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Abstract. A study is made of the resolvent R (4) for a system of n particles with
spin-orbit coupling, an interaction which necessarily has a long range in momentum
space. For short-range interactions, it has been known for several years that E(4)
satisfies a Fredholm equation whose kernel is in the Schmidt-class. The corre-
sponding spin-orbit kernel is not in the Schmidt-class, but it is shown that it does
belong to a certain class of compact operators which is larger than the Schmidt-
class. A modified Fredholm theory is presented which applies to all operators in
this larger class. This enables R(4) to be found for all values of A in the complex
plane cut along the continuous spectrum of the Hamiltonian. It is shown that the
modified Fredholm theory also holds for the Coulomb interaction.

1. Infroduction

In recent years our understanding of the n-body problem has con-
siderably improved. There are now rigorous mathematical methods
available to discuss non-relativistic systems consisting of any finite num-
ber of particles with two-body interactions. For three particles, a power-
ful approach is due to Fapperv [1, 2]. Under the assumption that the
two-body scattering amplitudes are known, this gives a set of coupled
equations for the three-body amplitude. Faddeev’s work became widely
known through two papers by LovELAcE [3, 4] and was subsequently
generalized to larger numbers of particles by several authors [5—9].
Alternative equations in terms of the two-body scattering amplitude
were given by RoseENBERG [10] and NEwton [11] and applied by
NosLe [12]. For further information see refs. [13—15].

A different method was proposed by WEINBERG [16] and further dis-
cussed by Huxziker [17]. This is closely related to a formalism which
was developed independently by one of us [18]. In this formalism, it ig
assumed that the two-body interactions are known, and a sequence of
equations is constructed which must be solved successively for the re-
solvents referring to 2,3, ..., n particles. In the present paper, these
2‘
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equations are examined for a class of interactions for which the n-body
problem has not been considered before. Our previous paper is henceforth
referred to as paper I.

In all current n-body theories, there are integral equations of the
Fredholm type which under favourable circumstances have kernels in the
Schmidt-class. Specifically, in the case of two particles interacting
through a local potential v(a), one considers an equation of the form

h(k) = ho(k) — (2m)=32 [ (k2 — )1 V(k— D R()d3L, (L1)

where ¥ is the Fourier transform of v, the function 4, (k) is known and
h(k) is to be found. If V (k) is square-integrable and A is not on the
positive real axis, the kernel of Eq. (1.1) is a square-integrable function
of k and 1 and is thus in the Schmidt-class. This enables the equation
to be solved by the Fredholm method. This approach to the problem has
been generalized to larger numbers of particles, but the actual computa-
tional work then becomes extremely laborious. For practical applications
many authors have therefore considered interactions of finite rank. This
is usually referred to as the separable approximation. It results in con-
siderable computational simplifications, but it has the disadvantage of
not being invariant under translations. It is therefore not adopted in the
present paper.

In the context of the Faddeev equations, the separable approxima-
tion was first advocated by LoverLace [3, 4]. It also arises in special
three-particle models due to Amapo [19] and SucarR and BLANKEN-
BECLER [20]. It has been used in many papers by Mrtra and coworkers
[21, 22]. A general exposition is given in refs. [14] and [22]. For various
applications, see refs. [12] and [23—34].

In the separable approximation, one can introduce spin-dependent
interactions without any difficulty. As a matter of fact, this was done
in most of the papers cited above, and the question has never received
any special attention. Consider, however, a translationally invariant spin-
orbit interaction of the form

s (xx k)v(x), (1.2)

where s is a spin operator, & is a position and k a momentum operator.
With the interaction (1.2), the analogue of Eq. (1.1) becomes

h(k)=ho(k) —s- [ (k2 — A2 W(k — 1) x kk(l)dl, (1.3)

W being proportional to the Fourier transform of @ v(x). The kernel of
this equation contains a factor k(&% — 1)~1, and so it cannot be in the
Schmidt-class, no matter how W(k — 1) is chosen. There is thus a prob-
lem which has not been envisaged before. It is the main purpose of the
present paper to show how this can be solved for any finite number of
particles.
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The problem is given a concise form in section 2. In order that there
be a self-adjoint Hamiltonian H, a general condition is imposed on the
interaction function W (k) in section 3. This guarantees that there exists
a resolvent R(A) = (H — A)~L. Some general properties of R (1) are also
discussed in section 3. Section 4 is devoted to the Fredholm equation for
R(2) which we propose to solve. This has a kernel K (1) which is not in
the Schmidt-class. However, in appendix A2 we introduce a class of
integral operators which is denoted by (rc¢) and which is considerably
larger than the Schmidt-class. For values of 1 in the complex plane cut
along the real axis from a certain point A, to oo, it is shown in section 5
that K (1) does belong to the class (r¢). It is explained in appendix A2
that (rc) is a subclass of a certain class of compact operators which some
authors denote by R&,, but which we prefer to call (p¢). Also, it is indi-
cated in section 6 how one can generalize the Fredholm theory of integral
equations so as to apply to kernels in (gc¢). This method is based on
a forthcoming paper by one of us [35]. It makes it possible to construct
R(2) for all values of 1 in the complex plane cut from A, to co. In the
cut plane, R(4) is found to be analytic, except for possible poles corre-
sponding to bound states. To the left of A,, there can thus be a discrete
spectrum at most. It is shown in section 7 that the essential spectrum
of H runs from A, to oo.

The difficulty of Eq. (1.3) derives from the factor k, and thus from
the long range of the interaction in momentum space. This suggests that
we also try our methods on interactions with a long range in position
space. As an example of the latter category, we have chosen the Coulomb
interaction, for which the separable approximation is known to be parti-
cularly unsuitable. In the context of the Faddeev equations, it has
therefore not received much attention until recently [36, 37]. For three
particles, there are now approximation schemes available due to ScHUL-
MaAN [36] and NosLE [37], but it appears that the problem has never
been investigated systematically. It is shown in section 8 that the
Coulomb interaction gives rise to a kernel in the class (oc). For values
of A not in the continuous spectrum, the resolvent can thus be found
with the help of section 6.

The main body of the paper ends with a general discussion. There is
a mathematical appendix on compact operators, with special emphasis
on the classes (pc) and (rc).

2. General Remarks

2.1. Positions and Momenta

The present paper is concerned with a system of n particles with
positions X, momenta K;, spins s;, and masses m,. It is assumed that
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the Hamiltonian takes the form

)

i=1

+Z’V“(X - X;; —K—’;si,sj). 2.1)

2m, i< 2m 2my

The interaction thus consists of ? n(n — 1) two-body terms which are

invariant under translations in position and velocity space.

Owing to the invariance properties of the interaction, the motion of
the centre of mass can be separated off. This can, in fact, be done in
many ways, a convenient set of new coordinates being [38]

i
;= (2my o[ M M )2 .21 my(Xi1 — Xp) s

i (2.2)
x, = (2/M, 1/227"7 i Mizz‘mi'
j=1 i=1
The transformation (2.2) is of the general form
n
= 2 Uy X;(2my)"2, (2.3)

i=1
where {U;,} is an orthogonal matrix. In the position representation, the
momentum K; is represented by the operator — ¢ 7 (X;). If k; stands for
the quantity which in the position representation is represented by
— 1%/ (%;), one has

21 U, K;2m)=2, K, (2m) "2 = 21 U k;.  (24)
1= j=

The kinetic energy takes the form

n K? n 2
=X o =2 k. (2.5)
=1 =1
Also,
n—1 K K n—1
X; - X,.=h‘§'lc”hwh, 277; 211; hglc”hkh, (2.6)

with some set of coefficients such that ¢, ;, vanishes,

According to Eqs. (2.2—4), x;(k;) is proportional to the position
(velocity) of particle ¢ + 1 with respect to the centre of mass of the sub-
system consisting of the particles 1,2,...,4 (1 < ¢ < »n — 1). The co-
ordinate @, (k,) is proportional to the position (velocity) of the centre of
mass of the gsystem as a whole. The relations (2.6) express the fact that
the interaction does not depend on the motion of the centre of mass.
The Hamiltonian for the internal motion is

n—1 n—1
H= 2 B+ X Vi (th Ciin wh§h21 Ciin Bns Ss Sf) .29

i=1 i<j
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To discuss a particular interaction term V,;, it is convenient to use

a set of coordinates which slightly differs from the set (2.2), and is
chosen in such a way that

Xy = 255 = (2myms[m; + my)? (X; — X)) . (2.8)

At times it is convenient first to split the particles into two groups, and

to choose x, _, proportional to the position of group 2 relative to group 1.
One will then introduce internal coordinates in the two groups separately.

2.2. Wave Functions

The internal motion of a system of n particles may be described with
the help of a wave function

f=1K)=[f(ky ..., kyy),
where f is an element of the Hilbert space L?(R3"—3), that is, the space
of all measurable functions f(k) which satisfy
Il = Lf1f (R)[2dn—3k]/2 < oo,

The space L?(R3"~3) is occasionally denoted by L?(k) or by L2 If f and
g are any two elements of L?, their inner product is written as

(t,9) = [ [(k) §(k) d*"=3k . (2.9)
In the case of particles with spins, it is appropriate to use wave
functions of the form

M
f'= 2 fa(k) %a> (2.10)

where {y,} (@ =1, ..., M) is a set of spinors and each f,(k) is in L2 If
all particles have spin 1/2, the index @ runs through 27 values, and
similarly for other spins. With the inner product

M
(.f,: g’)’ = Z;(fay ga) ’

the set of all functions of the form (2.10) is a Hilbert space. Let this be
denoted by L’%. A linear operator A’ on L’2 is associated with a matrix
{44} of linear operators on L2 If | 4’| and |4 ,,| stand for the operator
norms on L'% and L2, respectively, one has

1471 = 2l 4a] -

A relation of this form also applies to the Schmidt-norm, and, in fact,
to all the norms discussed in appendix Al. If 3" denotes one of these
norms on L’2, and » the corresponding norm on L?2, it is easily seen that
Vid) = Y v(da),
@b (2.11)
v(de) =V (A) (a,b=1,..., M).

