9) || =
| .
= 2 lg|" [ 2 (Ko, @)+ | L (ko + ) — L(ko)|™ <
n=2 (3.10)

.Zo’o lgl™ | B (Ko, 9) H"“(l ])W ({j%i_ a)”:

Lo S

and therefore it tends to zero as |k — 0. It follows

IV R(koy + b, g) — R(k,, . 1
AR ERO = HED Ry, g) Lik) Blke g)| >0, B0 (3.11)

and the Lemma is proved.
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Lemma 3.2. k — v, (k, -) (defined in eq. (1.5)) is a function with values
in X, holomorphic in the strip |[Tmk| < .
Proof. We have to prove the existence of a function 4,(k, ) € X,
HImk| < o, such that
‘vo(k + h,
|
Let us define

.})L_ nl) g .)H_w, B 0. (3.12)

-+ oo
Oolk, )= [ V(r,s)scosksds . (3.13)
0
Then, if [Imk| < «
+- oo + o0

[9o(k, )| = [ exrdr [ s|V(r,s)| ™ ds<C (3.14)
0 0
and therefore v,(k, -) € X.
Now we have
|| vo(k + h,*) — vo(k, *)

“ ) — 6yl )| =
-+ oo + oo (315)
in(k + h) s — sink f
= Of exrdr Of s|V(r,s)| sinfk + L])h: SRS cosks‘% ds

and from the following relation

sin(k + k) s — sinks
s cosks
1

= —2fsin (ks - %hsy) sin (»;— hsy) dy (3.16)

0
we get

sinfk + }2:— sinks _ cosks{ = |h| sexp[s(|Im#k| + [ImA])]. (3.17)

Inequality (3.17), modified as follows

sexp [s(|Imk| + |Im~7|)] < ; [Imk| + |TmA| <o (3.18)

e
o — |Imk| — [Imba|
substituted in eq. (3.15) gives

[vg(k + by +) — vy (k, *)
7 —

which tends to zero as |h| — 0, and the Lemma is proved. The Riesz-
Schauder theory, Lemma 3.1 and Lemma 3.2 imply:
Lemma 3.3. 4 solution v(k, +) of the inhomogeneous equation

(1 —gL(k)]v(k, ) = vo(k, ) (3.20)

|R|C
o — |Imk| — [Ima|

A

Bo(k, )“ (3.19)

exists and is unique in X for every k € Qy. Furthermore k—v(k, ") 1s a
function holomorvhic in Q,.
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We are now able to prove Theorem 3.1.
Proof of Theorem 3.1. Let us consider the following function

w(k, 1) = sinkr + g [ Gk;r,s) v(k, s) ds (3.21)
0

where v(k, -), k € £2,, is the solution in X of the inhomogeneous integral
equation (3.20).

We can easily check that vy’ (k, r) is absolutely continuous, and that
w(k, ) is a solution of the inhomogeneous differential equation

'k, )+ KRy, r)=gu(k,r). (3.22)

From this equation it follows that y(k, r) satisfies condition (3.3).
Furthermore, from the integral equation (1.5), inverting the order of
integration, we have

vk, r) = f V(r s) [sinks 4 ¢ f G(k; s, t)v(k, t)dt]ds (3.23)

+oo

= [ V(r,s)p(k,s)ds

0
Eqgs. (3.22) and (3.23) imply that y(k, ) is a solution of the integro-
differential equation (1.1).

w(k, r) satisfies also the boundary conditions (1.4). In fact, writing
explicitely the obtained representation of @ (k, r)

r -+ oo
. k A
&k, r)=—g[e”” [ = sinks &, s) ds + S‘“k’ = [ s, s)ds} (3.24)
0 T

it is clear that @ (£, 0) is zero; furthermore, computing the first deriva-
tive, we have

(7l r) — kDo, 1) = | [ 6Dk, ) ds| =
! +oo (3.25)

= [ e*Slu(k,8)|ds— 0,7~ + o0
;

since v(k, +) € X. Therefore the existence is proved.

