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Unified nonlinear spinorfield models are self-regularizing quantum field theories in which all 
observable (elementary and non-elementary) particles are assumed to be bound states of 
fermionic preon fields. Due to their large masses the preons themselves are confined and below 
the threshold of preon production the effective dynamics of the model is only concerned with 
bound state reactions. In preceding papers a functional energy representation, the statistical 
interpretation and the dynamical equations were derived and the effective dynamics for preon-
antipreon boson states and three preon-fermion states (with corresponding anti-fermions) was 
studied in the low energy limit. The transformation of the functional energy representation of the 
spinorfield into composite particle functional operators produced a hierarchy of effective 
interactions at the composite particle level, the leading terms of which are identical with the 
functional energy representation of a phenomenological boson-fermion coupling theory. In this 
paper these calculations are extended into the high energy range. This leads to formfactors for 
the composite particle interaction terms which are calculated in a rough approximation and 
which in principle are observable. In addition, the mathematical and physical interpretation of 
nonlocal quantum field theories and the meaning of the mapping procedure, its relativistic 
invariance etc. are discussed. 

PACS 11.10 Field theory 
PACS 12.10 Unified field theories and models 
PACS 12.35 Composite models of particles 

Introduction 

Unif ied nonl inear spinorf ie ld ( = N S F ) models 
are q u a n t u m field theories in which all observable 
(elementary and non-elementary) particles are 
assumed to be bound states of e lementary fe rmion 
fields. Accordingly, such models must be formula t -
ed by dynamical laws for self-coupled fe rmion 
fields only. 

If self-coupled fe rmion fields are described by 
N S F equat ions with first order derivatives 
( = F D N S F ) and local interactions the correspond-
ing q u a n t u m field theories are non-renormal izable . 
To circumvent this non-renormal izabi l i ty , higher 
order derivat ive nonl inear spinorfield ( = H D N S F ) 
equat ions can be used. These equat ions exhibit self-
regularizing proper t ies and are thus renormal izable 
or super-renormal izable . However, they lead to 
indefini te metr ic in the corresponding state spaces. 
A short survey of the l i terature concerning H D N S F 
equat ions can be found for instance in [1]. 

Using quant ized H D N S F models, five d i f ferent 
problems have to be treated in order to provide a 
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proper physical and mathemat ica l basis for the 
application of such models : 

i) the foundat ion of self-regularizing H D N S F 
equat ions themselves; 

ii) the proof that in spite of the indef ini te metr ic a 
meaningful physical and statistical interpreta-
tion of the theory is guaran teed : 

iii) the derivation of the bound state spec t rum; 
vi) the proof that bound states representing "ele-

mentary particles" satisfy in certain approx ima-
tions the corresponding gauge theories which 
govern the reactions of these particles if they 
are considered to be elementary and point l ike; 

v) the derivat ion of corrections of conventional 
gauge theories which result f rom the non-ele-
mentari ty of their "e lementa ry" constituents. 

Although numerous effor ts were m a d e in the past 
to treat N S F models, no satisfactory and systematic 
answers are available in the l i terature for the 
solution of these peculiar problems. Therefore , a 
research program was started by the au thor and 
collaborators in this field. T h e following results have 
been established so far: 

Grosser and Lauxmann [2] proposed an N S F 
model with second order derivatives at the preon 
level. A decomposi t ion theorem of H D N S F equa-
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tions into a set of F D N S F equations which allows 
the canonical quantization of H D N S F equations 
was proved by the author [3] and Grosser [4], By 
application of this theorem a self-regularizing 
second order derivative equation was derived from 
an F D N S F equation through a symmetry breaking 
quantization by the author [5]. Fhe same theorem 
was used for the derivation of a functional energy 
eigenvalue equation for the calculation of relativis-
tic bound states etc. by Grosser, Hailer, Hornung, 
Lauxmann, and Stumpf [6]. For this energy repre-
sentation the author [7] discussed the properties of 
solutions in the two-fermion sector and confirmed 
the possibility of giving a correct statistical inter-
pretation of the theory in the case of very high 
preon masses. This method can easily be extended 
to higher fermion sectors. Thus, as far as the prob-
lems i), ii) and iii) are concerned, considerable 
progress has been made and further papers about 
these topics are in preparation. Therefore, at the 
present stage of the theory the problems iv) and v) 
need to be investigated. 

The treatment of both these problems is very 
complicated. A first step in this direction was made 
in three preceding papers [8] which we denote by I, 
II, III in the following. In these papers composite 
particles were defined to be eigensolutions of the 
diagonal part of the functional energy representa-
tion of a second order derivative NSF model, and a 
suitable composite particle spectrum was assumed. 
It consists of preon-antipreon boson states and 
three-preon fermion states with corresponding anti-
fermions and contains bound states as well as preon 
scattering states. The N S F energy functional states 
were expanded in terms of these composite particle 
states with inclusion of preon scattering states. Then 
the transformation of the functional NSF energy 
representation into composite particle functional 
operators produced a hierarchy of effective inter-
actions at the composite particle level, the leading 
terms of which are identical with the functional 
energy representation of a phenomenological boson-
fermion coupling theory. This representation is 
valid as long as the processes are assumed to be far 
below the energetic threshold for preon production 
or preon break-up reactions, respectively. In this 
paper we will complete this investigation and we 
will evaluate the formalism in particular with 
respect to problem v), i.e. we will investigate the 
high energy behavior of this map of a unified NSF-

model on a boson-fermion coupling theory even at 
energies above the energetic threshold of preon 
break-up reactions. 

While on the "low" energy level this map 
produced a functional energy representation of a 
boson-fermion coupling theory with local coupling, 
we will show in the following that for sufficiently 
high energies the boson-fermion coupling becomes 
nonlocal, i.e. formfactors will appear. The loss of 
locality and the appearance of formfactors in the 
boson-fermion coupling terms in the high-energy 
region need an explanation what kind of phenom-
enological theory we have really obtained by per-
forming such a map. Before going into details we 
discuss this basic problem. 

Owing to the above mentioned nonlocality we 
first raise the question whether a phenomenological 
nonlocal boson-fermion coupling theory can be con-
sidered as the result of such a map. A formfactor 
model for electrodynamics was first proposed by 
Wataghin [9], Later on fur ther such models were 
proposed by Bopp [10], McManus [11], Feynman 
[12] and de Broglie [13], while Yukawa [14] intro-
duced bilocal fields. Fhe quantization of these 
models offered great difficulties. Since the postulat-
ed Poincare invariance enforces nonlocal couplings 
or bilocal fields to be spread out in space-time 
regions, no conventional Hamiltonian formalism 
exists which is needed for canonical quantization. 
To circumvent these difficulties Rayski [15] applied 
the Yang-Feldman-Källen quantization procedure 
to the McManus model. With the same method 
Kristensen and Möller [16] treated a nonlocalized 
Yukawa coupling. However, further difficulties were 
discovered concerning the existence of the S-matrix 
and the fulfi l lment of macrocausality conditions. 
Hayashi [17] found a violation of asymptotic com-
pleteness in the Kristensen-Möller model and Bloch 
[18], Chretien and Peierls [19] and Ebel [20] dis-
cussed restrictions due to macrocausality. The aim 
of all these theories was to get convergent pertur-
bation expansions. However, this was not easily 
established in a satisfactory way, cf. Chretien and 
Peierls [21] and Möller [22]. In the further develop-
ment of this approach it was tried to remove these 
difficulties. For brevity we can only cite the authors 
of the most important papers, namely Bloch [23], 
Fierz [24], Yennie [25], Rayski [26], Ascoli [27], 
Jordan, H. L. [28], Gulmanelly [29], Hara and 
Shimazu [30], Katayama [31], Pauli [32], Ono [33], 
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Rzewuski [34], Wataghin [35], Budini and Vili [36], 
Kamefuchi [37], Gaus [38], Stueckelberg and Wan-
ders [39], Taniuty [40], Sen [41], Budini [42], 
Minardi [43], Barashenkov [44], Medvedev [45], 
Weidlich [46], Nagy and Rzewuski [47], Arnous and 
Heitler [48], Heber [49], O'Raifeartaigh [50], Arnous, 
Heitler and Takahashi [51], Arnous, Heitler, and 
O'Raifeartaigh [52], Tani [53], Shcherbina [54], 
Sutula [55], O'Raifear taigh and Takahashi [56], 
Kirzhnits [57], Pham Xuan Yem [58], Levy [59], 
Shimazu and Yokoyama [60], Leznov and Kirzhnits 
[61], Guillot, Jaus, and O'Raifeartaigh [62], Leznov 
[63], Priou [64], Efimov [65], Fraas [66], Yamamoto 
[67], Iofa and Fainberg [68], Prokhorov [69], Galla-
her [70], La Camera and Wataghin [71], Nilsson 
[72], Efimov and Seltzer [73], Tran huu Phat [74], 
Alebastrov. Efimov and Seltzer [75], Alebastrov and 
Efimov [76], and Rivers [77], 

Although interesting results were achieved within 
these three decades of research it was not possible 
to clarify all problems of nonlocal field theory. This 
is the conclusion which follows from the above 
mentioned papers but which cannot be discussed 
here in detail; cf. for instance two (incomplete) 
review articles [57] and [62], The most successful 
approach was performed in [75] and [76] where a 
finite, unitary, causal and gauge invariant S-matrix 
with respect to a nonlocal electromagnetic and weak 
interaction was derived. However, these authors 
arrived at their results at the expense of taking for 
granted the expression for the S-matrix in the 
interaction representation of a canonical local quan-
tum field theory. But it is just this assumption 
which needs a critical reexamination. This was 
demonstrated by Marnelius [78]. Within the frame-
work of the Yang-Feldman-Källen quantization 
procedure Marnelius showed by a thorough investi-
gation of the Kristensen-Möller model that no 
meaningful S-matrix can be defined at all and that 
this deficiency cannot be corrected either by restric-
tion of the formfactor functions of by adding 
correction terms to the perturbation expansions. 
The relation of this result to the most successful 
papers [57], [75], [76] has not been clarified so far, 
but since that t ime no basic paper about nonlocal 
quantum field theory appeared. 

An analysis of the Marnelius paper reveals that 
one can escape his conclusions only at the prize of 
sacrificing Poincare invariance (and causality) by 
restricting the formfactor to spacelike hyperplanes 

(which was not the intention of this author). I.e. for 
such models one has either the S-matrix but no 
Poincare invariance, or Poincare invariance but no 
.S-matrix which is likewise disastrous. Therefore a 
meaningful map should not lead to a nonlocal 
boson-fermion coupling theory, although formfactors 
appear in the interaction terms. The resolution of 
this difficulty follows from a consideration of the 
mapping itself. 