From this it follows that »"(4’) is finite if and only if each v (4,,) is finite.
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2.3. Interactions
For spin-independent interactions
Vi =vs;(2:5)
such that
J i(:5) 2 Py < oo, (2.12)

it is known from paper I that the resolvent satisfies an inhomogeneous

equation with a Hilbert-Schmidt-kernel. Owing to this, the resolvent can

be found with the help of the Fredholm theory of functional equations.
Now consider spin-spin and tensor interactions of the form

Vig=(s;"8)vi5(®:5) s Vig= (i;)72(8: " ®:5) (8 255) v5(%5)
assume that v, (®;;) again satisfies Eq. (2.12), and examine the resolvent
equations of paper I. These are now equations on L'2. Owing to Eq. (2.11),
their kernels are Hilbert-Schmidt on L2, and so the results of paper I

can easily be generalized to spin-spin and tensor interactions.
For spin-orbit interactions

Vii=(8i+ 8;) * (®i5 X Kyj) vi5(x;5)
the methods of paper I do not suffice. This is not due to the spin, however,

but to the velocity dependence of the interaction. For the sake of nota-
tional convenience we shall therefore discuss in detail the interaction

Vii= 8 (@5 X Byg) vi;(45) (2.13)

where s;; is a vector whose components are real numbers, rather than
Hermitian spin operators. The interaction (2.13) gives rise to a problem
on L2 Once this has been solved, the generalization to spin-dependent
interactions is straightforward and may be left to the reader.

3. The Hamiltonian

3.1. The Kinetic Energy
On L2, the kinetic energy H, is simply the multiplication by

n—1
k2= 3 k2. If ©(H,) stands for the set of functions f (k) € L2 such that
i=1
k?f(k) is in L?, then the operator H, with domain ® (H,) is self-adjoint
(Karo [39], ChV, section 5.2). Because H, is a non-negative operator,
its resolvent (H, — A)~! is defined and is a bounded operator for any
complex number A other than A = 0. The resolvent is henceforth denoted
by R, (4). It is the operator of multiplication by (k% — A)~1, so its bound
satisfies
[By(4)] = sup|#2 — 4|1 < (2|42 (Im o/2)-1. 3.1)

The range of R,(4) is © (H,).
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3.2. The Interaction

In order to define the interaction term V,; on L2, it is convenient to
choose coordinates @, such that a;; is denoted by @;. The interaction
(2.13) then formally yields

(V’Ljf) (kl""’k’n—-l) (32)
=8 [ Wil = L) x k) f(ly, By, oo o, Ryy) @30 '

where

W, (k) = 2n)-3 [ e=1F'® v, () d®a .

In order that V,; be invariant under rotations, v;; () must be a function
of @ only. That gives

Ex W,;(k)=0. (3.3)
In order that V;; be a symmetric operator, v;;(x) must be real, and so
Woy(~ k) = W (k). (34)

In the following it is assumed, that the relations (3.4) and (3.5) hold true.
In Eq. (3.2), the factor W,;(k; — 1) X k; may then be replaced by
W,; (R, — 1) x 1. Tt is further assumed that W, (k) is measurable, and
that the function
Wi (k) = [W;(k)|
satisfies
[ Wi (R dPE < oo (3.5)

From this it follows that ([40], section 4.1)
[ [evs ()]t dPe < oo .

At the origin, the function v, () is thus less singular than 2~%/4 and at
infinity it tends to zero faster than a~7/4.

Given the relations (3.3—5), the interaction term V,; is defined as
the operator with domain © (H,) which acts according to Eq. (3.2). The
total interaction V also has domain 9 (H,), and is equal to 3 V.

i <j
That this is a meaningful definition is ensured by the following lemma.
Lemma 3.1. For any A other than A = 0, the operator V Ry(A) is

bounded. Its bound satisfies
[VR,(A)] < const [A|1/4 (Tm AL/2)=-3/4 (3.6)
Proof. For two particles V R,(2) is an integral operator with kernel
Spa [Wia(ly — 1) x L] (1~ )71
Its r-norm, which is defined in appendix A2, satisfies
[r(VRy(A)I* = (812)* [ Wop(By — &) Wyo (K1 — 1) I} — 22
* Wia(ky — 1) Wyy(key — 1) 02|12 — A|=2 dPhy dk; 431, 3Ly .
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The substitution

l=lL,u=k -1, v=Fk-1, w=L-1
and Schwarz’s inequality give
[r(V By = (51000 [ 12 — =4 d01

S Wig(w) Wy (0) Wis(u + w) Wiy (v + w) dPu d?o dPw
= const |A] (ImAY2)=3 {[ [W,,(w)]4/? d3u}®.

Hence, by virtue of Eq. (3.5),

VR (A)| = r(VRy(A) < const |A[Y/4 (Im A1/2)=3/4 (3.7)
This completes the proof for n = 2.

For larger numbers of particles, it is convenient to consider each
term V,; separately. If k' stands for k,, ..., k,_;,

(VisBo(A) ) (Bey, K)
=8y [ Wii(ky — 1) x L1 (R + K2 — )7 f(ly, K') d?L; .
If this expression is denoted by ¢ (k, k'), the proof for n = 2 shows that
[ lg(key, K) 2 d2hey
=< const |4 — E'2V2 [Im (A — &'2)12]-3/2 [ |f(Ky, K')|2 d3Fy,
for almost every E’. One can now use the inequality
|4 — K2[Y2 [Im (4 — k2)U2]-%/2 < |A|Y2 (T AV2)-%/2

Integration over k' then shows that Eq. (3.6) holds true generally. This
proves the lemma.

Since the range of Ry(4) is ® (H,), it follows from lemma 3.1 that
Vfisin L? whenever f is in ® (H,).

Lemma 3.2. The operator V is symmetric.

Proof. Consider any particular term V;; and choose functions f and ¢
in ® (H,). This yields

(Vist 9) = [ G(by, K') dPn=Ck" d3ky [ s
Wik — 1) x L1 f(L, k) 21, .
Now suppose that the integral on the right converges absolutely. The

integrations may then be interchanged, and so it follows with Eq. (3.4)
that either side is equal to

[, k) d3nSk &3, [ s;;
Wi (b — ) x L] g (ky, k) &y = (f, Visg) -
This then shows that V,; is symmetric.

In order to justify changing the order of integration, write K,; for
the integral operator with kernel

Wis(ly — L) L (B + 1)~

(3.8)
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Obviously K;; is an operator on L?(k,). By the proof of lemma 3.1, it
has a finite -norm on L2(k;); let this be denoted by r,(K;;). It then
follows from Eq. (A2.11) of appendix A2 that

[lg(hey, B Wis(ky = L) I f(L, K')| dPn=® & ARy 0P,
= gl I(Ho -+ 1) fll 11 (Kyp) -

This shows that the integral in Eq. (3.8) converges absolutely and thus
completes the proof of the lemma.

3.8. The Hamiltonian

We now proceed to the major result of the present section, which
reads as follows.

Theorem 3.3. T'he operator H = Hy + V with domain D (Hy) is self-
adjoint.

Proof. This theorem is closely related to a result due to Kato ([39],
Ch.V, sections 5.3 and 4.2). It is proved in much the same way. Since
H is symmetric by section 3.1 and lemma 3.2, it suffices to show that
there is a real number u such that the range of H — y is as large as
L? ([41], section 41).

It follows from Eq. (3.6) that

|V REy(u)]| £ const. |u|~1/8 < 1 (3.9)

whenever y is negative and |u| is sufficiently large. If this relation is
fulfilled, the operator 1+ VR,(u) has a bounded inverse, which is
given by

ng&MW.

This shows that the range of 1 + V R (u) is equal to L2 Since (H, — pu)~?
exists, the range of Hy; — p is also equal to L. Then it follows from

H—p=[1+ VR (H, — 1) (3.10)
that the operator H — y with domain ® (H,) has range L?. This proves
the theorem.

3.4. The Resolvent

Because H is self-adjoint, it has a resolvent R (1) = (H — A)~1, which
is a bounded operator for Im A + 0. In the upper and lower half-planes
(R(A)f, 9) is an analytic function of 1. If 4 and y are any two complex
numbers such that R (1) and R(u) are bounded, one has

[R(A)]*=R(1),
RE(A) — B(u)= (A — p) B(2) R(u) (3.11)
dR(A)jdA= [RA)P.



28 C. vaAN WiINTER and H. J. BRAScAMP:

Under the present assumptions on the interaction, there is a real
number A such that the resolvent even exists for real values of A such
that 2 < A.In other words, the spectrum of H is bounded below. To see
this, choose a negative number y such that Eq. (3.9) holds true. From
Eq. (3.10) it then follows that

R(p) = Ro(u) [1 + V Ry ()17, (3.12)

and so I ()] = [ Bo()] [1 = |V o)1
Hence R(u) is a bounded operator. The third relation (3.11) now shows
that R (1) is differentiable for 4 = p. Since it is already known that
(R(A) f, g) is analytic in the neighbourhood of the real axis, it follows
that this quantity is an analytic function in the A-plane cut from some
point A to co.