Now, let yp; (k, ) and y,(k, r) be two solutions of the equation (1.1)
with the boundary conditions (1.4) and let them satisfy condition (3.3);
their difference

yk,r)y =y, (k, 1) — py(k, 7) (3.26)
is such that
+ oo
k) By ) =g [ V() yks)ds  (3.27a)
0
y(k,00=0, lim [y (k) —iky(k,)]=0  (3.27b)

-+ oo
[ ey (k,r) + 2y (k, r)| dr < +o0. (3.27¢)
0
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If we write

wlk, r) =y'" (k,r) + Ky (k, r) (3.28)
then egs. (3.27a) and (3.27¢) imply
wlk,ry=gqg [ V(r,s)y(k,s)ds (3.29a)
0
Tf e*Tu(k, r)| dr < 4- o0 (3.29b)
0

ie. u(k, ) € X.
Solving eq. (3.28) by means of the usual method of variation of
constants, from conditions (3.27b) we obtain

y(k, s) = ] Gk;s,t)w(k,t)dt (3.30)
0
and substituting in eq. (3.29a) we have
-+ oo + oo
w(k,ry=g [ ds [ V(r,s)G(k;s, t)u(k,t)dt. (3.31)
0 0

Tt is straightforward to verify that the double integral of the r.h.s.
of eq. (3.31) exists as a consequence of eq. (3.29b); then we can change
the order of integration and write (3.31) as follows

w(k, ") = gL(k) w(k, ) . (3.32)

By hypothesis £ ¢ 2 and therefore nonzero solutions of the homo-
geneous equation do not exist. We conclude that w(k, -) = 0; it follows
y(k, r) = 0 and the uniqueness is proved.

We still have to prove that y(k, 7) is holomorphic in £,.

Let us define, if & € Q,

-+ oo
Pk, r)=rcoskr +g [ Gk;r,s)v(k,s)ds+
0

+4g H:‘f“g(]c; r, 8) bk, s)ds (3.33)
0

where 9 is the derivative of k — v (k, *) (see Lemma 3.3).
We have to prove that the quantity

_ﬂ]fij’_’%”_w@f)# — 4k, r)= [Sin(k + h)hr = sinkr 7 COS kr} +

) s Gk + h;r,8)v(k + k,8) — Gk;r,8) vk, 8)
g f [ 3 = (3.34)

— G(k;r,s)v(k,s) — Gk; 7, s)v(k, s)] ds

tends to zero as || - 0, for any » = 0.
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For what concerns the first term in the r.h.s. of eq. (3.34), it is trivial
to see that it tends to zero. The second term can be written as the sum
of the three quantities
G s 8) — Gk, .
f [-Li,,,lﬁlzﬁﬁ_l bins) Gk;r, s)] v(k, s)ds (3.35a)
0

oo

[ PR =80, ) @Gk 7,0 ds (3.35D)
0
f [G(k + ko, s})b— G(k;r, s),] [k -+ h,s) — vk s)]ds. (3.35¢)

The first quantity (3.35a) tends to zero as a consequence of eq. (2.18);
the second quantity (3.35b) tends to zero because of the bound (2.11)
and of the definition of derivative of the function £ — v (&, -); the third
quantity (3.35¢) also tends to zero as a consequence of the bound

| | G'sr, ) dk |

|Gk + Ry, s) — Gk, s) =9 | Tlc~_le(fi7c"~—i»7=
¢

A

2] )
= Fop ety

(R is defined in Theorem 2.3) and of the continuity of »(k, ). Therefore
also the analyticity of y(k, r) is proved.

4. The Bound State Solutions

The problem studied in this Section is the analysis of the solutions of
the homogeneous equation (1.9) and the investigation of the structure
of the set £'.