In I it has been emphasized that in order to 
derive descriptions of composite particle dynamics 
and effective interactions all approaches can 
generally be grouped into two classes: the composite 
particle operator description and the composite 
particle state description. As this classification is 
basic for all further discussions about this topic it is 
useful to characterize these approaches more 
precisely. In analogy to the definitions of weak and 
strong operator convergence we introduce two 
definitions which are concerned with the map be-
tween field theories for "elementary" and composite 
particles. 

Definition 1: A mapping between two field 
theories is called a strong mapping if it is defined 
by a homomorphism between the operator algebras 
of the two field theories and their corresponding 
dynamical equations. 

Definition 2: A mapping between two field 
theories is called a weak mapping if it is defined by 
a projection between the state functionals of the two 
field theories and their corresponding dynamical 
equations. 

From these definitions it is obvious that, applied 
to a given field theory, only strong mappings yield 
again field theories, while weak mappings need not 
necessarily lead to field theories. So far, strong 
mappings have been used in relativistic quantum 
field theory (including nonrelativistic models) while 
weak mappings (in Hilbert spaces) have mainly 
been used in nuclear physics and other branches of 
many body physics. With respect to strong map-
pings in I a short survey of the literature was given 
and we need not repeat it here. We only complete 
the list of authors wich have critisized these proce-
dures, namely Broido [79], Lurie [80], La Camera 
and Wataghin [71], Kerler [81] (in agreement with 
Symanzik) Rajaraman [82], Eguchi [83], Tamvakis 
and Guralnik [84], Banks and Zaks [85], Chiang, 
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Chiu, Sudarshan and Tata [86], Nakanishi [87], 
Ellwanger [88]. Their conclusions are: A strong 
mapping has not really been proved so far, leads to 
contradictions, or cannot exist at all. The most 
transparent paper is that of Rajaraman [82]. Apart 
from bosonization techniques which are of no inter-
est here, he demonstrated the impossibility of strong 
mappings by the evaluation of path integrals. 

But even if one succeeded in performing a strong 
mapping one would arrive at the next trap: The 
composite particle theories which are assumed to be 
the result of strong mappings are bound to be strictly 
local theories, otherwise they would not exist, as 
was discussed above. I.e. there would be no possi-
bility to detect composite particle effects on the 
phenomenological level. It should be noted that this 
criticism does not deny the possibility of the con-
struction of composite field operators themselves 
and their use for scattering calculations, operator 
expansions etc. What is merely rejected is their use 
in connection with strong mappings. 

To circumvent these difficulties with strong map-
ping, in I the approach to weak mapping in relativ-
istic quantum field theories was initiated which is a 
non-trivial functional analogon to the weak map-
ping methods elaborated in nuclear physics among 
others by Wildermuth [89], Schmid [90], Kramer 
[91], and in nuclear quark physics by Faessler [92], 
Miither [93], Bräuer [94], etc. By this method 
functional equations for composite particle dynam-
ics and effective interactions can be derived which 
coincide only for "low" energies with the functional 
state equations of the corresponding phenomenolog-
ical coupling theories where the composite particles 
are assumed to be-pointlike, while they differ from 
those equations in "high" energy regions. For such 
functional state equations no corresponding relativ-
istic operator quantum field theories exist which 
are valid in all energy ranges and satisfy all axioms 
which are usually required for these theories. 
Rather such theories are only simulated by the 
functional state equations in certain energy ranges. 
At the level of composite particles no operators, no 
commutat ion relations, no microcausality, no 
locality and even no explicit Poincare invariance are 
required. All these properties are only required for 
the fundamental field and are satisfied by it. In this 
way the weak mapping avoids all the difficulties 
which are connected with strong mapping, and in 
addition it avoids the difficulties which are connect-

ed with local and nonlocal operator quantum field 
coupling theories, for instance infinities etc., as were 
already discussed. That means that from the point of 
view of weak mapping procedures the known rela-
tivistic quantum field coupling theories for point-
like (but truly composite) particles are only extra-
polations. In the case of local couplings one has to 
pay the prize for this extrapolation by the infinite 
renormalization constants, in the case of nonlocal 
couplings by the nonexistence of the S-matrix. 

The application of the weak mapping procedure 
thus implies that really only one correct quantum 
field theory exists, namely that of the fundamental 
field to which all problems of invariance, micro-
causality etc. must be traced back. However, this 
procedure implies too, that on the composite par-
ticle level all physical information must be obtain-
able from the functional state equations alone, as on 
this level the existence of quantum field coupling 
theories is considered only as an extrapolation 
which cannot be used by the " t rue" theory. The 
possibility of establishing a complete quantum 
theory only by means of functional states and corre-
sponding functional state equations was confirmed 
by the author in the development of the functional 
quantum theory [95]. Once the functional equations 
are given one can forget about their origin (which 
commonly stems from an operator field theory) and 
can find all physically relevant answers only from 
these equations. In our case such equations arise by 
weak mappings which is, however, without rele-
vance for the application of the formalism of func-
tional quantum theory. This formalism can also be 
used without the background of an operator field 
theory. 

Summarizing the properties of weak mappings 
we may say that weak mappings allow to recognize 
the phenomenological particle dynamics of com-
posite particles whose reactions are governed by a 
fundamental field theory, but that at the same time 
the drawbacks of strong mappings themselves as 
well as those of the phenomenological coupling 
theories are avoided. On the other hand, with the 
non-existence of a field operator algebra at the 
phenomenological (composite) particle level which 
satisfies the common requirements of local relativ-
istic quantum field theories, some problems like 
unitary etc. are more difficult to handle. So some-
times it may be of advantage to substitute an 
auxiliary field operator algebra which does not 
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fulfill all requirements of a local relastivistic quan-
tum field theory, but which imitates the results of 
functional quantum theory in a limited energy range 
etc. This is then a problem of the detailed evalua-
tion and interpretation of functional quantum 
theory and does not touch the basic approach itself. 

In the following we treat the quantization prob-
lem. the high energy behavior and the problem of 
relativistic invariance with respect to the weak 
mapping of a unified nonlinear spinorfield model 
which was defined in I and other related papers. 
For brevity in this introduction we forgo a detailed 
description of the content of the following sections 
and restrict ourselves to the discussion of the basic 
interpretation problems of such mappings which 
was given above. 

1. Coupling Theory Energy Representation 

For comparison with the results of a weak map-
ping of a nonlinear spinorfield on to a boson-
fermion coupling theory we derived in I the func-
tional energy representation of a corresponding 
phenomenological coupling theory. In order to get a 
first and foremost information about this map we 
did not take special care of the conditions which 
need to be imposed upon this transition to the 
energy representation. In this paper we will remove 
this deficiency at least partially. 

As was shown by Maison and Stumpf [96] for the 
case of the anharmonic oscillator a necessary and 
sufficient condition for performing the limit to 
equal times in the energy representation is the 
continuity of the coefficient functions of the state 
functional in all time variables. T ime ordered 
coefficients do not have this property. Hence the 
time ordered state functionals must be transformed 
in such a way that the discontinuous parts are 
separated from the continuous parts in their coeffi-
cient functions. In the case of the anharmonic 
oscillator this can be achieved by a simple normal 
ordering. In the case of a quantum field theory the 
normal ordering must be generalized to include the 
propagators of all bound states which occur in the 
theory, as any bound state propagator gives rise to 
such time variable discontinuities. 

For brevity we assume that the phenomenological 
fermion-boson coupling theory does not possess any 
bound state. Then we can perform a simple normal 

ordering in analogy to the anharmonic oscillator. 
Having done this it is obvious how to proceed in 
more complicated cases, i.e. if bound states are 
admitted to occur. As will be seen in the following 
the transition to normal transforms removes those 
terms in the functional equations which stem from 
the field quantization, i.e. from the field commuta-
tion relations. The field quantization is then in-
directly contained in the propagators. This was 
already indicated in III. 

According to I the phenomenological field equa-
tions are given by 

(/" / dn - m).jß / ß ( x ) = ig T j ß /fi(.\) 3 (A) , 

id" d„ - fi2) ,9 (.Y) =~ ig (x) rxß Xß( v) (1.1) 

with y(.v) the phenomenological fermion field and 
,9(.y) the phenomenological boson field. 

The quantum version of this theory is defined by 
state functionals X [//, rj, J, «]) in which rj^ (x), 
ijz(x) and J (A) are sources of the y, y, & fields, 
respectively, and a} denotes the quantum state of 
the system. The definition of state functionals for 
this model and the derivation of their corresponding 
functional equations are given for instance by Lurie 
[80]. These equations read 

(/ -f d,. - m),« X) 
' öriß(x) 7 

ö Ö 
= irh(x) Z) + g r , ß T — : T 7 7 ^ I ) (1.2) 

örjß(x) ÖJ(x) 

and 

(dß du — fi2) — X) ß dJ(x) / 

= - i J ( x ) 12> (1.3) 
<^(x) orjß(x) 

if for brevity we omit the equation with respect to 
rj(x) here and in the following. 