For Rel < A, it was shown in [18], Eq. (1.4.34) that

1B = |4 — A7
Together with the general relation
[B(#)] = [Tm [~

RA)| = |4 — 4|72 [Im (A — A)/2]1. (3.13)

Now consider the operator H,R(A). By virtue of Eq. (3.12), the
operator H R (u) is bounded if y is near — oo. For a suitable fixed value
of u, the relation

H,R(A) = HyR(u) + (A — p) HyR(u) R(2)

together with Eq. (3.13) thus yields

[HyR(A)| < const(|A — A|7Y2 4 |1 — A[Y2) [Im (4 — A)/2]-1. (3.14)
There is an inequality of the same form for V R(4).

Since H, is non-negative, there is a uniquely defined non-negative
operator (H,)'/2. Because

I(Ho 2 R(2) f* = (R(A) f, HB(A) f)

this yields I

for any f € L?,
I(Hoy 2 B(A)| = |R(A)[V2 [ HoR (A2
const (|4 — A]712 4+ 1) [Im (4 — A)1/2]-1.

In the following, there often occur operators of the form R (1) V or
R(A) (Hy)Y/2. These are certainly defined on the dense subset ® (H,) of
L2. They can uniquely be extended to L? by the definitions

RA)V=[VRAI*, R@A) H) "= [HRA*. (3.16)
It is henceforth assumed that this extension has been made. Because
they are the adjoints of bounded operators, the operators under dis-

cussion are bounded themselves. Their bounds satisfy inequalities like
Egs. (3.14) and (3.15).

(3.15)

IA
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4. The Resolvent Equation
The resolvent satisfies the well-known equation

R(A) = Ry(A) — By(A) VR(A) . (4.1)
For two particles, this is a useful equation, because the kernel — R (1) V
is a compact operator. For larger numbers of particles, however, more
powerful equations are required. These were derived in paper I, and,
independently, by WeINBERG [16] and Hunziker [17]. The present sec-
tion is devoted to a summary of some results that are needed in the
following.

We first explain the notation, which is almost the same as in paper I.
Let the system of n particles be divided into k£ groups (1 < k£ < n), and
let p(k) denote the particular division in question. Consider the case
that all particles in any particular group interact, but that particles
belonging to different groups do not. The total interaction which then
remains is denoted by V), the corresponding resolvent is

Rty (A) = (Ho + Vo — 471 (4.2)
For the special cases k£ =1 and k£ = n, we also write
R0 = RW, RMW =RW,, V="V,. (4.3)

The resolvents R{%,, with & = 2, can be expressed in terms of the
resolvents R, with 2 < m < n — 1, as follows. Let the groups of the

division p(k) consist of n,, ..., n;, particles, with n,,...,n; = 2 and
Ny =+°*=mn =1 Then
Ry = RO % R % « .+« R « RP . (44)

Here the resolvent R™) refers to the internal motion in group 4, and
R refers to the internal motion of the centres of mass of the k groups
with respect to each other. The operation * is defined by

([Ba* Rl () 1, 9) = (Qni)‘lcf (Ra(0) Ry(A — 0) f, 9) do (4.5)
for every f and g in L2 Here C is a contour in the ¢-plane such that the
singularities of R, (o) are on the right of C, and the singularities of
R, (A — o) on the left of C.

In the case of the present paper, the resolvents R, (s) and R,(1 — o)
are analytic for any A, ¢ other than ¢ = 4, and 4 — ¢ = 4,. Owing to
this, the integral is defined and is analytic for any A other than
A= A, + A, The contour C is conveniently chosen as

1 1.
0 =5 (A= Ay + Ag) + 5 oxp [?za,rg(l — 4, —Aa)]

(4.6)
(—o<s <o),

but it may be modified in various ways. It is easily seen that the con-
volution product * is associative and commutative.
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Now let the symbol p(k) C p(k — §) express that the division p(k) is
obtained from p(k — j) by further splitting some groups of the latter
division. The resolvent equation for n particles then reads

n
2 (= I (e — 1! 2 R@y = (=1t 3. ¥
k=1 p(r—1)...p(2)
p(r—1)C-*+ CP(2)

A{BD Vo) B3y [Vpn—2y = Vpu—n] &
"R _gy. - BRIV — V] RS}
In an obvious notation, Eq. (4.7) is of the form
R® = Q) + K™ R | (4.8)
where
K™ = 2 Ky . (4.9)

For n = 2, Eq. (4.7) is identical w1th Eq. (4.1). For further reference we
define
F® = KM RM = R — Q) , (4.10)

The relation (4.7) can be generalized as follows. Choose any particular
division p(l). A division p(k)Cp(l) gives rise to ! numbers k, ...k,
where k; is the number of subgroups into which group § of p({) is divided
by p (k). For fixed p(l), one has

n
(= 1= (ky — ). .. (k, — 1)! REY,
k=l p®Co®)

= (= 1)1 ( Z,;) 2 Rp(),,) Votr—1 (4.11)
poln i ncrn

By B Vo) — Voa+ vl B -
For n =1 this equation is obvious and for n =14 1 it is of the form
(4.1). Once it has been proved for any particular pair =,l, it can be
proved for n + 1,1 in the same way as Eq. (4.7) ([18], section 1.7.1).
It thus holds true for every pair n, ! such that n = I.

Now choose I = 2, and suppose that the division p(2) yields groups
consisting of n; and n, particles such that n, = 2 and n, = 2. Compare
the right-hand side of Eq. (4.11) with the kernel K(%,. Use Eq. (4.4) on
the left of Eq. (4.11) and compare this with the equations for R®) and
R™). With Eq. (4.10) this yields the important result

K@y = — F0) x F@) « ROV — V0] . (4.12)

We wish to emphasize that this formula differs slightly from [18], Eq.
(1.7.48), as may be seen by taking n = 4, n; = n, = 2. The proof in [18]
is not correct, because use has been made of equations like [18], Eq.
(1.7.39), which is false. The relation [18], (1.7.33) is correct.
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For divisions p(2) such that n; = 1 and n, = n — 1, the analogue of
Eq. (4.12) reads

K = — O« ROV — V)] (+.13)

The kernel K®(1)= — R®(A) V and the inhomogeneous part
QP () = RP(J) of the two-particle equation are defined for any A other
than A = 0. It is convenient to write A% = 0. In solving the equation
(section 6.2), one finds a number A® =< AP such that the resolvent
R®) () is analytic for any A other than 1 = A®.

Now suppose that the equations for R™ (1) (m =2, ..., n — 1) have
successively been solved, so that R (1) has been found for any A other
than 4 = A™. With the help of Eqgs. (4.4), (4.12) and (4.13), K™ (1)
and Q™ (J) can be constructed for any A other than A > A, where

AP = min {AC=D A 4 A®D} (= 3).
Nyt Ng=n;n,N =2
Again a number A™ < A is found, such that R™(}) is analytic for
any A other than 1> A™. In section 6.2, Eq. (6.11), the numbers A™
will be defined more precisely. In section 7 it will be proved that A™,
thus defined, is the lower bound of the spectrum of H™.
The relations between the numbers /4 may be summarized as

AV =0,

(n) i (n1) (1) >
AY o, Blnl;r:z,,n,gl {A®D) - A®N (= 2), (4.14)
A < AW (n=2).

5. The Kernel

5.1. The Relation 2

In the present section it is shown that the kernel K™ (1) of Eq. (4.8)
is sufficiently well-behaved for this equation to be soluble. In order that
the argument may be presented as consisely as possible, we first define
the relation £. If z(4) is any non-negative function of 1, the expression

2() = 2(p, 4) (6.1)

means that z(A) satisfies an inequality of the form
Q
0=z2(A) = X v,14A— A" [Im (4 — A)2]-Fa,
g=1
where @) is some integer, y, >0, o, = 0, §, > 0, and

1
m?x(aq—?ﬁq)§p<0.

The relation £ has the following properties.
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Lemma 5.1.1. If z(4) satisfies Eq. (5.1), it follows that
2(2) = 2(py, 4y)

for every p, = p and every A; < A.
This lemma is a consequence of the inequalities

(Im (1 — A)2]71 < [Im (4 — A,)42]1,
|A — A2 [Im (A — A2 < |4 — A2 [Im (4 — A,)42]-L.
Lemma 5.1.2. From

Zl(l) Q(pl’A) > 22(}') = Q(p23 A)
it follows that

21(A) 22 (2) = 2(py + o, 4) .
Lemma 5.1.3. Suppose that
% (}‘) (pl’ 1) ’ zz(ﬂ) = ‘Q(pzr Az) )
where p, + py, < — 1. Define
(2 % 29) (A) = (2n)—10f 2,(0) 25(A — 0) |do]| ,

where C ts given by

d—i(l A2+A1)+sexp[—zarg(l Ay — Al)] (—oo <8< ).
Then
(1% 29) (A) = Q(pr+ P+ 1, 4y + 4y) .

This lemma is proved in appendix A4.