The main Theorem of this Section is the following:

Theorem 4.1. Let y(r) be a solution of the integrodifferential equa-
tion (1.1), with Imk = 0, k == 0, satisfying the following conditions:

(i) x(0)=0

(i) sup Jey(r)] < +oo

0<r< + @

(i) [ [z dr < 4o

0
then

a(r) = +me(r, 8) x(s) ds 4.1)
0

18 a solution, belonging to X, of the homogeneous integral equation (1.9).
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Conversely, if € X is a solution of eq. (1.9) with Imk = 0, then
2(r) =g waG (ks r,s)a(s)ds (4.2)
s a solution of the integrodifferential equation (1.1) and satisfies conditions

(1), (ii), and (iii) above.
If k is real, then one has

+ o0 -+ oo
[ sinkrdr [ V(r,s) x(s)ds=0. (4.3)
0 0

Remark. One can easily prove that
X' ={y(r):|y] = esssup. [Ty (r)[} (4.4)
0=r<+ o

is the dual space of X5. — Condition (ii) of Theorem 4.1 implies that
(1) €X',

We need the following Lemma:

Lemma 4.1. Let y, (r) and y,(r) be two solutions of the integrodifferential
equation (1.1), respectively with k =k, and k= ky; let y,(r) and y,(r)
satisfy conditions (i), (i), and (iii) of Theorem 4.1. — Then

-+ oo

im0 g8 ()~ B0 O] = B ) [ @) i) dr. (45)

’ 0

If k= ky, = ky is real and if y(r) = y, (r) = y,(r) satisfies conditions (i) and
(ii) of Theorem 4.1. then
m [y()y* )~y () y* ()] = 0. (4.6)
Proof. Multiplying the integrodifferential equation (1.1) in y (r) by
y¥(r) and the equation (1.1) in %3 (r) by ¥, (r) and subtracting we have
[condition (1.2) on V (r, s) has to be used]:

L) 95 1) — yi) v + (52— ) 9 93 ()
-+ oo (4.7)
=g [ V(9 Ina0r) g (s) () 9F ()] ds
0

Integrating over (0, +o0), as a consequence of condition (iii) the
second term in the lLh.s. of eq. (4.7) is integrable; the r.h.s. is also
integrable because of conditions (i), (ii) and the double integral is zero as
a consequence of condition (1.2) on V (r, s).

Therefore eq. (4.5) is proved.

If k =k =k, is real and y(r) = y, (r) = y,(r), the second term in the
Lh.s. of eq. (4.7) is identically zero. Integrating over (0, 4 o), the r.h.s.

% ess. supp. means the essential least upper bound.
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of eq. (4.7) is integrable as a consequence of conditions (i), (ii) and the
integral is zero because of condition (1.2) on V (r, s).

Therefore eq. (4.6) is also proved.

Proof of Theorem 4.1. Let ¢ X be a solution of the homogeneous
equation (1.9), Imk = 0; we prove first that y(r) defined by eq. (4.2)
is a solution of the integrodifferential equation (1.1). In fact, by means of
two differentiations we have that y (r) is a solution of the inhomogeneous
differential equation:

7 0) + By r) = ga(r) . (4.8)
Now, from the homogeneous equation (1.9), written explicitely as
follows,

+ o0
x(r)y=g f s [ V(rt)Gk;t,s)dt (4.9)
0
by means of a change of the order of integration we have
2= [ Virt) 2(t)dt. (4.10)
0

Eqs. (4.8) and (4.10) imply that y(r) is a solution of the eq. (1.1).

We prove now that y(r) satisfies conditions (i), (ii) and (iii).

For what concerns (i) and (ii), from the bound on G (k; r, s), which
holds in Imk = 0:

|G (k;r,s)] = r<~2-e°‘" (4.11)
one obtains that y(r), given by eq. (4.2), satisfies these conditions.
For what concerns (iii) we distinguish two cases: Imk >0 and
Imk=0.

A. Imk > 0. By means of the representation (4.2) and inequality
(2.10) we have:

()] < |g| r[e"ImE fre“m"’lx(s)l ds -+ erimk +f°°e‘”‘“"[x(s)] ds]. (4.12)
0 r

At this point we consider the two subcases: Imk < o and Imk = «. If
Imk < «, then
r + oo
L ()] = |g| rle”™™F [ e*s|a(s)| ds + e~ TImF [ k()| ds] = (4.13)
0 7
= gl rerimt.
On the other hand, if Imk = «, then

201 =l | [ om0 ds 4 [ ek ds

A ——

ds
= lglr[ [ eI a(s)|ds + f e * 6= |a (s) |ds] (4.14)
0 7

= lgl | re==r.