The first terms on the right-hand side of (1.2) and 
(1.3) are the quantization terms which will be 
removed by normal-ordering. The corresponding trans-
formation is defined by 

Z) = Z0[rj,t],J] (1.4) 
with 

Z0[)f.rj.J] := exp[ - J rj^(x) S*ß(x-x')rjß(x') d4x d V 

- j j 7 (x ) J F ( x - x')J(x') d4x d V ] , (1.5) 
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where S F and AF are the causal Greenfunct ions of the free fermion and boson equations of (1.1) respec-
tively. Substitution of (1.4) into (1.2) and (1.3) yields 

{i-fdp-m)^—4-

=9 

<%(-v) 

- F / ( . V - . V V ( A " ' ) d V + 
ÖJ(X) 

r h*(x') S*ß(x'-:v) d V + (1.6) 

(d"dM-fi2) 3> 

= - 0 

ÖJ(x) 

- J SF
ß(x - x') rjß{x') d4.v' + 

br]% (,v) 
F y-H - l ^ ( - V ' ) ^ ( - V ' - . Y ) d V + 

örjß(x) 5 > . (1-7) 

We now proceed analogously to I. We introduce the conjugate momentum n of the 5-field and its corre-
sponding source operator K (x). Then we go over to the functional energy representation. After having done 
this the energy functional equation only depends on a single time parameter t. Without loss of generality we 
can assume this parameter to be zero. Performing then a Fourier-Transformation of the resulting functional 
equation and applying the transformation 

K{p) = 2~w2co(p)-m [b_(p) - b+(-p)], J(p) = 2 _ l / 2 co(p)ul [b.{p) + b+(p)], (1.8) 

we eventually obtain the equation 

E \ = J ri, (q) Kß{q) dq + j rjt (q) h,ß(q) ^ ^ dq \ 5> 

+ M < 7 ) b-(q) 
ö 

Sb-(q) 
b+(q) 

i*(q) F r ß 

Sb+(q) 

Ö 

tnp(q) 

dq\%)+g$2-]/2co(k)~"2 

tnp(q') 
— - nß(q) r*ß T 

önAq') 

-g\2-U2co{k)-^[b_(k) - b+ ( - Ac)] — — F, 

öb.(k) öb+(k) 

ö(k + q' - q) dk dq dq' |g> 

(3 

örjAq) 
-ö(k-q-q')dkdqdq'\%) 

brjß(q) 
ö ' ö 

nAq) F x ß +iß(q) r2ß &rjß{q') 

6 
+ 

+ g } 2":1/2 a> (k)1 / 2 A (k) [b. (k) + b+ ( - k)] 

•ö(k + q-q')dkdqdq'\%)-gS2-W2co(k)-"2 

db-(k) öb+(- k) 

• [nAq) EyßSjA-q') nAq')-nß(q) sJ.Aq') f,(<?')] ö(k-q-q')dkdqdq'\^) 

+ g J 2 _ 1 / 2 co(k)U2[b-. (k) + b+(- k)] A (k) [r,M f , ß S}x{-q') Uq')-ffß(q) S&tf) Kß »7« («Ol 

• ö(k + q + q') dk dq dq' j + d J 2 ' 1 / 2 « ( * ) ' 1 / 2 [&_(*) - b+(~ k)] 

nAq) sJAq) r + —-—-E,ßSjx(-q) nAq) d(k + q + q')dkdqdq' \ g> (1.9) 
öiß(q') &nAq') 

- g J 2 _ 1 / 2 a>(k)~U2 [b- (k) - b+(~ k)] nAq) r%ß Sjk{~ q') nAq') ö(k + q + q') dk dq dq' 

with d<7 = d 3 ^ etc., F = y°F, F = F y ° and h0iß(q) the Dirac energy operator. The propagators A (q) and 
S(q) appearing in (1.9) are the Fourier transforms of the equal time limes procedure with respect to AF and 
S F . These functions are given by 

Z ) F ( . Y ) = 0 (x0) iA(+) (x) - < 9 ( - .YO) iA<->(x), SF (x) = - <9( .Y 0 ) i S^{x) + 0{- x0) iS^(x). (1.10) 

The transition to equal times is symmetric in the boson time coordinates but antisymmetric in the fermion 
time coordinates, cf. Maison and Stumpf [96], 



758 H. Stumpf • Particle Interactions in Unif ied Nonlinear Spinorfield Models 

Hence we obtain with 

L i m B : = lim + lim , 
.YO-+0 -Vo —-0 

L i m F : = lim - lim 
A'o-» + 0 A'o-» -0 

the relations 

Lim B A? {x) = 2i A{+)(x), 

Lim F 5 f ( .y) = — i S(x), 

(1.11) 

(1.12) 

where z/(+) (JC) is the boson field commutator while 
S(x) is the fermion free field anticommutator. Then 
A(k)\= r/2i A(+\x) and S(k) :=.9~(-i) S(x) are 
the Fouriertransforms of these functions. 

2. High Momentum Boson Wave Functions 

The transition from a low energy range into a 
high energy range in the weak mapping of spinor-
fields on to coupling theories implies that at least 
some of the composite particles must be assumed to 
have high kinetic energies, i.e. large momenta. For 
the theoretical description we thus need the corre-
sponding high momentum wave functions. Postpon-
ing the problem of the relativistic transformation 
properties of such states to Sect. 5, we simply 
calculate the high momentum wave functions by 
means of the eigenvalue equation for composite 
particles of the spinorfield. 

According to I the eigenvalue equation for com-
posite particles of the spinorfield is given by defini-
tion by the equation 

2 

r = I 

+ g\[.j\Xr)-jl{r))G«, IVxß7Ö 

Z Fßß\r-r')rß.{r') Z dy(r) d r d r ' 
(2.1) 

For the definition of the quantities occurring in 
(2.1) we refer to I. The boson states under con-
sideration are assumed to be bound preon-antipreon 
states and their general state functional can be 
written 

Z $<p(r/r' b)fAr)fr(r') 0 > d r d r ' , (2.2) 

where r an d V are the auxiliary field indices. For the 
further evaluation in [7] and II an orthogonal trans-
formation of the sources with respect to the auxiliary 
fields was introduced. This transformation was 
explicitly given in [7] and II and induces in the 
space of boson wavefunctions (2.2) the transfor-
mation 

1 - (2.3) 

where only the auxiliary field indices are used while 
all other indices etc. are omitted for brevity. The 
transformed wave functions themselves are not in-
dependent. Rather one has to employ the anti-
symmetric combinat ion [7], II 

(2.4) 

whereas the corresponding symmetric combination 
has to be identical zero in order to get proper 
solutions of the eigenvalue equation (2.1). The 
remaining functions are 

<P\ r (p2.= a\ (p3.= (p = rnXX (2.5) 

For these functions in [7] from (2.1) a set of three 
equations was derived which can be written in the 
symbolical form 

/ 32 9012 ° \ / M 
- 9 0 i 2 + 932 2 3 , - 9 J f , U , = 0 , (2.6) 

\ 2B2 - 9 J l2 3 2 / W 

where the definitions of the symbols 32> 90i2, ®2> 
are given in [7], The set of equations (2.6) can be 
resolved with respect to (p2 and <p3 in terms of q>\ by 

<P2 = 9^2 ' 32 <P\ (2.7) 
and 

= (29012-' 32 90*2' 32 - 1 + 90i2-' s 2 ) P, (2.8) 

and leads to the equat ion 

( - 232 + 2 3 2 9 0 l 2 - , 3 2 9 0 ? 2 , 3 2 

+ 3 2 90i2_l $2 + £B2) <P\ = 0 (2.9) 

for <p\ alone. In II a rough approximation for (2.7) 
and (2.8) was performed in the low energy range in 
order to simplify the subsequent calculations 
required for the weak mapping procedure. In this 
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paper we will again perform a suitable approxima-
tion for (2.7) and (2.8) but now with respect to the 
high energy range, i.e. large center of mass momenta 
of the corresponding bosons. 

For a more detailed discussion of (2.7), (2.8), and 
(2.9) it is necessary to expand <p\, tp2, (p3 in terms of 
Dirac spinors. For the case of a preon-antipreon 
bound state such an expansion is given by 

<Pi(r, r' b) = X j <Pi(ks, k's' b) uß{ks) 
P P' 

• i }(k' s')eikr'ik'r' dkdk', (2.10) 

/ '= 1, 2, 3. The evaluation of (2.6) or (2.7), (2.8), and 
(2.9) respectively in terms of Dirac spinors accord-
ing to the expansion (2.10) was performed by Hailer 
[97] and Hornung [98], Thereby (2.7), (2.8), and 
(2.9) go over into the set of equations 

<p2 = M 2 ] Z2<pu (2.11) 

<p3 = (2 A/71 Z2 M2
1 Z 2 - 1 + M2

1 F2) (px, (2.12) 

( - 2Z 2 + 2Z 2 M 2
1 Z 2 M 2

1 Z2 

+ Z 2 Ml1 F2 + W2) {px = 0 (2.13) 
with 

Z2 = Z{p,p'):=[E-E(p)-E(p')], (2.14) 

M2 = M(/?,p') := AmM[E(p)~] + E(p')~X] (2.15) 

and 

E(p) := (M2 +p2)ul- E := [m\ + (p + p')2]m\ {2.\6) 

Am :=j(m\- w2) ; M := y (m, + ra2), (2.17) 

where w, and m2 are the large masses of the 
auxiliary fields occurring in (2.1) and mb the boson 
mass. The quantities V2 and W2 are integral kernels 
which for brevity are not explicitly given here. 

The states (2.2) are the right-hand solutions of 
(2.1). For the complete description of the boson 
states including normalization etc. we also need the 
left-hand solutions of (2.1). For the boson states 
under consideration these left-hand solutions have 
the general form 

2 

< 3 = U < 7 ( r , r ' b)(0 drAr)drAr')drdr'. (2.18) 
rr'= 1 * 

The treatment of (2.18) runs along the same lines as 
that of (2.2). In particular the set \ a i k ) is subjected 
to the same transformation (2.3) as the set {<pik}, 
cf. II. Applying the symmetry combinations we then 
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obtain three independent cr-functions 

a, : = a e 0 ; a 2 : = a ; a 3 : = a x x (2.19) 

with i := (2yv2{oye + oQ/). These functions are the 
left-hand solutions of (2.6). Resolution of these 
equations with respect to cr, and a2 in terms of a3 

yields 

02 = 03 32 SWf1 (2.20) 
and 

ff, = <73(232 WJ1 32 W J 1 - 1), (2.21) 

and leads to the equation 

ff3(- 232 + 232 » i 2 - 1 3 2 S ^ 2 l 3 2 

+ 32 ^ 2 1 ®2 + 2B2) = 0 (2.22) 

for a3 alone. 
The expansion of the set {ff,J in terms of Dirac 

spinors is defined by 

<jj (r, r' b) = Yj I öj(ks, k's' b)uß(ks) 
P P' ss' ' 

• Vß'(k's') e~kr+ik'r'dkdk' (2.23) 

and yields for (2.20), (2.21) and (2.22) 

ö2 = <73 Z2 M2 ' , (2.24) 

fr, = g3 (2 Z 2 M2
 1 Z2 Ml1 - 1), (2.25) 

ff3 ( - 2Z 2 + 2Z 2 M l 1 Z2 M l 1 Z 2 
+ Z2 M l 1 F2 + W2) = 0. (2.26) 

These equations correspond to (2.11), (2.12) and 
(2.13) and will be used for appropriate approx-
imations. 