5.2. The Kernel

It can now be shown that the operator K™ (1) belongs to the class
(rc) of L*(R37-3). The proof is based on a number of lemmas.
Lemma 5.2. The operator K® s an integral operator such that

KO () = 2(—5,0) .
Proof. Since
KE®()=—-RP @A)V =— [VRPAI*,

it follows from Eq. (3.7) that

r(K® (4)) = const [A[Y/* (Im A1/2)~3/4 (5.2)
Lemma 5.3. Let F™ and F™ (H)'/? be integral operators such that
r(F (2)) = Q(—%m - -;-,Avr») esm=n—1), (53)

r(F (2) (HM2) = .Q(—-%m - %,A(m)) @s=sm=n—1). (54
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Then K™ 1s an integral operator such that

rEOW) = Q(—gn+g,48). (5.5)

This relation is compatible with lemma 5.2.

Proof. According to Eq. (4.9), K™ is a sum of terms K. It is
convenient to discuss these separately. To start with, consider a division
p(2) such that n; = 1 and n, = n — 1. Suppose that it is particle » which
forms a group by itself. Choose internal coordinates k&, . . ., k, _, among
the particles 1, ..., n — 1, and introduce a coordinate k,_, to describe
the motion of particle n relative to the centre of mass of the large group.
Now select a particle j in the large group, and choose coordinates
ki,..., Kk,_4in such a way that

’ K K’Il
ky = (2m; my/m; + m,)' (2—,,,; - 2m,,) .

Make sure that the transformation from the unprimed to the primed
coordinates is an orthogonal one. Write

n—1
ki= 3 ¢ k.
i=1
Then it is obvious that ¢,_; =& 0. If f is any function in L2, define ' by
f/(ki: RS k;z—l) = ]((kl’ RS kn—l) .
Then
fky—m k.. Ky q)=fky—eym, ... . ky 1 —c,ym).

According to Eq. (3.2), the interaction term V;, is defined by
(Vyn ]u) (ki7 sy k;’b—l)

== Sjp° f [ki X u’jn(m)] f’(ki —-m, ké: B k;t—-l) d®*m
and so
(an f) (kl’ e kn~1)
n—1
== Sip- [ [(th Cn kn) X an(m)] (5.6)
fly—cecm, ... k,_;—c,_m)d®m.
If kO stands for k,,..., k,_,, the operator F®—1 (1) is an integral

operator with kernel F®—1 (kM 1M ; ). The operator
F@=1(g) RP (A — 0) Vj,

is therefore an integral operator with kernel

(1)
~ eumal 2P0 (RO, 10 4 (g — T, )3 0) (By = A+ 0) sy
s . l (5.7)
Y n—1" Yn-—
: {hZI Cn [lh + c”il (kp_q — ln—l)] + Cry kn—l} X Wiy (——‘%’:‘1—_—1') .

3 Commun.math. Phys., Vol.11
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Its r-norm is not larger than the sum of the r-norms of the two operators
with kernels

lcnvll*aF("_l) (k(l): OK 0') (k%.q — A+ 0')'1

"2 kn-—l - ln—-l
* Sin (h‘§1 leal Zh) Win (T)

and (5.8)
[ep 1|3 FO=D (D, 10; 6) (k_; — 4+ o)

k,-,— 1.
Sy o sl Ky Wy (F222252)
n—1
This transition is a consequence of the definition of the r-norm. To
justify it, one needs Schwarz’s inequality and the relation
|s«(kx W) < skW.

Now write L;, (1 — o) for the operator with kernel
P
(5 = 2+ 0)1 W, (222t

The two operators (5.8) each correspond to an operator on L?(k®) times
one on L2(k, _,). Write r, and r, for the r-norms on L? (kW) and L?(k, _,)
respectively. This gives

r(EO-D(0) B (2 — 0) V)
= const [ry (F= (o) (H)'2) r5(Ljy, (A ~— o)) (5.9)
R FOD (@) ry (o Ly (A= )]

Here (H,)'/? is an operator on L*(k®) or on L*(k,_,), as the case may

be. If W;, satisfies Eq. (3.5), it follows from the proof of lemma 3.1 that
ra((HO Ly (1) = const A4 (Im727)-9% = 0= -, 0},

5 (5.10)

ra(Lsu (2) £ const 4|44 (Im 29 = 0 (— ¢, ).

With Eqgs. (5.3) and (5.4), appendix A3 and lemma 5.1.3, the relation
(5.9) thus yields

r((F®D % RP V) ()
< 2a)t [r(FCeD(0) RP (A~ 0) Viy) [do| = Q (___én + %,A(n-l)) )

o

Since a result of this form applies to every term V;n of the interaction
V — Vpe it follows with Eq. (4.13) that K%, is an integral operator
such that

(B () = Q(—%n+%,/1<"-1>). (5.11)
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The terms K®) ooy With 7, = 2, ny, = 2 can be discussed in the same
way. The analogue of Eq. (5.9) is

r(F™ (1) F®™) (¢ — 7) R® (4 Vis)
< const [r(F™ (1) (H)'/?) rz(F("ﬁ) (0 — 1) r3(Lyi;(A — 0)
+ 1y (F®) (7)) ry(F®) (0 — ) (Ho)'P?) 15(Li (A — o)
+ 1y (FO (7)) 1y (F (0 — 7)) 13 (Ho)"? Ly (4 — 0))] -
From this it follows that
Ky (1) = 2 (—gn +5, 4%+ 4%) . (513)
If this result is combined with Eq. (5.11), lemma 5.1.1 gives the desired

relation (5.5). This completes the proof of lemma 5.3.
Lemma 5.4. Let F™and K™ be integral operators such that

(P (2)) = Q(——m-l A(m)) @=m=n—1),

(5.12)

r(K® () = Q (— g A

Then F®™ is an integral operator such that
1 7
r(F® (2)) = ( - —S—,AW) . (5.14)
The operator F® is an tntegral operator satisfying Eq. (5.14) with n = 2.
Proof. Suppose that n = 3. By repeated application of resolvent
Eq. (4.7) for small numbers of particles, the term Q® in the resolvent
equation can be written in such a form that resolvents other than R,
only occur in the combination F®) = K®)R®) The term Q™ can
thus be written as
QM = Rg”) + Q(") ,
where (™ consists of a finite number of terms g% of the form

Jm = ) 4 P g oo o FOW 4 Rg”) ,
b2

; (5.15)
Zn—l +(p=1)=n-1.
This yields -
Fm — g gy — g ) R(()n) + K@ Q(n) + [K(n)]z R@ (5.16)

To prove the lemma, we now consider each term on the right separately.

Term 1. On L2(k), the resolvent R{™ (A) is the operator of multiplica-
tion by (k* — A)~1. Hence, if K™ is an integral operator, so is K® R{®.
By the definition of the r-norm

r(K™ () R (A)) < r(E™ (1)) sup |k — A]-1.
Because
sup|k? — A[-1=Q(- 1,0),

3*
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it follows with lemmas 5.1.1 and 5.1.2 that
r(KW (3) REP0) = Q (=50 — 5, AP) . (5.17)

Term 2. Owing to Eq. (5.15), the term K® @ is a sum of terms
K™ ® of the form

2mi)~7 [ K™ (1) F™ (g)) F") (g, — 03) . . . F™) (0; — 0;_,)
“RP (A — o) doy . .. do; .
The integrand is an integral operator in the class (r¢) of L?(R3"~-3), by

the data of the present lemma and appendix A2, lemma A2.

By repeated application of appendix A3 and lemma 5.1.3 it follows
that K Qg‘) is an integral operator such that

1 1 7
PO () QP ) =2 (— 3 1+ 52— 5, AP) .
Since p does not exceed n — 1, it follows with lemma 5.1.1 that
PO (1) @ () = Q (=50 — 1, 49) (5.18)

It may be remarked here, that the integral kernels of the operators
K™ (3) @ (2) can be found with the procedures given in appendix A2,
lemma A2 and appendix A3.

Term 3. This term is most easily discussed in terms of the Schmidt-
class (appendix Al and A2). Since K™ isin the class (r¢c) by assumption,
and R®™ is a bounded operator, it follows that [K®™]2 R is in the
Schmidt-class. This operator is therefore an integral operator. Owing to
Eqgs. (A1.18) and (A2.10)

r([K™ ()12 R™ (2) < o ([K™ (1)]2 R™ (2))
< o([K®™ (1)) |R® (2)]
= [r(B@@)F R (4] -

Since
[R™ Q)] = 2(— 1, A)
by Eq. (3.13), it follows that

r([E® ()2 R® (2)) = .Q(——n—-— A(n)) (5.19)

The required result (5.14) now follows from Eqs. (5.17—19) and lemma
5.1.1. This proves the assertion for » = 3.

If n = 2, the term @™ is absent. The assertion on F( can be justified
by the arguments for term 1 and term 3. This completes the proof of
lemma 5.4.
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Lemma 5.5. Let Fm, F (H)Y/2 and K™ be integral operators such

that 1 7
rEWE)=Q(—gm—5,4m) @=m=n-1),
(B () (Ho2) = Q (= g m 3,A<m)) @=m=n-1),

r(K® (2)) = Q(__l. +_~ A(n))

Then F® (H )% is an integral operator such that
r(F® (2) (Ho)?) = Q (— 1.-3, A<")) . (5.20)

The operator F® (H )2 is an integral operator satisfying Eq. (5.20) with
n=2.

Proof. This lemma can be proved in much the same way as lemma
5.4, the only difference being that one requires the relations

sup |k (k* — A)~Y =0 (— % , 0) R
(RO - 0~ % a).

The first of these is obvious, the second follows from Eq. (3.15).

Theorem 5.6. For every n = 2, the operators K™, F®™ and F®™ (H ,)'/?
are integral operators satisfying Egs. (5.5), (5.14) and (5.20).