The inequalities (4.14) and (4.13) imply condition (iii).
10 Commun. math. Phys., Vol. 6
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B. Imk = 0. We observe first that, as a consequence of eqs. (4.2) and
(4.10), (r) satisfies the following integral equation
-+ o0 + oo
2y =g [ Qk;r,s)ds [ Vs, t) x(t)dt. (4.15)
0 0
By means of this equation and of Lemma 4.1 (eq. (4.6)), it is easy to

prove that y(r) satisfies relation (4.3), which can be written (eq. (4.10)
has to be used) as

+ oo
[ sinksaz(s)ds=0. (4.16)
0
Eq. (4.16) implies that
+ o ik ok + o
y(r) = getkr f sm;c z xz(s)ds — g SH}C . f etrsy(s) ds =
7 T
—y /‘-ggk%fillaﬂs)ds 4.17)

.
and therefore

+oo tee
| sink(s — 7) g
2 ()] WIfl g (POl =g ) ROld= g
::lgl%%% et

It follows that condition (iii) is satisfied, except if £ = 0. Viceversa we
prove now that, if ¥ (r) is a solution of eq. (1.1) which satisfies conditions
(i), (ii) and (iii), then x(r), defined by eq. (4.1), is a solution of the homo-
geneous equation (1.9).

Condition (ii) implies that « ¢ X. Furthermore, by definition we have
x(r) + K2y (r) = g (r) (4.19)

and the general solution of this inhomogeneous differential equation can
be written as

+ o0
2 (r) = ¢; sinkr + ¢y coskr +g [ Gk;r,s)z(s)ds. (4.20)
0

If Imk > 0, we can prove, as in the first part of the Theorem that the
third term in the r.h.s. of eq. (4.20) belongs to L2?(0, + co). Therefore
condition (i) implies ¢, = 0 and condition (iii) implies ¢, = 0.

Furthermore, if Imk = 0, condition (i) implies once more ¢, = 0. By
means of eq. (4.20) (with ¢, = 0) and Lemma 4.1 (eq. (4.6)) one easily
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obtains

-+ 0o + o
Im [c,’_“ fsinlcs x(s)ds]z——%lfsin ksx(s) ds}2
0 0

+ o
[2 (1)]? = |eyf® sin2kr — —%Im [62”” cffsinks x(s) ds] + (4.21)
0
+ 0 *7); r—> 4o

and from condition (iii) it follows ¢; = 0.

Therefore in both cases Imk > 0 and Im% = 0, we have
+ oo
w1y =g [Gk;r, s)x(s)ds. (4.22)
0

Eq. (4.22), substituted in eq. (4.1), shows that x(r) is a solution of the
homogeneous equation (1.9) and the Theorem is completely proved.

Remark 1. We observe that eq. (4.15) (which holds for Im#k = 0)
means that y(r) is an eigenfunction of the adjoint of L(k), say L’(k),
whose kernel is given by

+ oo
L'ksr,s)= [Gk;r,t) V(¢ s)dt = L(k;s, 7). (4.23)
0
We can write
1=9L (k)y, xeX’ (4.24)
the adjoint equation of eq. (1.9).

Remark 2. We observe also that if y, () and y,(r) are two solution of
eq. (1.1), satisfying conditions (i), (ii), (iii), then necessarily y,(r) and
75 (r) (and also their derivatives) are bounded as in eqs. (4.13) or (4.14)
or (4.18) and the Lh.s. of eq. (4.5) (Lemma 4.1) is zero; it follows that

+ oo
(k% — k%) { % (r) 3 (r)dr=0. (4.25)

Now, if ky = ky = k and y; = y,, eq. (4.25) shows that Imk? = 0, i.e. k2
is real which implies that k is either real or pure imaginary. Therefore
solutions of the homogeneous equation (1.9) or (4.24) occur only on the
real or on the imaginary axis in the half-plane Imk = 0.