We now proceed to perform these approxima-
tions. We introduce center of mass momentum 
coordinates by 

P = p + p p = l(P + u)\ 

u=p-p'\ p' = \{P-u) (2.27) 

and assume that all bound state wavefunctions {<p,} 
or [ff,} are sufficiently concentrated about the origin 
of the relative momentum a, i.e. can be considered 
as testfunctions with respect to H, a fact that merely 
expresses their bound state properties. Then we 
consider the limit of very large center of mass 
momenta P with respect to (2.11). By applying the 
usual techniques of power series expansions etc. and 
observing the testfunction properties of {(p,) with 
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respect to u, we obtain for (2.11) 

lim if>2 = lim Mi 1 Z , 
P —* 00 P->x> 

= lim 
/>-x \ 4 Am M 

Hm 1 - 1 - 5 ! -
P-*x>\ 2 J w 

2M2 

(P l 

Pi (2.28) 

This relation means that for large a constant 
proportionality between ^ and ^ can be estab-
lished. We therefore can write relation (2.28) in the 
equivalent form 

<P2 = for P -* oo, (2.29) 

with rj := Ml Am. 
By a similar but more extensive calculation it 

follows that 

lim Mi1 V2 <p\ = lim 1 — 1 V2 <p\ 
/> ̂  x P - oo \ P 

(2.30) 

holds, where V remains finite for P -* oo. We thus 
have lim M 2

] F2 = 0 and can immediately 
P-*00 

evaluate the limit of (2.12). This gives 

<?3 = 4 fl2 (p\ for P 
00 . 

Along similar lines the low energy limits P -* 0 for 
(2.11) and (2.12) can be discussed and the same 
procedures for the high energy limits as well as for 
the low energy limits can be applied to (2.24) and 
(2.25) for the left-hand solutions. 

Summarizing the results of these procedures we 
eventually obtain 

<P2 = -2rj<PÜ a2 

<P3 = 2 (4 n)2 (p\\ ö\ = 2 (1 rj)2 (73, 
for P-> oo, (2.32) 

and 

<P2 = >1<P\; o2 rj ay. 

= 2(//)2 <p\; a, = 2(y)2 <T3, 
for P -> 0. (2.33) 

It is remarkable that the high energy limit can be 
obtained from the low energy limit by simply 
replacing // by 1/2//. 

For the futher evaluation of the wavefunctions 
their norms are needed. The norm is given by. cf. [7] 
and II. 

3 3 
(b b) = Z olk <pik = X Oi ^ = X Ö, & (2.34) 

ik i— 1 i=l 

i.e. the spinor expansion amplitudes of (2.10) and 
(2.23) can equivalently be used for the norm 
calculation provided the spinor basis is properly 
orthonormalized. Substitution of (2.32) into (2.34) 
yields 

{b b) = 4 yj2 <r3 (p\ for P —> co. (2.35) 

According to [7] we can approximately put <?3 = <p[ 
and then obtain 

(b b) = ^ri2tf(p\=(<Pl <Pn\) = 1 (2.36) 

with (p1:= (2/J/5) rfxq>\. 
If now all these relations are substituted into (2.3) 

and the analogous relation for the left-hand solutions 
we have 

(2.37) 

with 

for P -* oo, 

(2.38) 

(2.31) and 

rr' _ Urr'(p"\ arr' = Srr'(p1+ 

uu ' f l -
V21 2 T 1 - i n 
u]2 

i f 1 

V22. .n 

su ' 

s 2 1 2 \ri 
s 1 2 ^ 
s 2 2 . Al + 1V2 + /7-' 

for P -* oo. 

(2.39) 

The corresponding expressions for the low energy 
limit P ->0 can be obtained from (2.38) and (2.39) 
by replacing rj by 2rj. 

Finally, the wavefunction cp" has to be calculated. 
As cp" differs from (p\ only by a constant normaliza-
tion factor we can use (2.13) for the calculation of 
(p\. In this case the application of limit procedures 
in analogy to (2.28) etc. is of no help for the solution 
of (2.13) since not a relation between wavefunctions 
is needed, but a wavefunction itself has to be 
derived. Nevertheless, a leading term approxima-
tion can be made in (2.13) which is in some respect 
similar to (2.28). A rough estimate shows that in 
such a leading term approximation (2.13) can be 
replaced by 

( 2 Z 2 M 2
 1 Z 2 M 2

1 Z 2 + Z 2 M2
1 F2) (pl = 0 (2.40) 
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or equivalently by 

( 2 Z 2 M2
] Z : + V2) <p\ = 0. (2.41) 

For brevity we do not explicitly discuss the approx-
imate solution of (2.41). If all anisotropic parts of V 
are neglected we obta in an app rox ima te solution of 
(2.41) in the form 

(p1(Pi,P2) = ö ( P - p ] - p 2 ) x ( u P) (2.42) 
with 

/(u P) = Z2(u, P)~2 M2(U, P)2 C{P) , (2.43) 

where c(P) is a funct ion which depends only on the 
center of mass m o m e n t u m P. For the der ivat ion of 
(2.42), (2.43) it was assumed that an energy eigen-
value Eh(P) = (ml + P~) of (2.41) does exist where 
mh is the preon-ant ipreon bound state rest mass. It 
was, however, not necessary to calculate this energy 
value explicitly. 

According to (2.36) cpf has to be normal ized to 
unity. This yields with (2.42) and (2.43) 

(p!) = ö(0) $ ö(P-p]-p2)\x(pl-p2 P) \2dPl dp2 • 

= 5 ( 0 ) f ! / ( « P) 2du= 1 (2.44) 

if we assume that the bound state is character ized 
by fixed values of S\ and s2. The value <5(0) is the 
usual plane wave divergence which can be removed 
by suitably def ined wave functions. This factor is of 
no interest here. T h e norm of / reads explicitly 

X = c(P) 2\[Eb(P)-E(\(P+u))-E(\(P-u))y* 

• [E(\(P+u))-' + E(\(P-u)y^du. (2.45) 

The integral (2.45) can be approximate ly evaluated 
in the high energy region with P > M as well as in 
the low energy region with P ^ M. 

In the high energy region polar coordinates are 
introduced and the radial integrat ion over u is split 
into two parts with 0 ^ u ^ P and P ^ u < oo. In 
doing so we obtain 

1*1 « \ c ( F ) \ 2 ^ p - 5 (2.46) 

where jV is numerical constant and P := P\. 
In the low energy region we obta in by a similar 

evaluation method 

y m c(P) 2. V'M~S (2.47) 

where f ' is a numer ica l constant. 
Apart f rom \ and -V we can reduce (2.46) and 

(2.47) to a single expression by using the extra-
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polation 

y m c(P) 2 f " E(P)~5 (2.48) 

which goes over into (2.46) or (2.47) respectively in 
the corresponding energy ranges. Then compar ing 
(2.48) with (2.44) we obta in 

c(P)mE(P)5/2 (2.49) 

and the normalized wavefunct ion (2.43) reads 

X(u P) = Z2(u, P)~2M2(u, P)2E(P)5/2. (2.50) 

For the evaluat ion of matr ix elements it is some-
times convenient not to normal ize the norm of y 
but the integral over / itself, i.e. we look for a 
function /. (u, P) = z/(u, P) with 

J /.(I/, P) du = 1. (2.51) 

By a calculation similar to those done above we 
o b t a i n r = E(P)~V2 and t h u s 

;.(«, P) = Z2(u, Py2M2(u, P)2 E(P) (2.52) 

which again reproduces the results of the normal-
ization (2.52) in the high energy as well as in the 
low energy region. 

3. High Momentum Fermion Wave Functions 

Due to the same reasoning as for boson wave 
functions, high m o m e n t u m fermion wave funct ions 
are needed. The energy eigenvalue equa t ion is for 
all composi te particles the same and is given by 
(2.1). Apart f rom group-theoret ical d i f ferences with 
respect to the de terminat ion of angular m o m e n t u m 
quan tum numbers the calculation of fe rmion states 
runs along the same lines as that for boson states. 
Since we do not under take here to give an analysis 
of angular m o m e n t u m de termina t ion we can take 
over the general line of calculation of Section 2. 

The fermion states under considerat ion are 
assumed to be bound states of three preons and 
their general state funct ional can be written 

2 , „ , . r r r 
3 > = Z j <p(r, r', r" f ) 

rr'r" * 

' 7a ( r ) 7a' ( r ) 7a" ( r " ) 10) d/" d r ' d r " . (3.1) 

For the fur ther evaluat ion the orthogonal trans-
format ion of the sources with respect to the auxil-
iary fields has to be pe r fo rmed , cf. Section 2. This 
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transformation induces in the space of fermion wave 
functions an orthogonal transformation which 
formally reads 

/', j, k = 1,2^ 

A y = Q,xi 
<pijk = Z KJ

ß
k
7v 

xßy 
*ßv (3.2) 

and where only the auxiliary field indices are used 
while all other indices etc. are omitted for brevity. 
The transformation matrix U of (3.2) was explicitly 
given in II and need not to be reproduced here. 

The transformed wave functions themselves are 
not independent. Rather one has to employ anti-
symmetric combinations. This yields, cf. II. in the 
case of the three-preon bound state the following 
independent components 

(pi := 

(p2 ; = Cl] := | + fpQQX + (pXQQ) ? 

cp3 := a\ := j (<oQr/- + <p'/Q/- + (p//Q), 

<p 4 •= r 

For these functions from (2.1) a set of four equa-
tions can be derived which were explicitly calculat-
ed by Hailer [97] and Lauxmann [99] and which can 
be written in the symbolical form 

33 a»3 0 O \ / 0 V 
im3 + 3 33 2 o \ <p2 

2B, 2 ^ 3 + « 3 3 3 3 SJi3 

o <m3 w3 3 V W 
0 (3.4) 

where the definitions of the symbols 33 * 
W 3 are given by these authors and need not be re-
produced here. 

The set of equations (3.4) can be resolved with 
respect to <p2. <p3 and in terms of <p\ by 

(3.5) 

<Pi = y ( 3 ^ 3 " 1 3 3 m ' 3 3 - 1 - W j 1 « 3 ) =• 'Pi , 
(3.6) 

n = ( - ! m133 Ml133 m133 + T aR3~133 

+ { ' 33 «3 + J' 9WJ1 33 

<Pl = : 3 <?! (3.7) 

and leads to an equation for alone if (3.5), (3.6) 
and (3.7) are substituted in the last equation of 
(3.4). Formally this equation reads 

and can be used to calculate the energy eigenstates 
of the three preon system. 