Proof. For n = 2, the assertion follows from lemmas 5.2, 5.4 and 5.5.
Now suppose that it has been proved for n =2,..., N — 1. Then for
n = N it follows from lemmas 5.3, 5.4 and 5.5. The theorem can thus be
proved by complete induction.

Because the operator K™ (A) is in the class (r¢), it is also in the class
(oc) discussed in appendix Al. Given Q® (1), this makes it possible to
solve the resolvent equation explicitly. The method of solution is ex-
plained in section 6. In the cause of the argument, the following result
is used.

Theorem 5.7. For n = 2, the p-norm of K® (1) satisfies

o(K® () 5 const (12— A@[E" "4 4 12 - gt~ (5.21)
‘[Mm(A - Agn))l/z]_%ﬂ-i' 14} .

the constant on the right depending on n.

Proof. Because p(K) < r(K), lemma 5.2 yields the inequality (5.21)
for n = 2.

Now suppose that Eq. (5.21) has been proved forn =2,...,N — 1.
Consider the integrals by which one will evaluate the g-norms of the
operators F=1 (g) R (A — ) V;, and F" (1) F*) (¢ — 1) R (A—0) V.
[appendix A2, Eq. (A2.9)].

b
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According to theorem 5.6, the relations (5.3) and (5.4) are true. Hence
all the statements in the proof of lemma 5.3 are correct. In particular,
the two operators under discussion have finite r-norms, and so the
integrals for their p-norms converge absolutely. Owing to this, the order
of integration may be changed. With Schwarz’s inequality, this makes it
possible to derive inequalities of the forms (5.9) and (5.12), with r
everywhere replaced by p.

Now the g-norm, unlike the r-norm, satisfies the useful relations
o(KR) < o(K) R, o(KR(H)') < o(K) |[RH)2|.  (5.22)

Given Eq. (5.21) for n=2,..., N — 1 and Eqgs. (3.13) and (3.15), the
relations (5.22) enable bounds to be derived for o (F™) and o (F® (H,)'/?),
with n =2,..., N — 1. If these are combined with Eq. (5.10) and the
integrations over ¢ and 7 are performed using appendices A3 and A4,
the desired result (5.21) is obtained for n = N. By complete induction,
Eq. (5.21) thus holds true for every n = 2.

6. The Solution of the Resolvent Equation

6.1. A Generalized Fredholm Formula
Choose any f¢€ L2, write

h=R™Q)f, hy= Q™) f

and consider the equation

h=hy+ E®™(A) A (6.1)

for any A other than A = A{". Because K™ (1) belongs to the class (¢¢),
this equation can be solved explicitly by a generalization of the Fred-
holm theory of integral equations. Details of this formalism will be
published in a separate paper [35]. In the present section we summarize
the more important results.

For values of 1 for which the homogeneous equation b = K® (A)h
does not possess a solution, Eq. (6.1) has precisely one solution, which is
of the general form

b= ho+ KO () by + [8 (A1 Z(3) hy (6.2)
Here Z™ () is an operator and 6™ (1) is a number. The homogeneous
equation has a non-vanishing solution if and only if 6 (1) = 0.

The quantities Z™ (1) and ™ (A) are most easily constructed with
the help of the series expansions

Zm() = f Zm (), 6™ (2) = f 8™ (2) . (6.3)
7=0 7=0
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Given K™(4), the terms of the series can be found by the recurrence
relations

ZP @A) = [KM ()P,

ZP () = 6P () KPP + ZP M K™D @z 1),
O () =1, 807 () = 697 (2) = 6§ (M) =0,

OM(A) = — gt tr Z{, (2) [K™ (D) g=4).

Because K™ () is in (gc), the operator [K™(2)]2 is in the Schmidt-
class (o¢) and [K™ ()] is in the trace-class (v¢). The quantities Z{(2)
and (" (1) are therefore properly defined, and the Z;") (A) are in (oc).
The series for 67 (1) converges absolutely, the series for Z® (1) con-
verges in the Schmidt-norm.

Some remarks on this solution and its connection with the classical
Fredholm theory will be given in section 9.

Owing to Eq. (6.2), the solution of the resolvent equation takes the
form

R®(2) = Q(3) + K® (1) Q) (2)
+ [ M1 Z0() ()

Because Z™ is in (oc), the quantities Z™ and Z™ Q™ are integral
operators. By the proof of lemma 5.4, K™ Q™ is also an integral
operator.

(6.5)

6.2. The Fredholm Denominator

If f and g are two functions in L2, the quantity (R (1) f, g) is analytic
in the A-plane cut from A™ to co. Since Q™ is a sum of resolvents, it
is also analytic. Hence so is #®, by Eq. (4.10). From Eqgs. (4.12) and
(4.13) and the properties of the convolution product it now follows that
K™ is analytic in the A-plane cut from A" to co. This suggests the
following lemma.

Lemma 6.1. The Fredholm denominator 8™ (2) is analytic in the
A-plane cut from AP to co.

Proof. Because K™ is analytic, it follows from the recurrence
relations (6.4) that 6@”) (A) is an analytic function for every g¢. It is shown
in [35] that

5P ()] = Belg)t [o(B™ ()1 (6.6)

If £ and &’ are two positive numbers, the series 37 69 (1) thus converges
uniformly in the region

0<e<[2—AP|, 0<é <arg(A—AP)<2a—¢,

by Eq. (5.21). The sum 6™ (1) is therefore analytic in the A-plane cut
from A to co. This proves the lemma.
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According to Egs. (6.4) and (6.6), 6 (1) tends to 1 as A tends to — oo
Hence 6™ (1) does not vanish identically, and it can have only isolated
zeros. It vanishes at A = 4, if and only if there is an element ¢, € L? such
that @, & 0 and

[1 — K™ (ﬂ'a)] P = Q(n) (Z'a) (H - }'a) Qo = 0. (67)

Here Q™ (A,) H is the bounded operator which is the adjoint of
HQ®™ (2,). The relation (6.7) is equivalent to

n—1
[1 +k2 (= 1F (k= 1)1 3 B (A) Vp(k)] [+ R (A) V1g.=0. (6.8)
=2 (k)

Now suppose that there is a non-trivial element ¢, € © (H,) such that
(H—-2) ¢,=0. (6.9)
Then §™ (4,) = 0, so 4, is an isolated singularity of R (1). Owing to
Eq. (3.11) it must be a simple pole. Because K™ (4,) is a compact
operator, the multiplicity of its eigenvalue 1 is finite. Hence, by Eq. (6.7)
the multiplicity of the eigenvalue 4, of H is also finite.
Conversely, let 6 (4,) = 0. Then there are two possibilities.
Case 1. There is an element ¢, € L? such that
[1+ Ro(A) V] @ = Ro(4) (H — 2,) @ = 0. (6.10)
For n = 2, this is in fact the only possibility. It yields
Ro(la) H‘Pu = 2« Ro(lrx) Pe -
It is obvious that the right member of this relation is in ® (H,). Hence
Ho,isin L? and ¢, is in © (H,). From this it follows that Eq. (6.9) is
satisfied. The resolvent therefore has a simple pole. Because H is self-
adjoint, A, must be real. The spectrum of H is bounded below, so A, is
restricted to a finite interval of the negative real axis. Define
A®™ = min 4,, if there are zeros A,;

(6.11)
A® = A@ | otherwise .

Case 2. There is an element ¢, € L? such that
1+ Ro(la) V] Pu=Xa+0,

n—1
[1 +k§2 (— DF (& — 1)! 2 R (2,) p(k)] =10

In this case 4, is not an eigenvalue of H. The quantities Z™ (4,) and
0 (4,) vanish simultaneously in such a way that the resolvent is analytic
in the neighbourhood of 4= 1,, 4, included. The number A, may be
complex. For » = 2 this case does not apply. For » = 3 an example of
these spurious zeros was discovered by FEpERBUSH [43] and discussed
by NoBLE [44]. It is not known if the spurious zeros can be avoided by
imposing suitable conditions on the interaction.
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The FADDEEV equations do not give rise to such spurious zeros ([2],
theorem 7.1), and it was pointed out recently by NosLE [45] that they
do not occur either in the equations proposed by Rosexsere [10] and
Newron [11].

7. The Spectrum of the Hamiltonian

First, some remarks will be made on the spectrum of a self-adjoint
operator T'. It consists of the numbers A for which the operator 7' — 4
does not possess a bounded inverse. In defining different parts of the
spectrum, we will follow Kato ([39], Ch.X, sections 1.1. and 1.2) and
Riesz and Sz.-Nacy ([46], sections 132 and 133).

The point spectrum consists of the eigenvalues of 7. Let P be the
orthogonal projection on the subspace, spanned by all the eigenspaces
corresponding to the different eigenvalues. The continuous spectrum of 7'
is then the spectrum of 7'(1 — P). Finally, the essential spectrum is
obtained by removing from the spectrum the isolated points which are
eigenvalues with finite multiplicities. The essential spectrum thus consists
of the continuous spectrum, the limit points of the point spectrum and
the eigenvalues with infinite multiplicity.

The essential spectrum may be characterized as follows ([46],
section 133).

Lemma 7.1. The number 2 belongs to the essential spectrum of T pre-
cisely if there exists a sequence {f,} € D (T'), such that

Iol=1, (T=Df1->0, (9./,)~>0
for any element g in the Hilbert space.

We will prove in this section, that the essential spectrum of the
Hamiltonian ranges from A" to co. Hence, according to Eq. (6.11),
A® is the lower bound of the spectrum of H. It is not known, whether or
not the interval [A$, co) contains a part of the point spectrum.