Furthermore, if k,; = k, and both k2 and k% are real, eq. (4.25) implies
the orthogonality relation

-+ oo
Of a(r) g5 (r)dr=0. (4.26)

10*
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In conclusion we can say that:

1. If at k= ¢b (b > 0) a solution of the homogeneous equation (1.9)
exists, then a bound state of energy K = —0b? exists and y(r) is the
corresponding wave function (within a multiplicative normalization
constant).

2. If at k = b (b real) a solution of eq. (1.9) exists, then a “spurious”
bound state of energy K = b? exists and y(r) is the corresponding wave
function.

The degeneracy of the bound states and of the “spurious” bound
states is always finite.

The next Theorem ¢ contains some information about the distribution
of the bound states.

Theorem 4.2. The set of the bound-states and of the “‘spurious” bound-
states has no limit point except perhaps k = 0.

Proof. Let us assume that a limit point k + 0 exists. Then we can
find a sequence of points {k,}, k, € ', such that |k, — k| — 0. To each
k, we associate one solution of the homogeneous equation (1.9), say
@, ¢ X, and we normalize these functions in such a way that |z,| = 1.

As a consequence of Theorem 2.3 we have

VL (ky) 2 — L(k)a,]| < |L(k,) — LE)|~0, n-—>-+oo (4.27)
so that
le, —gL(k)x,| >0, n—>-+oco. (4.28)

i

Since L (k) is compact, from the sequence {g L (k)x,} we can extract
a subsequence {g L (k)x,} which converges to an element x ¢ X

le — gL(k)x,| >0, j—>+oo. (4.29)
From the two inequalities
0, = @] = gL @, — @l + oy — gLk)a,)  (430)
@ - gL)e] = v — gLk)e,)| + lgL) @, — ©)]  (430b)
and from eqs. (4.28) and (4.29) we have
s, — 2] >0, j—+oo (4.31a)
x=gLk)x, |zf=1. (4.31b)

Let y,,(r) and x(r) be the functions obtained from w, (r) and z(r) by
means of eq. (4.2). We want to prove that the sequence {y,, (r)} converges
to x(r) uniformly in », 0 < r < + oco. For this purpose we distinguish two
cases: k pure imaginary and k real.

¢ The method of the proof is essentially the method used in ref. [8].
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A. k pure imaginary. Since

Sup 1, 0) = 20 = _sup Wﬂfmw@n@~

0 =r<+ 0=r< +o
@

— Glksr, )| fx(s) ds+ lg] [ |GUesr,8)| - ey, (s) — 2(s)| ds + (4.32)

S

+ |9 :)fmIG(lc,nj; r,8) — Qk; 7, 8)] - |2, (s) — 2(s)] ds]

and
|G (ks r,s)| = s<‘1~e"‘S (4.33a)
(i) = G = B8 gtk <
ey — e (4.33Db)
= K ko k<R

(where C’ is the circle with center in k and radius R = Imk) it follows
that:

sup [y, () — () = L =Rl e )y

0<r< 4 oo o« R— |kn; — k|

24, — a0 34

B. k-real and positive. We call ky = min (k,, k) > 0. In this case the
representation (4.17) holds for both y, () and y(r). It follows

Sup IXNJ-(T) - X(”‘ =

0r<+o n
<ol _sup [ !Sink'lﬁf,i~ 2 Smk(}i— O ()] ds +
t oo sink(s — 1| .
+ f PBL(_Z_”i <, (s) — w(s)| ds + (4.35)

y sinkp;(s — r)  sink(s — )
+ f k/l_,' k

Jan, (5) — @(s)] 48]

and from the inequalities

sink(s — r) s

> S(-n=s< (4.36a)
sinkn;(s — #) _ sink(s — )| | d sink'(s—17) |
B —F < |k, — K maxldk, o | (4.36b
| d sink’(s—7) (s — 1) cosk’(s — )| | sink'(s—r) 2
1 ar g ! < I’ ] l k2 = s (8 - 7')
= i',s < k2 e = k2a es
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we have
sup IXn;(T) -z = lgclil ‘knj — k[ (1 + ”xn,- —af) +
0sr<+o 0 (4.37)
+ 0, — o] 0.