For a more detailed discussion of (3.5), (3.6), 
(3.7), and (3.8) it is necessary to expand q>x, <p2, cp3 

and <p4 in terms of Dirac spinors. For the three-
preon bound state such an expansion is given by 

<Piir. #•', r" / ) = X J <hiks, k's', k"s" f ) 
% 1 * ss's" 

• Uy (ks) u^(k's') Uy,»(k"s") 

• eikr+ik'r'+ik"r" dk dk' dk", (3.9) 

i = 1, 2, 3, 4. The evaluation of (3.5), (3.6), (3.7), and 
(3.8) in terms of Dirac spinors according to the 
expansion (3.9) was performed by Hailer [97] and 
Lauxmann [99], Thereby (3.5), (3.6), and (3.7) go 
over into a set of equations where the quantities 
1 <Pi' 33 > ^ 3 < , 2B31 are replaced by { , Z 3 , M3 , 
V3, W3! with 

(3.10) 
E(p')-E(p")], (3.3) Z3 = Z(p.p'.p"):=[E~E(p) 

m 3 % + m 3 5i2 + 3 3 5 1 = 0 (3.8) 

where E = [m] + (p + p' + p")2]U2, m{ = bound state 
fermion mass, and 

M3 = M(p,p\p") 

•= - Am M[E(pyx + E(p')~] + E{p")-]]. (3.11) 

Fhe quantities V3 and W3 are integral kernels which 
for brevity are not explicitly given here. 

For the complete description of the bound 
fermion states we also need the left-hand solutions 
of (2.1). For the fermion states under consideration 
these left-hand solutions have the general form 

2 

< 3 = X \o(ry,r" f ) (3.12) 
rr'r"= 1 * 

• <0 d£(r) dx'(r') dx"(r") dr dr' dr". 

The treatment of (3.12) runs along the same line as 
that of (3.1). In particular the set \ a ' i k ) is subjected 
to the same transformation (3.2) as the set j<p'-'k). 
Applying the symmetry combinations to the trans-
formed functions \o*ßy) we then obtain four inde-
pendent functions J er,. / = 1. 2, 3. 4] whose definition 
in terms of the set {a7-^} is the same as given in 
(3.3) for the (^-functions. These functions are the 
left-hand solutions of (3.4). Resolution of these 
equations with respect to o x . o2 and o3 in terms of 
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o4 yields 

= <M- ! 33 m133 m133 1 + 1 3 3 m 1 

+ 3 3
 sD*3 1 SB3 SRJ 1 + ® 3 3)13-1) , (3.13) 

<72 - <74 (4 33 ' 3.3 Ml ' + 4) , (3-14) 

7̂3 = - < 7 4 3 3 ^ 3 _ 1 (3-15) 

and leads to an equation for CT4 alone which we 
suppress for brevity. 

The expansion of the set [a,] in terms of Dirac 
spinors is defined by 

cr,(r, r\ r" / ) = X I k"s" f ) 
2 2 2 ss's" 

• u\ (ks) up (k's') up (k" s") 

• e-ikr-ik r ' - i k" r" dk dk' dk" (3.16) 

and the substitution of these expansions into (3.13), 
(3.14), and (3.15) as well as in the final equat ion for 
CT4 leads to the replacement of [a,-, 3 3 , sJ.)i3, ^ 3 ! 
by \ö h z 3 , A /3 , F 3 , IT , ; . 

In order to obtain appropriate approximat ions for 
the equations (3.5), (3.6), (3.7), (3.13), (3.14), and 
(3.15) in analogy to the two-preon bound states, we 
introduce Jacobi coordinates for the three-preon 
states by 

P=k + k' + k"; 

q=Uk-k'); 

p=\[2k-(k' + k")]-

k = l p - 2
q + p: 

k' = l p + ± q - \ p . 

k"=\P-±q-\p: 

Since we are merely interested in bound states we 
can assume that the functions of the sets {cp,) and 
[äj\ are sufficiently concentrated abou t the origin of 
relative momenta q and p. Under this supposit ion 
we can perform limit procedures for large and small 
center of mass momenta P with respect to (3.5), 
(3.6), (3.7), (3.13), (3.14), (3.15). Fo r (3.5) we obta in 

lim 02 = ~ h m A/3
1 Z 3 0X 

= lim \9Am M — 

M 

]_ 9 M2 

~2 ~P <P 1 

= 11m 1 -
2 Am (p 1 (3.17) 

and 
lim 02 — lim A/3

1 Z 3 0 l 
/>-o /»— 0 

1-1 lim (3 Am)~ (— 3Af) 0X 
p^o 

M 
0\ • - 11m I -

p- 0 Am 
(3.18) 

Similar limit procedures can be performed for the 
other equations. In particular it turns out by 
detailed calculations that all terms containing 3 or 
sIB3 respectively do not contribute to the leading 
terms in the limit expressions and hence do not 
appear in these expressions. 

Summariz ing the results of these procedures we 
eventually get the relations 

<Pi 
3 /1 03 = 4 (4 r])2 0 

<p4 = 
and 

<73 = ~ 2 1 

<72 = 4 (4 //)2 <74; f o r / J - > o o , 

4(4A7)V'I; <7) = - y (4 rjf <74; (3.19) 

<P2 

<h 

- n<p 1; 

T <P\; 

04 = - \ r 0^ 

<73 = - If (74 

02 = 

CT, = 

f tf <74; for P -»0. 

9 3 ~ 2 '/ 04. (3.20) 

The high energy limit can be obtained f rom the low 
energy limit by simply replacing ^ by -j 

The norm of the three-preon states is given by, 
cf. II, 

</ /> = 5 > 
ük 

ijk pijk = Z <*«• (pi = z <7/ (pi 
i=1 /=1 

Substitution of (3.19) yields for >7 < 0 

< / / > = - 4 >73 <?4 Pi = 4 V 3 fit <P\ 

(3.21) 

(3.22) 

if according to [7] CT4 is replaced by ipj1". Substitution 
,1/2 „ -3/2 ,nn = 1 leads to of 0\ = (2/3) r\ -iU(p1 with 

< / / > = « 0 = 1 

Pi 

(3.23) 

apart f rom the plane wave normalization factor <5(0) 
which is of no interest here. If now all these 
relations are substituted into (3.2) and the analogous 
equation for the left-hand solutions, this gives 

<P' = Urr'r" (p\\ arr'r" = Sr (Pl\ (3.24) 

Apart f rom numerical factors U and S are explicitly 
written out in II for the low energy limit P -*• 0. The 
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high energy limit P oo results f rom these formulas 
by the replacement // F rj. For brevity we refer to 
II and do not reproduce these formulas. 

Finally, the wave funct ion <p" has to be calculated. 
A direct calculation by means of the wave equat ion 
(3.8) for <p" is in preparat ion. As long as no results of 
this calculation are available we have to make a 
plausible guess. Such a guess was made in II by 
assuming the three-preon bound state to be a 
product of two internal wave functions of bound 
boson states in the Jacobi coordinates. In the case of 
a representat ion by means of Dirac spinors (3.9) for 
cp" the corresponding decomposi t ion reads 

<p1(ks. k's', k"s" P) 

= ö ( P - k - k ' - k " ) x ( q P)X(P P), (3.25) 

where P is the center of mass momen tum and / is 
defined by (2.50) and where it is assumed that the 
quan tu m number s s, s', s" have fixed values which 
are suppressed on the r ight-hand side of (3.25). 
Apart f rom the plane wave normalizat ion factor 
d(0) the funct ion <p" def ined by (3.25) is au tomat-
ically normalized to unity as the constituent func-
tions / a r e normal ized to unity. 

4. Quantization Terms and Formfactors 

Having prepared the bound state wave funct ions 
of composi te bosons and fermions in such a way 
that they are valid in the low energy as well as in 
the high energy range we can now study the weak 
mapping of a nonl inear spinorfield onto a fermion-
boson coupl ing theory in the high energy limit. 

The nonl inear spinorfield model is def ined by the 
field equat ions with scalar interaction, cf. I, 

[(- i / dM + m,)(- / / de + m2)]xß ytß(x) 

= Q Kßyö Vß(-V) V;(.v) n(-V) (4.1 ) 

which exhibit self-regularization, relativistic invari-
ance and locality for canonical quant izat ion at the 
quan tum level. 

It was proved by the au thor [3] and by Grosser [4] 
that the set of nonl inear equat ions r = 1,2 

( - / + Y) 

= g K Z Vzßyö <Pß{x) <Pus(x) ( 4 . 2 ) 
stu= 1 

is connected with (4.1) by a b iunique m a p where 
this m a p is def ined by the compat ib le relations 

<M-v) = ^i(-v) + (pl(.y), 

<p\(*) = '-i i 7" du + m2)*ß Vß(x), 

<pl ( v) = /-2 (~ / f dM + m,)xß y/ß(x) (4.3) 

with / . , : = - ( J m ) - 1 1 / 2 , /.2 := {A w ) - 1 1/2 and Am 
def ined by (2.17). 

Fu r the rmore , it has been convenient to introduce 
the t ransformed field quant i t ies 

01(jc):=Aj-,/V(x); <£2(-v) := \/.2\~m (p2{x). (4.4) 

The quant iza t ion of this model was pe r fo rmed in [7] 
and of a similar, more complicated model in [6]. 
The q u a n t u m states of this model are described by 
state funct ionals X [ / , c/]) with respect to the state 
a ) where / = (x) are sources with superspinor 

indices a. Fo r concrete calculations it is necessary to 
introduce normal t ransforms by 

2 > = ZoL/] 3 > (4-5) 

with 
(4.6) 

Zoll] •= exp |Z fyS(-v) Y, x ' ) 7 / ( . V ) d 4 x d 4 x ' | , 
L rr' J 

where the F-funct ions in superspinor indices are the 
free field propagators of (4.2). 