Theorem 7.2, The essential spectrum of the Hamiltontan H®™ runs
from A to co.

Proof. We first show that the half-line [0, co) belongs to the essential
spectrum. Choose some set of coordinates of the type considered in sec-
tion 2.1. Each term k2 of the kinetic energy H{™ can be considered as
an operator on L2(k;). It has a continuous spectrum from 0 to co. It
follows from lemma 7.1 that for any g = O there exists a sequence
{d,(k;)} such that

Idyl" = [f ldo ()P k2 =1,
Ay 9) = [ dy(k;) G(K;) d°k; — 0 (7.1)
[[Ho = (n— )7t pld,|" = {1k} — (n — 1)7* p1? |dy (K))|? d*k}2 0,

the second relation being true for every g(k;) € L*(k;). In the present
case, the functions d,(k;) may be chosen non-negative.
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Now define the sequence {f,} in L2(k,, ..., k,_,) by

folley, ..  kyy) = H d,( (7.2)

i=1
Then it is obvious that f, € ® (H,). It follows from Eq. (7.1) that, for
any g € L*(R%"~?)

”fp” =1, (fzv 9)—>0, ”(Hgn) - lu) fﬂ“ —=0. (7.3)

In order to prove that u belongs to the essential spectrum of H™, it
is sufficient to show that ||V,;f,| tends to O for any term V,; of the

potential energy V. Suppose that
—1
k=2 cyky.
R=1
Then at least one of the numbers ¢, differs from 0. Let it be ¢;. The
relations (5.6) and (3.3) then yield

(Vij.fp)(kl’ e kn—l)
n—1

= 8;;° f [Wij(m) x 2 cn(ly — Ch’”)] H dn(ky — c,m) &®m
h=1 h=1

S

I

k-1 ot
|°1|_3sz'a"flvia'( 101 1) X {01 L +h§'2 Cn [kh - % (ky — 11)]}
n—1 ch
dy(W) T d, (Fen =2 (kg — 1)) 2%,
=2 1

From this it follows with Schwarz’s inequality that the norm of V,f, is
not larger than the sum of the norms of the two functions

K, : n—1
led=2s:5 [ Wﬂ'( ) led bdy (L) IT dy(ky) @3l
n=2

and

_ n—1
bt sis  Weg (M) (2l ) 4,00 TT )

C1

because the functions d, (k) are non-negative.
Write W, ; for the integral operator on L?(k,) with kernel
W, ;((ky—1,)/e;). Then it is clear that
[Vistal = const [[W;;(Ho)' 2 dy|" + [Wisdy|" | (Ho)V2 ']
Here the primed norms are those in L2(R3). It has been used that
ldy|" = 1.

According to Eq. (7.1), (H, + 1) d,, g)’ tends to 0 for any g € L?(R?),
that is, the sequence {(H, + 1) d,} converges weakly to 0. By the proof
of lemma 3.1, the operators W, (Hy)Y2 Ry(— 1) and W;;R,(— 1) belong
to the class (r¢) of L?(R?), and so they are compact. As a consequence,
they transform the sequence {(H,+ 1)d,} into strongly convergent
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sequences. From this it follows that
Wi (Hol 2 dy|" >0, [Wisd,|" >0,

1Viifol = 0. (7.4)
With Eq. (7.3), this shows that the half-line [0, o) belongs to the
essential spectrum of H™.

Tt follows from section 6.2 that the half-line (— oo, AM) does not
contain points of the essential spectrum of H®. So if A = 0, the
assertion of the theorem has been proved. In particular, the assertion is
true for n = 2.

On the other hand, let A% be negative. Then AJ can be split into
numbers A®™) and A" according to Eq. (4.14). At least one of the
numbers must be negative. Let this be A™). Then A™) is either an
eigenvalue of H™, or it is equal to A{'). In the latter case it may be
split further. Because 4™ can only be negative owing to one or more
subgroups of the n-particle system having bound states, it follows, ulti-
mately, that A is the sum of energies of bound states of subgroups.

Now choose internal coordinates in these subgroups, and denote these
by E®. Introduce coordinates k() to describe the motion of the remain-
ing particles and the centres of mass of the subgroups. Write H (1) for
the Hamiltonian which refers to the internal motion of the subgroups.
Then there exists a function ¢ (k®) of norm 1 in L?(k®) such that

[H (1) - Af] ¢ (kD) = 0.

In L2(k®) a sequence {f,(k®)} can be constructed with the properties
(7.2) and (7.3). If F',, is now defined by

Fp(k) = ¢(E®) f,(E®),
IF, =1, (Fg)—>0 (7.5)
for any ¢ € L2(R3"~3). Also,
[HQ) - AP1F, =0, |[Hy(2) — plFy|—>0.

The argument for the half-line [0, o) can be repeated to show that |V ;; F,|
tends to O for every interaction V;; which does not occur in H (1). Hence

(H — A9 — u) F,] 0. 7.6
By Egs. (7.5) and (7.6) and lemma 7.1, A + u belongs to the essential

spectrum of H® for every u = 0. Since (— oo, A) does not contain
points of the essential spectrum, it follows that theorem 7.2 is true.

and so

then

8. The Coulomb Interaction

In the context of the present paper, the difficulties associated with
the spin-orbit coupling are due to the factor k,; in the interaction (2.13).
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This factor results in the interaction having a very long range in mo-
mentum space. In the case of a short-range interaction, one would expect
the operator K (1) to be in the Schmidt-class (o¢c), but, as we have seen,
it is merely in (gc¢). Now it is pointed out in appendix A1 that the class
(o¢) is invariant under unitary transformations. This suggests that it
also refers to interactions with a long range in position space. The
Coulomb interaction is now examined as an example of these.
In a system of n particles with two-body interactions of the form
Vi) = el (8.1)
it is well known from Kato’s work ([39], Ch.V, sections 4 and 5) that the
Hamiltonian (2.7) is a self-adjoint operator with domain ® (H,). Its
spectrum is bounded below, and so the resolvent satisfies Eq. (3.13). If
A is defined by Eq. (4.14), it follows from papers by Zuisrix [47] and
Dorrarp [48] that A{ is the lower bound of the essential spectrum of
H, which is continuous in the strict sense.

Now consider two particles and examine the operator — R,(1) V for
non-positive A. In the position representation this is an integral operator
whose kernel is

K2y, yy) = — €;;(4m)~ L exp LAV [, — yy[] [0, — g7yt (8.2)
Thus,
[ 1K (1, y) K (201, y1)| dPay

— const (Im A1 exp[~ Tm 2% [y, — gl iyt )
To obtain the r-norm 7(R,(A) V), one must square Eq. (8.3) and integrate
over y, and y;. Choosing u = y, — y;, v = y,, we have
const (Im A772)~2 [ exp[— 2Im AV2u] v-2|v — u|~2 d3u d3v
= const (Im 41/2)~2 [ exp[— 2Im A2u] w~1 d3u = const (Im A1/2)-4.

This shows that the operator — Ry(1) V is in the class (r¢) and satisfies

r(Ro(4) V) < const (Im A1/2)-1, (8.4)
In the notation of section 5.1 we have for two particles
r(K® (2)) = Q(— = o) . (8.5)

This result is to be compared with lemma 5.2. There is an analogue of
lemma 5.3 which reads as follows.
Lemma 8.1. Let the operators F™ be integral operators such that

r(Fm (1)) = .Q(-—-;—m - % ,/l(m)) 2==m=<n-1). (86)

Then K® (1) is an integral operator such that

PO B) = (=g nt 5, AP). (8.7)
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Proof. First examine the terms K%, of the form (4.13). If F"—1(2)

is in the class (r¢), then so is
F®=1(0) RP (4 — 0) Vj,, -
The analogue of Eq. (5.9) is
r(FOD (6) RP (A — 0) V;) < 1y (F@=D (0)) ry(K® (4 — 0)) .
This yields
PO« ROV, () = @(— g0+, 40-D)

with Eqgs. (8.5) and (8.6), appendix A3 and lemma 5.1.3. That is, the
terms K %) of the form (4.13) are eompatlble with Eq. (8.7). There is
a similar argument for the operators Kp(z) of the form (4.12), which
proves Eq. (8.7) for the full kernel K™ (4).

We proceed to the analogue of lemma 5.4.

Lemma 8.2. Let F™ and K™ be integral operators such that

1

r(F™ () = Q(—?m - i,/l“")) e=sm=n-1),

T(K(”)(A)) = (——n + = A(n))
Then F™ is an tntegral operator such that
r(F® (2)) = Q(——;—n — g, 40). (8.8)

Proof. As in the proof of lemma 5.4, it is convenient to decompose
F® according to Eq. (5.16) and to consider three types of terms
separately.

Term 1. This is a term K™ R{®. Because in the present section we
are considering the position representation, R{® is an integral operator
whose kernel is of the form G{” (x — y; 2) ([18], Eq. (1.2.17)). From this
it follows with Schwarz’s inequality that

r(K®(2) BP () = r(KWW) [ 16§ (@ — y3 2)] @7~ @ - y)

- dn—3 —$n+1
< const (K™ (1)) |4] (Im A%/2)
([18], Eq. (1.7.83)). Thus, with Eq. (8.7),
r (K@ (2) R (2)) = .Q( L= A<n>) (8.9)

Term 2. This is a sum of operators of the form
Em G0 = K@ F® g -« - x F® x RP ,  2<p<m.