Eqgs. (4.34) and (4.37) imply the uniform convergence of the sequence
Loty (1)} to 2(7).

Now, y,,(r) and y(r) are orthogonal (see eq. (4.26)) and they satisfy
condition (iii) of Theorem 4.1. Therefore we can write

+ oo + co

Tl dr= [ x*(r) [x(r) = (] dr =
0 0 oo (4.38)
= sup x(r) — ()] 0f Ly () dr

0=sr<+o

and the integral in the r.h.s. of eq. (4.38) is convergent becausc of the
bounds (4.13), (4.14) and (4.18). Eq. (4.38) can be written

+ o0 oo -1
sup gy, (r) — 2| = [z (0|2 dr [f [% ()] dr] >0 (4.39)
0=sr<+o 0 0

and clearly contradicts eq. (4.34) or eq. (4.37). Therefore k£ 4 0 cannot
be a limit point. The argument breaks down for k = 0.

Remark. A consequence of this Theorem is the fact that there exists
at most a countable set of bound states and of “spurious” bound states.

Theorem 4.3. If for k real, k == 0 a “spurious’” bound state exists, then
also the scattering solution exists.

Proof. This Theorem is a direct consequence of eq. (4.3) which can be
written

_fajg (8) vo(k, s)ds = 0. (4.40)
0

But according to the Riesz-Schauder Theory, condition (4.40) is precisely
the condition which guarantees the simultaneous existence of a solution
both of the homogencous equation (1.9) and of the inhomogeneous
equation (1.7); of course, in this case, the solution of the inhomogeneous
equation is no longer unique.

5. The Scattering Amplitude

The following Theorem defines the scattering amplitude.
Theorem 5.1. For each k € 2,

lim |e=ikr @ (k, r) — T (k)| = 0 (5.1)

r— +
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where
+oo E
T =—g [ 0k, ) ds . (5.2)
0
Proof. By means of the representation (3.24) for @(k, r) we have

+ o
=ikt Dk, r) — T (k) = —%e—ikrfsink(s — Mok s)ds  (5.3)

and therefore (|[Im#k| = «)
+ o0

Ie——ikrd}(k’ ") — T(k)l < }%} e-r1mkfe(s—r)]Imkl]U(k’ S)I ds

A

r

(5.4)

-+ oo

_'%{fe“ﬂv(k, 8)ds =0, r—-+oo
y

IA

since v(k, -) € X. On the other hand, if k= 0 € Q,, then »(0,)=0=
= @(0,r) =0, 7(0) = 0. The Theorem is proved.

Remark 1. From Lemma 4.1, eq. (4.6), it follows for real values of &
(observe that p(k, -) € X)

i [y (b, 1) (e r) = (e, ) 9 (8, 7))

: : (5.5)
=2ik|T(k)|? — 20k Im T (k) = 0
ie.

Im T (k) = |7 (k)2 (5.6)
and 7' (k) satisfies the unitarity condition. If we introduce the quantity
S(k) =1+ 20T (k) (5.7)

we have
[S(k)| = 1= S(k) = e20®, T (k)= e® sind (k) (5.8)

where J(k) is a real function of k. Therefore Theorem 5.1 and eq. (5.8)
imply the following asymptotic behaviour for y (k, ), k real

w(k, r) ~ e ® sin[kr + 6(k)], 7— oo (5.9)

and 0 (k) is the usual s-wave scattering phase-shift.