The energy representa t ion of the spinorf ield, i.e. 
the cor responding funct ional equation for functional 
energy eigenstates of this field was discussed in [6] 
and for the above case given in [7], It reads 

2 

\jre{r)GUiG%ß-S/-mrö*ß)drp{r)dr\%) 
r= 1 

+ g ] \ j \ ( r ) - j \ ( r ) \ Gl 

• dß(r)dy(r)dd(r)dr (4.7) 

with 
2 

dß(r) := Z [ W - 1 FßUr- r ' ) j ß V ) dr']. (4.8) 
r= I 

For details of the def in i t ion of all quant i t ies in the 
above expression we refer to [6], [7] and preceding 
papers cited there. In par t icular . /., is absorbed in g. 
Fur the rmore , the bound state equat ion (2.1) is the 
diagonal part of (4.7) with respect to the state 
funct ionals 5 ) -
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In order to avoid lengthy expressions, in I a more 
compact notation was introduced by replacing j ^ r ) 
by ya etc. With this notation in I the weak mapping 
principle was applied to (4.7) by the introduction of 
the following representation for the state functional 

with g [ y ] > s %[b, / ,/]> and 

3>= X c("i ••• nN,q\ ... qK, w, ... wL) 
NKL 

• bni...b„Nlqi...lqKlWl...lWL\0>. (4.9) 

If the spinorfield sources ya are decomposed into 
spinor parts ju and conjugate spinor parts ju, the 
bound state source operators bn, lq, Tw are expressed 
by the definitions 

bn •= CU
n' j J v , 

lq Cq jr js jt •> 

^"L" I 7 1 'Vi JaJbJc 

(4.10) 

(4.11) 

(4.12) 

where {C"1'} and {Cq
51} etc. are boson or fermion 

wave functions respectively, cf. I. 
The representation of the functional energy states 

5 ) in terms of bound state source operators as 
given by (4.9) induces a transformation of the corre-
sponding functional equation (4.7). If this equation 
is written in the compact form E 5 ) = ^ ' a s a 

result of (4.9), (4.10), (4.11), (4.12) we have 

hi T 0 3 6 (4.13) 

In I, II, III the bound state representation of W, i.e. 
the right-hand side expression of (4.13) was exten-
sively studied for the case of low energy processes. 
It turned out that in this range the bound state 
representation of W leads to a hierarchy of inter-
actions where only the leading terms are of interest 
since the higher order terms have only a negligible 
influence on the physical reactions. A closer inspec-
tion of the results obtained so far reveals that this 
hierarchy of interactions is generated by the nor-
malization properties and the number of participat-
ing wave functions in the various interaction terms. 
This situation is not changed qualitatively by the 
transition to the high energy range. We thus assume: 

The hierarchy of interactions in the bound state 
representation of f ' is not qualitatively changed by 
the transition from the low energy range to the high 
energy range. 

This assumption facilitates the subsequent calcu-
lations considerably, since We can concentrate upon 
the essential terms and can omit the lengthy calcula-
tions of the other negligible terms. In the following 
we take this assumption for granted and apply it. 
According to II and III in this case the functional 
energy operator W of (4.13) is given by the 
expression 

with 

••Tbb 

= n 0 h + + , y f T + , n i + , n L + (4.14) 

(4.15) 

(4.16) 

<5 (5 
n 1 / H X Kßyö 6 c f " Q >• R*;U1. /,< — — ) , (4.17) q blq öbn/ 

:= I~ X K'ßyS Fßß' 3Cq
s' 3C,r R%st 

\ qq' 

• v - ^ - k i d ' ( 4 , 8 ) 

where the superscript I means that in all expressions 
only bound state contributions are taken into 
account. The operators and are obtained 
from (4.16) and (4.17) by replacing all fermion parts 
by antifermion parts. Further evaluations can be 
found in II and III. 

We now evaluate (4.14) by means of the im-
proved wave functions derived in Sects. 2 and 3. As 
(4.15) and (4.16) are the boson and fermion kinetic 
energies which result from the inclusion of (2.1) in 
the transformation of the complete cf. II, we 
need to evaluate only the terms (4.17) and (4.18). 
With slight modifications this evaluation runs along 
the same lines as that done in III. So many calcula-
tions can be taken over from III. We therefore give 
the results of these calculations directly and dicuss 
only deviations from the procedure performed in III. 

We first consider (4.17). Collecting the relations 
(2.37), (2.38), (2.42), and (2.50) for boson states and 
the relations (3.24) and (3.25) for fermion states and 
taking over from II the definitions of the dual states 
we substitute these expressions into (4.17). Due to 
the wave function representations (2.10) and (3.9) 
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we have to evaluate (4.17) in momentum space in 
contrast to III, where this expression was evaluated 
in coordinate space. A straightforward calculation 
then yields 

•n'/ = Z 1 F(k, qt, q't') ö(k + q-q') 

ö 
öb 

ö d + 
+k öb. "61,, 

dkdqdq'. (4.19) 

Owing to the representations (2.10) and (3.9) the 
general formfactor F(k. qt, q't') contains a spin-
dependent part and a scalar part. The spin-depen-
dent part is a function bounded everywhere in the 
whole range of all variables which occur in this 
part. In order to simplify the expression for F it is 
thus justified to approximate the spin-dependent 
part by neglecting all internal variables of this part. 
In this case the spin-dependent part only depends 
on the remaining center of mass momenta of the 
various participating composite particles and F can 
be factorized in the form 

F(k, qt, q't') := Ks(k, qt, q't')f(k, q, q'), (4.20) 

where the spin-dependent part Ks is defined by 

Ks(k,qt,q't') := V°ßr6X*7ik) XixAD 
(4.21) 

with 

Zy/y(k) :=u.A\k.s]) v ? ( j k , s 2 ) , 

y'ßcvAq') : = M i 9', •*() l<s(j q', s'i) M j q \ etc. 

while the scalar part / is defined by 

f(k,q,q') :=i x(s k) X(t q') X(u \ q') (4.22) 

• / ( - j i + U ' - t - i " i) 

• y {- \ k - \ q' + \ q + s + t + \ u q)dsdtdu. 

According to the approximate calculation of the 
wave functions (2.10) and (3.9) their constituents 
are assumed to have fixed spin quantum numbers 5, 
which in turn lead to fixed spin quantum numbers 
of the corresponding composite particles. As the 
bosons are assumed to have spin zero, only the spin 
quantum numbers t and t' of the composite 
fermions then appear in the final formula (4.21) of 
the spin-dependent part of the formfactor. 

The calculation of the term is completely 
analogous to the procedure described above. 

Finally, we have to calculate (4.18). This calcula-
tion again runs along the same lines as in III. It is, 
however, a little bit more complicated. In particular 
the lemma about the relation between the product 
of the fermion-antifermion source operators le(r)-
TQ'(r') and the boson source operators bs(k) plays a 
central role in this calculation. In III this lemma was 
proved with respect to the special wave functions 
for composite fermions and bosons derived in II. So 
we have to repeat this proof by using the improved 
wave functions given in Sect. 2 and 3. For brevity 
we give only the result of this procedure. In III the 
relation was derived 

bb' 
(4.23) 

which is the starting point of our modified calcula-
tion. If we employ the improved wave functions of 
Sect. 2 and 3 and observe the definition of dual 
states, then the substitution of these quantities into 
(4.23) and subsequent calculation yields 

bs(k) = Je-'*<'+Oi/2 c\ß{r-r' k) /a(r) / > ' ) dr dr' 

(4.24) 
with 

Qb(x k) := J / * , ( ! • k) S(t k)2 e~u* di, (4.25) 

where the overlap factor S' is defined by 

S(v k):=iX(u Uk + f))x(u Uk-i<))du. (4.26) 

In particular we have S(0 k)= / = F Hence if 
we assume that the boson wave function / ( / ' k) is 
sufficiently localized in v about the origin we have 
c s ^ x in this approximation our result coin-
cides with that of III. In the following we will apply 
this assumption. Then (4.24) can be inverted to give 

ie(q)Te>(k) 

= XoQ- ( - j ( q + k)\k-q){-\y bs [k - q) (4.27) 

in momentum space. Having derived this auxiliary 
formula we now proceed analogously to the treat-
ment of (4.17). We use the relations (3.24) and 
(3.25) for fermion states and take over the defini-
tions of the corresponding dual states from II. Then 
we substitute these expressions in (4.18). Due to 
the wave function representation (3.9) we have to 
evaluate (4.18) in momentum space in contrast to 
III. where this expression was evaluated in coordi-
nate space. If we further take into account (4.27) 
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then a straight-forward calculation yields 

•*// = X n'1 j F(k, qt, q ' f ) S(k + q- q') 

• [b+k - b_k] 
Sllq öl,. 

dkdqdq'. (4.28) 

With respect to the formfactor F(k, qt, q't'), how-
ever, we cannot obtain such a simple approx-
imation (4.20) as is valid for F. Rather the spin 
parts and the orbital parts are correlated. The corre-
sponding formula is given by 

F(k, qt, q ' f ) := j K"'(q, q', 1 (v - k), 1 (v + k)) 

• y(s, u q) y(s', u' q') 

• y ( - s , l q - u - \ { v - \ k ) v - \ k ) 

•y{-s'^q'-u'-^{v + {k)\v + \k) 

• / { - v k) dr d 5 d 5 ' du du' (4.29) 

with the spin part 

K"'(q, q\ k, k') := £ V?ßys zh.Al) xfxAtf)+ 

• yAw(k) /C(k')+ ys
e(k)+ <#(*') ue(k) v+

eik') 

and with the abbreviation 

X(s, u q) : = y ( s q) y(u q). 

(4.30) 

In order to compare the results of the weak 
mapping of the nonlinear spinorfield (4.1) defined 
by the state expansion (4.9) with the functional 
energy representation of a phenomenological boson-
fermion coupling theory the final step needed is the 
transition to normal transforms of composite par-
ticles. According to III we define this normal trans-
form by the relation 5 ) = Z | [ /'] (5) with 

[/'] : = exp [ - j j i j ß F?ßt z'ß'jz'jß' 

- j j ß j y Ptßy, i ' ß ' / j z ' j ß ' j y ] (4.31) 
and with 

Fzß,*'ß':= J cob{k)~ ] C<j_)(r, r k)C^(r',v' k)+ dk 
X ß l' ß' 

(4.32) 
and 

F%ßy,z-ß-y' '•— j co^(k)~l Cm{'r, /-, u k) 
a ß y 

• Cm(r',v',u' k)+dk, (4.33) 
ß' y' 

where [C^{k), Cm{k), Cm(k)} are the correspond-
ing boson and fermion bound state functions. 