Here, R{P can be handled as indicated under term 1. The further analysis
follows the lines of term 2 in the proof of lemma 5.4. The result is

r(K® (2) Q;)m(z))zg( ntsp— g, A ) (8.10)

a relation which is compatible with Eq. (8.8) because p < n.
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Term 3. It remains to discuss the term (K™)2 R®. As in the proof
of lemma 5.4, this satisfies

r([K® ()] R (2)) < [r(K® ()] | ()],
and so

r(LE® ()] RO (2)) = Q(— n, A®) . (8.11)

The results (8.9—11) together with lemma 5.1.1 now lead to Eq. (8.8),
which concludes the proof of this lemma.

Again, consider the case n = 2. The relation (8.5) gives an estimate
for r(K®). From this an estimate for F® follows with lemma 8.2. Next,
lemma 8.1 leads to an estimate for »(K®). Then again lemma 8.2 gives
an estimate for r(#'®), and so on. Summarizing, we have the following
theorem.

Theorem 8.3. For a system of n particles with Coulomb interactions, the
operators K™ (A) and F®™ (1) defined by Hgs. (4.8) and (4.10) are operators
wn the class (rc) of position space. Their r-norms satisfy Egs. (8.7) and (8.8).

This is the analogue of theorem 5.6. If we restrict ourselves to values
of A not in the essential spectrum of the Hamiltonian, the Fredholm
theory of section 6 makes it possible to find the resolvent R® (1) for
n particles with Coulomb interactions.

We will conclude this section with some remarks on the momentum
representation. The potential energy is then defined by

(Vii f)(kl’ DR} k’n—l) = (276)_2 €5 f Ikl - 1[_2f(ll’ kz: < ey kn—l) d3l1 >

where I, = k;; etc. Thus, V is a properly defined symmetric operator on
D (H,), leading to a self-adjoint Hamiltonian with domain © (H). The
relations (8.4—8) remain valid for the r-norms in the momentum represen-
tation. This is not a trivial result, because the r-norm is not unitarily
invariant. However, the relation (8.4) and the lemmas 8.1 and 8.2 can
be proved without difficulty for the momentum representation.

9. Discussion

For certain classes of long-range interactions, we have formulated an
equation for the n-particle resolvent R (1), and we have shown that this
has a kernel K (1) which belongs to the class (g¢). This enables the equa-
tion to be solved by the methods of section 6. It appears worth while
to comment briefly on the significance of this procedure.

Consider the equation

h=hy+ Kh, 9.1)

where %, and K are known and % is to be found. The classical Fredholm
theory gives a solution in the form

h = Dhy/d , 9.2)
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where D is an operator and d is a number. Both D and d can be evaluated
explicitly. These quantities involve K and all the powers K7, as well as
the traces tr K? (p = 1,2, . . .). The solution can therefore only be expected
to hold for kernels K in the trace-class.

If it is merely known that K is in the Schmidt-class, tr K does not
necessarily exist. However, K2 still is in the trace-class, and so the

equation h=hy+ Khy + K2 9.3)

can be solved by the classical theory. In practice, however, this isnever
done. One prefers the modified Fredholm theory due to SmitaIES [42],
in which D and d are replaced by quantities which no longer depend on
tr K. Now if K is merely in the class (p¢), then tr K, tr K2, and tr K* need
not exist. On the other hand, K2 is in the Schmidt-class in this case, and
so Eq. (9.3) can be solved by Smithies’s formulas. We have chosen not
to do this, however, and we have further modified the expression for
D/d so as to eliminate also tr K% and tr K3. This is the contents of section 6,
which thus generalizes Smithies’s ideas.

If instead of Eq. (9.1) one considers Eq. (9.3), then the corresponding
homogeneous equation has an eigenfunction 2 = K2k not only if there
is a function % such that = KA, but also if = — Kh. Thus, the
Fredholm denominator may have spurious zeros which are cancelled
exactly by zeros of the numerator. These spurious zeros are avoided if
one adopts the modified solution which applies directly to Eq. (9.1). This
thus results in the Fredholm numerator and denominator having a less
complicated structure. One may hope that it makes the Fredholm series
converge better. It is not difficult to see that this method for long-range
interactions can also be used profitably in the context of the FADDEEV
[1, 2] and RoseExBERG-NEWTON [10, 11] equations.

Our results on the resolvent R (4) apply only in the A-plane cut from
a certain point A, to co. For spin-orbit interactions, it is shown in sec-
tion 7 that A, is the lower bound of the essential spectrum of H. The
method of proof is different from, but related to, an argument for local
interactions due to HuNziker [49]. Similar work was done by ZHISLIN
[47]. The results of these authors apply to the Coulomb interaction as
a special example. Our method can also easily be formulated so as to
include this case.

In all this work on the essential spectrum, very few assumptions are
made about the interaction, but also very little information is gained on
the detailed structure of the spectrum. This question was discussed from
a general point of view by Grazman ([50] section 65). For short-range
local interactions, one can use the time-dependent scattering theory due
to JaucH [51] and discussed by KaTo ([39] Ch.X), and one can show that
that there exist wave operators [52, 53]. From this it then follows that
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the Hamiltonian H contains parts which are unitarily equivalent to
Hamiltonians that refer to the system of n particles being split into
a number of subsystems which are allowed to move freely with respect
to one another. For three particles with sufficiently smooth interactions,
it was shown by FapDEEV ([2] theorem 9.2) that the sum of all parts
of H so obtained in fact accounts for all of the essential spectrum of H,
which is thus absolutely continuous. DorLArRD [48] generalized the
method of wave operators to Coulomb interactions, and the essential
spectrum of the Coulomb Hamiltonian was also discussed recently by
WEeIDMANN [54]. For interactions with a long range in position space,
there is at present very little known beyond this. As regards the spin-
orbit coupling, which is non-local and has a long range in momentum
space, a preliminary investigation indicates that wave operators do exist
if the functions W,;(k) are somewhat more restricted than is indicated
by Eq. (3.5). This would give some additional information on the struc-
ture of the spectrum. Eventually, however, one will want to construct

R(4) explicitly for all values of A on the real axis. This requires further
investigation.

Appendix

A 1. Compact Operators on a Separable Hilbert Space
In the present paper, we are concerned with a Hilbert space ) whose
dimension is finite or denumerably infinite. If f and ¢ are any two
elements of §), their inner product is denoted by (f, ¢), the notation being

such that («f, Bg) = «B(f, 9) (AL1)

for every pair of complex numbers « and .
By the term ‘“‘operator’” is meant “linear operator”. If A is an
operator on $), its bound is

4] = Sop, [4f] - (A1.2)

If | 4] is finite, the operator 4 is called bounded.

A bounded operator is called compact or completely continuous if it
transforms every weakly convergent sequence into a strongly convergent
one. In other words, let f be an element of , and let {f,} (n=1,2,...)
be any sequence such that

for every g in 8. Then 4 is compact if and only if Eq. (A 1.3) implies that
lim |4f, - 4f|=0. (A1.4)
n—> o0

The compact operators are precisely the ones that admit a polar de-
composition of the form

Af=23i%(f: Y - (A 15)
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Here {¢;} and {y;} (¢=1,2,...) are orthonormal sets in §, and the
quantities A; are positive numbers such that A, tends to 0 as ¢ tends
to oo (SCHATTEN [55] p. 18).

If 4 is compact and p is any positive number such that p = 1, one
may define 1/

v 14, = [Z (/b)”] ’. (A 1.6)

K2
This quantity has the properties of a norm, as is brought out by the
following relations.
[4], = 0; |A],=0 implies 4 =0,
leeAl, = |« |4]l, for any complex number «, (A 1.7)
141+ 4o, = | 4alp + [ 4o, -

The p-norm defined by Eq. (A 1.6) was investigated in great detail by
ScHATTEN [55]. The relations (A 1.7) can be proved by combining various
sections of Schatten’s book.

If X and Y are any two bounded operators,

1XAY], = [X]]4], ] Y] - (A18)
In particular, for unitary operators U and ¥V one has
1TAV], =4[, (A19)

If R, denotes the class of compact operators 4 for which | 4], < oo, it
is easy to see that

R,<R, [4L,zl4, Qsp=q. (ALl

Also, whenever 4 is compact,
|4] = max {4}, (A1.11)
and so 4l <14, @=zY. (A112)

With the norm || 4], the class &, is a normed linear space. It follows
from Schatten’s work ([56] Ch.V, section 11, see also [55] Ch.V, section 7)
that this is complete, hence a Banach space.

In the present paper, the cases p=1,2, and 4 are of particular
importance. The corresponding classes and their norms are denoted by

(te) =Ry, 7(4)=|4|, (trace-class),
(oc)=R,, a(d)=|A4], (Schmidt-class), (A1.13)
(@) =Ry, e(4)=]4],-

If A4 is in the Schmidt-class and {y,}, {w,} are two complete ortho-

normal sets in §), the Schmidt-norm ¢ (4) satisfies

oAP =2 [4dxgl* =Y |42, o)) = X [4*0*  (ALL4)

1 7,) i
([55] p- 29). For operators in the trace-class, the trace is defined by

trd =3 (A ys 24) (A 1.15)
4 Commun.math, Phys., Vol.11 g
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([65] p. 37). It satisfies |tI‘A| < 7(4). (A 1.16)

If A and B are in the Schmidt-class, then A4 B is in the trace-class and
the norms 7 and ¢ are related according to

T(4*4) = 7(44*%) = [0(4)P,

7(AB) < o(4)o(B).
Likewise, if 4 and B are in the class (g¢), then 4 B is in the Schmidt-
class, with o(4*4) = o(A4%) = [o(A)F,

o(4B) < o(4) o(B).