Remark 2. T (k) is uniquely defined for every real value of k. In fact,
if a “spurious” bound state exists, then the scattering solution exists but
it is not unique and its general expression is given by

(k1) = 9O (k1) + 3 0;55(r) (5.10)

=1
where p© (k, r) is any solution of the scattering problem, the y,’s are
n linearly independent solutions of the adjoint homogeneous equation
(if n is the multiplicity of the eigenvalue) and the ¢;’s are n arbitrary
constants.
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For each y;(r) eq. (4.40) holds, so that

+ oo + co
Tk = — f IS ok, ) ds — — - [ vp(l, 5) p(k, 5) ds—
+ o 0 + oo
g &
f vpk, ) 9O (k, ) ds — - .Llcjfvo(k, $) ;(8) ds = (5.11)
0 =10
= %fvo k, s) pO (k, 5)
0
and 7' (k) is independent of the c,’s.
Theorem 5.2. T'(k) is holomorphic in £,
Proof. Let us define
4 o
Zk)y=FkT(k)=—g [sinkrv(k,r)dr (5.12)
0

and
+ o0 + o0
Z(k)=—g f reoskrov(k, r)dr —g f sin kr o(k, r)dr  (5.13)
where ¢ is the derivative of k — v(k, ). We have

1 k—l—h) Z (k) Z }<| |f s1n(k+h r— sinkr

) cosk?‘i [o(k,7)| dr+-

+ |g|f|s1nlcr|\ ok + Jr}:) —vlkbn _ o (k, r) dr + (5.14)

+l !f]smlc h) r— sinkr| vk + h,7) — v(k, r)] di

From inequality (3.17) and inequality

r2exp [r(|]Imk| 4+ |ImA]) ]< oo [ Imk|+ |ImA| < o (5.15)

ocr
— [Im#k| —|Imhl)
it follows that the first term in the r.h.s. if eq. (5.14) is bounded by

lo(k, )]
1971 = ] — [T

-0, |h—=>0. (5.16)

For what concerns the second term, it is bounded by
v(k + k) — vk, )
lg] 7

and it tends to zero, as a consequence of the definition of o.
For the third term, by means of the following inequality

|sin(k 4 h) r — sin kr| < |b| rer (Imkl+ [ImAD (5.18)

— Bk, )H (5.17)
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and of inequality (3.18), we have that it is bounded by

q I
*a‘__“l'f'm‘lkll—_“lh—n’h‘l‘ HUUC + ]l, ) - ’U(k, )H (019)
and it tends to zero, since v(k, -) is holomorphic and therefore con-

tinuous in Q. It follows that Z (k) is holomorphic in £, and clearly the
same result holds for 7'(k).

6. Conclusions

One of the main results of this paper is the proof that the scattering
solution exists, is unique and holomorphic in a nonvoid open subset of
the strip |Im#%| < o for the class of nonlocal potentials satisfying con-
ditions a) and b), Sec. 1. In particular the solution exists always for rcal
values of k.

Of course the strip can be enlarged to the whole £-plane for the non-
local potentials such that the condition (1.3) is satisfied for unrestricted
values of «. Examples of such potentials are given by functions ¥V (r, s)
which vanish outside some finite region in the (7, s)-plane or which are
of the type

Vir,s)= P(r,s)e 0"+ q >0 (6.1)

where P(r,s) is a bounded, measurable function of both variable 7, s.

We have also proved that, with our method, we obtain all the bound
states and the “‘spurious” bound states which satisfy the additional
condition (ii) of Theorem 4.1.

Some questions are still open.

The first question is that we cannot decide whether the number of
bound states and of “spurious’” bound states is finite or infinite.

That the number of bound states is finite has been proved for another
class of nonlocal potentials [9]. Of course the intersection of the class
here considered and the class of ref. [9] in nonvoid and therefore, at
least for the potentials which belong to this subclass, we can say that all
the results of our work hold true and also that the number of bound
states is finite. However the method of ref. [9] gives no informations
about the number of the “spurious’” bound states.

Always concerning the bound states, we have proved that they
appear as isolated singularities of the scattering solution but we have
said nothing about the nature of these singularities.

Another important question concerns the singularities in the strip
—o < Imk < 0. In the case of a local potential satisfying the condition

Af;e”]V(r)jdr< +oo, x>0 (6.2)
0
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these singularities are isolated and are related to the resonances or to
the antibound states of the system. For the class of nonlocal potentials
here considered we have not yet such a nice picture. In fact we have no
informations about the distribution of the singularities in the strip
—o < Imk < 0, except that they are all contained in a bounded domain
(as a consequence of Theorem 2.1).
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