The application of the weak mapping to (4.31) 
yields 

Z, [j] = Z, [b, /, I] (4.34) 

= exp ^ X Ann- bn' X lq Sqw lw 

with 

Ann>:=önl ö(q-q') (o*(q)-> ö„>2 ='• ö(q - q') A (q), 

V :=^n'ö(q-q')co{
n(qy] =: S(q - q') S {q), 

(4.35) 
i.e. (4.35) equals the Fouriertransform of (1.12). 
Then we have 

5 ) = exp \-{\b.kA{k) b+k dk 

~\llgS(q)Tlqdq](5> (4.36) 

and this transformation is to be applied to the 
initial equation (4.7) in the leading term approxi-
mation (4.14). Collecting the results of all calcula-
tions in this section this equation reads 

E = \Et{q) b_q^-dq-\Eb
+{q) b+q~^dq 

ob_q ob+q 

+ x \E\(q)llq~dq + \E\(q)lq^rdq 
Öl,a Öl,q 

5 ) 

(4.37) 

+ 7"2Z \F(k,qt, q't')ö(k + q-q') 
<5 Ö + • 

öb_k öb+k 
l,q + Itq 

Sir, " ölr 
dk dq dq' | g> 

Ö Ö 
+ «-2l\F(k,qt,q't')ö(k + q-q')[b_k-b+k]-r — 

w d/,q dlrq-
dkdqdq'\^)=^ |5> 
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and by the transformation (4.36) it goes over into 

E ©> = e x p ( - Z , ) ^ e x p ( Z , ) ,©>. (4.38) 

To evaluate (4.38) we have to observe that for the composite fermion and composite antifermion energies 
E\(q) and E\{q) the relation E\(q) = - E\(q) holds as long as we have not renormalized these states by the 
introduction of a Dirac sea with respect to the composite particles. With this relation it can easily be 
shown that 

+ e x p Z , ] _ = 0 (4.39) 

is satisfied. Therefore the kinetic energies of the composite particles are not touched by this transformation 
and only the interaction terms undergo a modification. The straightforward evaluation of (4.38) then yields 

ö Ö 
$Ei(q) b_g——dq-jEb

+ (q) b+q~—dq 
ob-q ob+q 

+ 1 .f E\{q) l„—dq + j E\(q) ltqTrdq öl!q ' J dltq 

+ r1-2Y,\F{Kqt,q't')ö{k + q-q') 
it' 

ö Ö + 
db_k öb+k 

ö | - Ö 
ölt q' 'q 8T,-q-

dk dq dq' j (5) 

<5 (5 
+ T 2 ! I F(k, qt. q't') ö(k + q — q') [b_k - b+k]-=- — dk dq dq' ©> 

tf Oltq 01,q 

(4.40) 

+ >r2X J F(k, qt. q't') ö(k + q-q') [b-k + b+k] A (k) 
S - 6 

" öl,., 
dkdqdq' (5) 

+ «-2lSF(k,qt,q't')ö(k + q-q') 
it' 

ö ö + [/„ S(q') - l, S(q') / , Y ] dk dq dq' ©> öb-k öb+k 

+ 7 " 2 X J F(k, qt. q't') ö(k + q + q') [b.k + b+k] A (k)[ltqS(q') ~ lq S(q') / , Y ] dk dq dq' <5> 
it' 

+ T2X I M qt, 9'/') <5(* + q - q') [b-k -
tt' 

l,qS(q)^- + Tr,S(q')-r dkdqdq' ,©> 

+ T 2 X f M qt, <5(* + ? + - l,q S(q) S(q') d * d? d? ' 1 ©> 

which is the analogon to (1.9). The Eqs. (1.9) and 
(4.40) become equivalent if the formfactor F and F 
degenerate to merely algebraic quantities which do 
not depend on k, q and q'. In this case we have local 
interactions and both theories coincide. This was 
shown in III to occur for sufficiently low energies. 
On the other hand, nontrivial formfactors appear 
for sufficiently high energies as can be seen from 
(4.20). (4.21). (4.22) and (4.29). Hence, in the high 
energy range the quantum theory of composite 
bosons and fermions deviates from a phenomenolog-

ical boson-fermion coupling theory with local 
coupling and pointlike particles. This of course has 
to be expected and the only question is whether the 
quantum theory defined by (4.40) satisfies all essen-
tial requirements of a reasonable quantum theory or 
not. If it does so. then (4.40) can be used for calcula-
tions of physical processes, i.e. can be used for com-
parison with experiment. If not, one has to return to 
the original spinorfield theory in order to calculate 
physical processes in high energy ranges. Postponing 
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the discussion of this question to the next section we 
finally will perform in this section a first step in the 
investigation of the properties of the high energy 
formfactors. 

In order to calculate these formfactors explicitly, 
we consider a perturbation calculation for (4.40) 
and evaluate corresponding matrix elements for first 
order elementary scattering processes in special 
frames of reference. None of these first order pro-
cesses can really occur since energy and momentum 
conservation cannot be satisfied simultaneously. 
Rather these processes are only admitted to occur as 
intermediate steps of real processes. With respect to 
the determination of the formfactors this restriction 
is, however, irrelevant. 

i) The first interaction term in (4.40) describes 
processes where among other ones a (composite) 
fermion absorbs a (composite) boson. If a perturba-
tion calculation is used to derive functional scatter-
ing states, in analogy to the perturbation theory in 
ordinary spaces we have first to calculate the matrix 
elements of the interaction terms between the free 
(composite) particle functional states of (4.40). In 
our case the initial state contains a fermion of 
momentum and spin s and a (positive energy) 
boson of momentum />, while the intermediate 
(final) state contains only one fermion of momen-
tum /•' and spin 5' but no boson. If 0 ) denotes the 
functional vacuum state, then these states are 
given by 

©in>:= p,v,s) = b+plsv |0>; 

<©f :=< = <0 I , (4.41) 

where the functional sources correspond to creation 
operators in ordinary perturbation theory, while 
their derivatives correspond to annihiliation opera-
tors. Then the matrix element of the first interaction 
term of (4.40) between these two states reads 

s 
<®f T 2 X \F(k,qt,q't')ö(k + q-q')—~ 

ir , ob+k 

• dkdqdq' © in> (4.42) 

where we have already omitted all those terms 
whose contributions vanish. A straightforward 
calculation yields (4 43) 

(4.42) = r,-21 F(p, (v - p), t, v, s) <5„- ö(v'-v+p) 

Going into the rest f rame v = 0 of the initial 
fermion we obtain the formfactor F (p. -p. t. 0. s). 
As the spin part of this formfactor is a function 
bounded everywhere, the high energy behavior of F 
is governed by the scalar part (4.22). The evaluation 
of this part for high energy processes, i.e. p 00 
runs along the same lines as the calculation of the 
interaction terms themselves. In particular, we make 
use of the definition of normalized functions (2.52) 
for this evaluation. Then a rough estimate yields for 
the scalar part 

f(p, -p, 0) % M2 E (p)~2/2 for p 00 (4.44) 

If this result is extrapolated to the low energy limit 
then we have 

f(P, -P, 0) * MV1 for p 0. (4.45) 

This value coincides with the low energy value of 
the calculation in III for this formfactor. It thus 
confirms the result obtained there, since the deriva-
tion of (4.45) was done by means of more realistic 
wave functions. 

ii) The second interaction term in (4.40) describes 
processes where among other ones a (composite) 
fermion and a (composite) antifermion annihilate 
and a (composite) boson is created. The initial and 
final states are thus given by 

©in>:= v',s', v,s) = ls.yTsv |0>; 

db+p 

and the corresponding matrix element reads 

< ® r T 2 ! J \ F { k , q t , q ' t ' ) (4.47) 
it' 

ö ö 
• ö(k + q-q')b+k-=-——dkdqdq' ©in>, 

dl,q dl,>q> 

where we have already omitted all those terms 
whose contributions vanish. A straightforward 
calculation yields 

(4.47) = y]'2 i\s, v',s') öip + v + v'). (4.48) 
ss' 

Going to the rest f rame v' = 0 of the initial fermion 
we obtain the formfactor F(-p,p, s, 0, s'). As the 
spin part of this formfactor is a function bounded 
everywhere the high energy behavior of F is 
governed by the scalar part of F. In contrast to F for 
F both these parts, however, cannot be separated. 
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Using the same techniques with respect to the 
evaluation of F as were used for the evaluation of F 
we obtain a rough estimate in the high energy limit 
by the expression 

F(-p.p, 5, 0, s') m Kss'{p, 0, 0, -p) A/3 3 /2 

for p oo. (4.49) 

If this result is extrapolated to the low energy limit, 
then we have 

F(-p,p, 5, 0, 5') * Kvv'(/>, 0, 0, - P ) Myl 

for 0. (4.50) 

This value coincides with the low energy value of 
the calculation in III for this formfactor. It thus 
confirms the result obtained there, since the deriva-
tion of (4.45) was done by means of more realistic 
wave functions. 

In ordinary quantum field theory formfactors 
were introduced ad hoc in order to remove ultra-
violet divergencies. In the unified nonlinear spinor-
field model such formfactors appear as a con-
sequence of the weak mapping with respect to com-
posite particle states. As the ultraviolet divergencies 
are caused by the local interactions of point par-
ticles, one should expect that the use of composite, 
i.e. extended particles automatically resolves these 
difficulties. Although the calculations of the form-
factors given here are done in special frames of 
reference their results indicate that this expectation 
will be justified in more detailed investigations. 

5. Relativistic Invariance, Causality and Unitarity 

In relativistic quantum field theory relativistic 
invariant representations play a preferred role. If 
other representations are used this has to be 
justified. In particular the energy representation of 
the unified nonlinear spinorfield model used so far 
needs justification. 

Energy is the fourth component of the four-
momentum vector. Hence an energy representation 
cannot be a relativistic invariant representation. 
Due to the multi-time dependence of the field 
theoretic relativistic amplitudes this situation 
becomes even worse in quantum field theory: In 
order to evaluate the quantum field theoretic energy 
representation which was introduced in [6] and 
which is basic for all further developments of the 

unified nonlinear spinorfield model, the limit to 
equal times in the multi-time amplitudes of the 
generating functional has to be performed. In non-
relativistic quantum mechanics where this limit 
was first applied [96] this procedure is unique. In 
quantum field theory, however, the simultaneity 
concept depends on the frame of reference. Events 
which are located at different space points and 
which occur simultaneously in one frame of refer-
ence are in general not simultaneous in another 
f rame of reference with respect to relativistic trans-
formations between both frames. In addition, after 
carrying out the limit procedure the former multi-
time ampli tudes lose their relativistic transformation 
properties due to the impossibility to associate an 
individual time to each space coordinate separately. 
Thus, while in classical field theory the energy 
component is not relativistic invariant but still can 
at least be properly transformed, in quantum field 
theory even the transformation properties are lost. 
Before continuing to apply the energy representa-
tion. this strange feature has to be discussed. 

Without proof in I we made the following asser-
tion: Between the multi-t ime amplitudes and the 
ampli tudes of the energy representation a biunique 
correspondence exists. 

Taking for granted this assertion, we can overcome 
the above mentioned difficulties: Whenever relativ-
istic invariance and transformation properties are 
needed, the energy functional states can uniquely be 
continued into the multi-time region to give the 
relativistic invariant multi-time generating func-
tionals and from the latter all relevant informations 
can be obtained. From this point of view the total 
content of the theory is already contained in the 
energy representation, apart from the transforma-
tion properties which must be deduced from a con-
tinuation into the multi-t ime region. In this way, the 
energy representation is the quantum version of the 
Hamilton formulation of a field theory which deter-
mines this field theory completely but does not 
show explicit relativistic invariance. 