(A1.17)

(A 1.18)

A2. Integral Operators

As our Hilbert space, we now choose a space consisting of square-
integrable functions. Specifically, let R™ be the set of all systems of

n real numbers (2, .. ., ®,), where each x; may vary continuously over
the interval — oo < &; < co. Let Z,, be the set of all systems of m real
numbers (s;, .. ., 8,), where each s; takes certain discrete values only.

If X stands for some finite or infinite interval in R® x Zm, the set L?(X)
consisting of all functions which are square-integrable over X is a Hilbert
space. In this space, the inner product takes the form

(F.9) =2 [[(xrse s @psSyseesS) T @15 oo s @y Sy ,ee s Sp) Ay d s, . (A2.1)
8

It is convenient to take the variables together and to denote them by x.
This yields

9 = [f&)§@)da. (A2.2)
An integral operator on L?(X) is an operator which acts according to
(Af) @)= [ A, y) [(y)dy, (A23)

the function 4 (z, y) on X x X being the integral kernel of A.

On L2(X), the Schmidt-class is precisely the set of all integral
operators whose kernels belong to L*(X x X). The Schmidt-norm is
given by o(4) = [[ [ 14 (=, y)[* de dy]2 . (A 2.4)

If 4; and A4, are any two operators in the Schmidt-class of L2(X), their
product is an integral operator with kernel

(A14,) (@, y) = [ Ay (x,2) Ay(2,y) dz . (A25)
The adjoint 4* is an integral operator with kernel
A* (@, y) = A(y, ) - (A 2.6)

For the special case of the space L?(0, 1), these statements are proved
in Schatten’s book ([55] p. 35). The proof also applies to more general
spaces L?(X).
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Now suppose that the operator 4 belongs to the trace-class. Then it
is in the Schmidt-class, and so it is an integral operator. Its trace is
given by

trd= [ B, y)Cy,z)dady= [A(z,z)dx, (A 2.7)

where B and C are two Schmidt-operators whose product is 4.

If, on the other hand, it is merely known that 4 is in the class (pc),
then the situation becomes much more difficult. It is not obvious that 4
is still an integral operator, and if it is, its kernel may be very unman-
ageable. It is in view of this complication that we now define a subset
(re) € (oc) which consists entirely of integral operators with useful proper-
ties analogous to Egs. (A 2.5) and (A 2.6). This set is investigated in detail
in a separate paper [35]. For easy reference we only quote some major
results here.

An integral operator is said to belong to the class (rc¢) if its kernel
A (z, y) is a measurable function on X x X satisfying

rd)t=[lA@y) A, y) A, y') A@', y")| de da’ dy dy’
=[[[|A(x,y) A, y)| dy)? de da’ (A2.8)
=[[[|A@ y) A, y)| dz]2dydy’ < .

If 4 is in (rc), it is bounded. In fact, it is in (oc¢). The norm p(4) can
be evaluated according to

()t =[A(x,y) Az, y) A@, y) A, y) deda’ dydy’ , (A2.9)

the integral converging absolutely owing to Eq. (A 2.8). This relation
shows that p(4) does not exceed r(4). More generally, one has

(oc) S (re) < (oc),
o(d) = r(4) = 0(4) .

If 4 (x, y)is the kernel of an operator 4 in (rc), the kernel of A*is given
by Eq. (A 2.6). The product of two operators in (r¢) is an integral operator
whose kernel satisfies Eq. (A 2.5). For any two functions f and g in
L%(X), and any operator 4 in (rc¢), one has

[lg@) A, 9) f@)|dedy < |f]lg] r(4) . (A 2.11)

In defining the class (rc¢), use is made of the special realization of the
Hilbert space. The class (rc) can therefore not be expected to have the
same general significance as the classes &,. To be specific, the quan-
tity r(4) has the properties of a norm, thus defining (rc¢) as a Banach
algebra. Unlike the g-norm, however, the r-norm does not have the
properties (A 1.8) and (A 1.9). In [35] an example is given of an operator
in (g¢) which is not in (rc¢). The present paper is essentially devoted to
studying operators in (rc¢) which are not in (o'c).

4‘

(A 2.10)
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In dealing with products of operators, the following lemma is useful.

Lemma A 2. Let 4 be an operator in the class (rc) of the space L?(X,),
let its kernel be A (x,, y,), and let its r-norm in L*(X,) be denoted by ry(4).
Let B be an operator in the class (rc) of the space L? (X, x X,), let its kernel
be B(xy, o3 Y1 Ys), and let its r-norm be denoted by r (B). Then the products
A B and B A are integral operators in the class (rc) of the space L?(X; x X,).
Their kernels are given by

(A B) (1, @33 %1, Yo) = [ A (21, 21) By, @3 91, ¥2) d2y, (A 2.12)
(BA) (@), @3 91, Y2) = [ B2y, @321, Yo) A (21, 1) dzy . (A 2.13)
The r-norms satisfy
r(dB) < r(4)r(B), (A 2.14)
r(B4) £ r(4)r(B). (A 2.15)
Proof. Consider the operator C' whose kernel is given by
Oy, @3 10 ¥2) = [ |4 (21, 2)) Bloy, @5 %, Ya)| dzy - (A 2.16)
It is not difficult to show that C belongs to (r¢). In fact, straight forward

application of Schwarz’s inequality yields

r(C) = r(4)r(B). (A 2.17)
Owing to Eq. (A 2.11),

[ g (@, 29) A (2, 21) B2y, %35 Y1, Yo) (Y1, Yo)| Ay dy dyy dy, dzy

= [ gl r(4) r(B) .
The theorems of FuBINT and ToNELLI on repeated and multiple integrals
now immediately yield Eq. (A 2.12). Next, Eq. (A. 2.14) follows with
Eq. (A.2.17). The relations (A 2.13) and (A 2.15) can be proved by
regarding B4 as the adjoint of 4* B*. This completes the proof of the
lemma.

(A 2.18)

A 3. Integrals of Operators

Let t take values in a measurable set 7' in R™. Suppose that, for every
¢in T, there is a bounded operator A (t) acting on some Hilbert space $).

Defino 4 by (4h.0) = [0 f.g)dt, (A3.1)

for every f and ¢ in 9.
Lemma A 3. Let A(t) be an operator on a space L?(X) for every t in T,
let it be in the class (rc), and suppose that

f r(d () dt < oo. (A 3.2)
Then the operator A defined by Eq. (A 3.1) is in (rc). If A(xz, y;t) stands
for the kernel of A(t), then the kernel of A is given by
Az, y)= [ Az, y;t)dt, (A 3.3)
T
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the integral converging absolutely for almost every =, y. Also,
r(d) = [r(A@)dt, (A 3.4)
A) ng@(A(t))dt. (A 3.5)
Proof. Choose f and g in L2 (XT). By virtue of Eq. (A 2.11)
Tf dt [ |g(x) A(z, y;t) f(y)] dw dy < [f] HgHTfT(A (#))dt<oco. (A3.6)

Hence
(Af,g9) = fdtfg Az, y;t) f(y) de dy

=[g [TfA w,y;t)dt]f(wdxdy-

This yields Eq. (A 3.3). The relation (A 3.4) follows from this with the
help of Eq. (A 2.8) and Schwarz’s inequality. Similarly, Eq. (A 3.5)
follows with Eq. (A 2.9). The argument requires certain integrations to
be interchanged ; this is permitted because all integrals involved converge
absolutely.

(A 3.7)

A4. Some Integrals
Let @ and b be complex numbers such that

b—a=2lexp(ig), (A4.1)
where [ is positive and 0 < ¢ < 27. Let C be the path in the complex
z-plane given by

La+b i A42
z=>5(a+ )+texp(—é—z<p) (—oo<t<o). (A 4.2)

Consider the integral

= [ |z — a|*[Im(z — a)'/2]-F |dz|
c

= [ |b — 2]*[Im (b — 2)U2]-P \dz| , (A 4.3)

where

1
az-1, Fph-a>1, (A 4.4)

In the second member of Eq. (A 4.3), z may be replaced by the variable
w defined according to

t+lcos—é—q)—lcos—<pcoshw+s1nhw (A 4.5)
This yields
o— -8
Jy= gbfptra—ie (smi (p)

© [ (1 + coshw) 2

—0

L4 (A 4.6)
(coshw + cos q) sinh w) dw .
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Owing to Eq. (A 4.4) the integral is bounded uniformly in ¢, and so
J; < const |b — a|t+* [Im (b — a)1/2]-#. (A4.7)
Now consider the integral
o= [z —a|a[Im(z — a)2]= P |b — z|%[Im (b — 2)V/2] P |dz| , (A 4.8)

c

1 1
Where oz1+a2g—-1,-§ﬁ1-—0ﬁ+—é‘ﬂg—txz>l»

m>—1, f>0, p—o0>0, (A 4.9)

“2>_1, ‘62>O, é‘ﬂz“a2>0.
The conditions (A 4.9) are necessary and sufficient in order that there be
numbers p, ¢ such that
p>1, g¢>1, (@p)+Q1lg=1, upz-1,

(%,31—&1)17>1, gz —1, (%ﬁz_“2)q>1-
Hélder’s inequality and Eq. (A 4.7) thus yield
Jy < const [b — alat =t [Im (b — a)2]~A—F .  (A4.1l)
This result leads directly to lemma 5.1.3.
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