With respect to practical calculations it is, of 
course, a matter of convenience to avoid the con-
tinuation of the energy representation into the 
multi-time region. In particular it might be easier to 
project the abstract multi-time generating func-
tionals onto to the various energy representations in 
different frames of reference. But the crucial point 
for all these mapping techniques is the validity of 
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the above mentioned assertion. It is thus of im-
portance to give an explicit proof of this assertion. 

In I it was indicated that the functional equat ions 
should be used for such a proof. A more detailed 
study, however, shows that it is hard to overcome 
this problem directly in full generality. We thus 
restrict ourselves to prove this assertion for the case 
of two-point functions which are assumed to be 
solutions of the functional cluster equation (2.1). 
For this case the following theorem holds: 

Theorem: The two-particle solutions of the energy 
functional equation (2.1) possess a b iun ique rela-
tion to the corresponding mult i - t ime solutions of the 
relativistic invariant functional cluster equation, and 
the continuation of the one- t ime functional energy 
eigenstates into the mult i- t ime region is identical 
with the last step of the complete solution proce-
dure of the latter equation. 

Proof: According to I the relativistic invariant 
(multi-t ime) cluster equation reads 

K'aU 4/2 d/> ~ m< 

= - v W Z I Fha2ia (-V - X')jia (X') d V 
'2'3'4 

• < w - v ) < w x ) 

with /' = auxiliary field index, a = spinor-super-
spinor index. The two-point ampl i tudes are def ined 
by the functional states 

5 ) = T 1 (Ph1c1h2c2(y\,y2)jh1c1(y\) 

\ / / , 2C 2 (V 2 ) 0 > d 4 y , d 4 y 2 . (5 .2) 

Substitution of (5.2) into (5.1) and subsequent 
projection of this equation into the coordinate space 
yield the following equations 

(GIU <Vv ~ mha, <5fllfll) (Phai,a(x,y) 

= ^a,a2a3a4 Z Fi2a2ia(x-y) <Pha3UaA*,x), 
'2 '3 U 

( d M y - mia daa) (Pi1a1ia' (-V, y) (5.3) 

= X, IF„fl2fl3fl4 X Pi1aii2a2(x ~ 3') (p/3fl3i4a4(v, .V') • 
'2 '3 U 

We now introduce center of mass coordinates by the 
transformation 

z = i ( x + y ) ; dx = \d: + du-

u = x - y; dv = \ d: — du , 

and decompose d. and du into t ime and space com-
ponents. Then (5.3) can be rewritten in the form 

(y d0: + d0u) (pibjc{z, u) 

+ [Gfc1 Gaiai- ( |V . + VJ - Gtl miai daia[] Cpia. jc(_-, u) 

(4 fa ~ d0u) <pih/c (=, w) 

ciia2a3a4 * i2ci2jc(l0 *Pi3a3i4a4* 
'2'3'4 (5.5) 

+ ({V. - Vw) - Gcö1 » V ») 

= — -Y/ Gca Waci2Ü3lli Z Pi2a2ib(~ U) i3a3i4a4(~i 0) 
'2'3'4 

with (p(x,y) = <p(z, u). If we take the sum and the 
difference of both these equations and if without 
loss of generality we make the ansatz 

(p{z,u) = e">: yfu p) (5.6) 

then Eqs. (5.5) go over into 

E XibjA" P) 

+ {gl: [Ga 

+ Gcä 1 [Gau- ( j ip - V„) - mja daa'} Sha[) Xia\ja'U* P) 

Wi ({ IP + - m>a, <WJ &ca' 

y <v.<7?-' H/ 
'2<3'4 

x , G IF' 

ai(i2(i3(iA 1 i2ii2ja'(.M) ^ca' (5-7) 

* In/In j (j' 

and 

2^0uXihJci" P) 

+ ICg"1 [G f l l f l i(y /> + V„) - miai <5„lfli] <W 

+ 1 [G„«'(T ip - V«#) - " V <W] < W /Ja\ja'(u P) 

= Z l-V/Cfe' fF Pi2c2ja'(u) <W (5.8) 

(5.4) 

+ Xy G®a ' I^aa2a3a4 Pi2a2ia'( w) //3a3/4a4(0 /?) . 

Writing for brevity x(u)=x(u P) a n d separating 
t ime and space coordinates we can per form the 
limit w0-> 0 in (5.7) and obtain for (5.7) and (5.8) 
in a formal notation 

EX(u. 0) + / / , (V1() x(«, 0) + / / 2 (n , 0) / (0) = 0, (5.9) 

— / ( i i , /) + / / , ( V J /(II , /) + //2(II, /) y (0) = 0, (5.10) 
ot 
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where t = i/0 and / / , and H, are defined by the 
corresponding expressions of (5.7) and (5.8). 

Equation (5.9) is identical with the energy repre-
sentation (2.1) for two-point clusters. We thus 
assume that we have solved (5.9) and that /E — 
y (u. 0) together with E are known quantities. By 
means of this assumption, (5.10) can be converted 
into an integral equation of the form 

i 
X (u , /) = - { / / , (V„) X (u . r) d r + /?(«,. /) (5.11) 

o 
with 

i 
R(u, t) := / ( « , 0) - j H2 (u, T) / ( 0 ) d r . (5.12) 

o 

Equation (5.12) is an integral equation of the 
Volterra type which allows convergent solutions by 
iteration for all values of the coupling constant A, in 
particular for A = — 1. For t = 0 the solution x(u- t) 
of (5.11) becomes 

X (m, 0) = R (M, 0) = x • (5.13) 

Therefore the multi-t ime amplitude / ( i / , /) is 
uniquely determined by /(w, 0)E and the continua-
tion o f / ( w . 0)e into the multi-time region is a part 
of the integration program of (5.1). Q.E.D. 

Although the extension of this procedure to 
higher point functions and complete functionals is 
in principle straightforward, the more general cases 
need a thorough investigation which we will not 
perform here. In addition, the dependence of the 
Volterra kernel / / , onVu needs further clarification. 

Concerning the literature, single-time methods have 
been used to a wide extent in quantum field theory 
partly by working with the Hamilton formalism 
itself or with instantaneous interactions in Bethe-
Salpeter equations, partly by deriving single-time 
equations from multi-t ime equations etc. It would 
exceed the scope of this paper to cite this extensive 
literature explicitly. It is, however, interesting to note 
that the many-time formalism was considered by 
only a few authors. Krolikowski and Rzewuski [100] 
gave an equivalence proof for single-time and 
multi-time integro-differential equations of two-
particle states which is completely different from 
the proof given here. Goto [101] introduced the 
transformation (5.4) and arrived at equations of the 
type (5.5) but did not further pursue a proof of 
equivalence as was given here. Cocho and Flores 
[102] used the group theoretical relation between 

relativistic and nonrelativistic oscillator functions to 
establish an isomorphism between corresponding 
relativistic and nonrelativistic few-particle equa-
tions. Faustov [103] investigated the relativistic 
transformation properties of single-time wave func-
tions. Love [104] eliminated the relative time coor-
dinate from a two-particle Bethe-Salpeter equation 
in such a way that he obtained an exact equivalent 
single-time equation. Feldman and Fulton [105] 
studied the relation between Bethe-Salpeter and 
Schrödinger wave functions of many particle sys-
tems for static potentials. 

With regard to causality various investigations 
were made within the realm of nonlocal field 
theories. Apart from the papers of Efimov [65] and 
Alebastrov and Efimov [76] who claimed to have 
demonstrated strict causal behavior of their models, 
the general conclusion is that slight causality viola-
tions may occur but that they can be overcome by a 
suitable choice of the formfactors, cf. [20], [21], [35], 
[39], [54], [55], [57], [61], [63], [65], [74], For a non-
local coupling theory which results from a map of a 
unified nonlinear spinorfield within the high energy 
range, the problem of causal behavior is of minor 
interest: The underlying spinorfield theory is strictly 
microcausal. Whenever its maps show acausal 
behavior one has to improve the map or to go back 
to the original spinorfield dynamics. Some authors, 
Ascoli [106], Rzewuski [34], Nagy and Rzewuski [47] 
related field equations with higher order derivatives 
to nonlocal interactions. Such theories represent a 
very special class of nonlocal fields and exhibit strict 
causal behavior as long as no artificial unitarization 
procedure of the ^-matrix is introduced. For the 
general treatment of higher order derivative equa-
tions this approach is not very suitable since for 
their quantization the decomposition theorem [3], 
[4] has to be applied which reduces the higher 
derivative equation to a coupled system of first 
order derivative equations with local interactions. 
Fhis system is strictly microcausal and hence no 
contradiction can occur. 

As far as unitary is concerned the situation for a 
weak mapping is more difficult than in the descrip-
tion of coupling theories by operator equations in 
the Heisenberg picture. While for the latter the full 
apparatus of canonical quantum theory can be used, 
the weak mapping yields only a functional state de-
scription without an underlying operator formalism. 
As was discussed in the introduction such a weak-
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ening of the m a p is of advantage in many respects 
and in addit ion even necessary, as strong mappings 
do not work correctly. However, in the case of the 
unitarity problem the t rea tment is more complicat-
ed as such investigations should pr imari ly be per-
formed in functional space and corresponding inves-
tigations with respect to unitari ty in funct ional 
spaces are not avai lable in the required specializa-
tion. Only general considerat ions were pe r fo rmed , 
cf. Rzewuski [107]. which cannot be appl ied directly 
to the problem of interest. Hence, at present, the 
simplest way out of this diff iculty consists in under-
lying the functional equat ions (4.40) an auxil iary 
operator theory. Such an opera tor theory is restrict-
ed to a certain f r ame of reference and necessarily 
does not satisfy all requi rements of a local relativ-
istic coupling theory. Nevertheless, it can be used to 
prove unitarity since in the special f r ame of reference 
under consideration the formfac tors of the inter-
action terms are completely space-like. Therefore , 
the non-existence proof for the S-mat r ix of Mar-
nelius does not apply and the S-mat r ix exists. As the 
state space of bound states is positive def ini te as 

long as no vector or tensor bound states are con-
sidered unitarity for the auxiliary S-matrix is guaran-
teed if the Hamil tonian is a Hermi t ian operator . 
Thus the unitarity problem is reduced to the Hermit-
icity problem of the interaction term as the kinetic 
energy terms are always Hermit ian operators. For 
instance, Marnel ius [78] has formula ted such 
Hermitici ty condit ions for the formfactors . As we 
calculated corresponding formfactors in the preced-
ing section only in a rough approx imat ion in special 
f rames of reference, at present their Hermitici ty 
proper t ies cannot be demonstra ted and the solution 
of the unitari ty problem has to be postponed to be 
treated in fur ther investigations of this model . 
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