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Dynamics of quantum field theory can be formulated by functional equations. To develop a
complete functional quantum theory one has to describe the physical information by functional
operations only. The most important physical information of elementary particle physics is the
S-matrix. In this paper the functional S-matrix is constructed for relativistic spin 1/2 fermion
scattering in nonlinear spinortheory with noncanonical relativistic Heisenberg quantization. With
appropriate modifications the procedure runs on the same pattern as in the case of nonrelativistic
potential scattering treated in I. Furthermore a calculational method for scattering functionals
is proposed. In the appendices technical details are discussed.

In quantum field theory the dynamical behaviour
of physical systems can be described by Schwinger
functionals of the field operators and corresponding
functional equations 1-7. Using this representation
of quantum dynamics it is tempting to develop a
functional quantum theory in functional Hilbert
space where the information of conventional quan-
tum theory can be obtained by operations in func-
tional Hilbert space only. The most important phy-
sical information in quantum field theory is given
by the S-matrix. Therefore in functional quantum
field theory one would like to construct a functional
representation of the S-matrix. A first step to realize
this program has been made by the introduction of
an appropriate scalar product definition for Schwin-
ger functionals8-10 and by the derivation of a func-
tional S-matrix for nonrelativistic potential scat-
tering 11 using this scalar product definition. In this
paper we consider the relativistic scattering of spin
1/2 particles. By an appropriate modification of the
method used in1! we construct the functional S-ma-
trix for these processes. The construction does not
depend on the special type of interaction but only
on the Lorentz invariance of the theory, on the

validity of the so-called asymptotic condition for the
field operators in its generalized form 12, and on the
spectral condition. Of special interest is the appli-
cation to nonlinear spinor theory of elementary
particles, regularized by noncanonical relativistic
Heisenberg quantization13 with indefinite metric.
So we perform the entire procedure by assuming the
nonlinear spinor equation to be the basic field
equation. Then in the functional formulation of this
theory also a calculational procedure can be given
for the effective calculation of the corresponding
scattering functionals. It should be noted that this
functional S-matrix approach has sharply to be
distinguished from functional causality and unitarity
relations for the S-matrix? and from the current
S-matrix representation by vacuum expectation
values (v.e.v.)14. The latter one is not very suitable
as no calculational method for v.e.v. exists and for
indefinite metric the connection between the v.e.v.
and the S-matrix is not clarified. The method given
here is arranged especially to avoid these draw-
backs, but of course further investigations are
necessary to develop a complete functional S-matrix
theory in the sense defined above.

1. Fundamentals

First we discuss the essentials of nonlinear spinor theory in its functional formulation. For details we
refer to 4:5:13:15_ A real Hermitean field operator ¥, () is assumed, describing the nonlinear spinor field
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in physical Hilbert space. The generating Schwinger functionals are defined by
T (7) '=<a|Texp{if’{’a ) §%(x dx}]b)

= Z f(a[ TY, (@1)... Py (@) |B) 1% (1) ... " (n) dity ... Ay (1.1)

where (a| and |b) are states of the system in physical Hilbert space and the sources j*(z) are elements
of an operator algebra which is completed by functional derivatives 0%(x). For details of this algebra and
the transformation properties of fields and sources we refer to 9. By means of the procedure described
in 9 the following functional equation for | Z (j)> can be derived15

{D}(x) 9p(x) + VE[05(x) Oy (2) Os(2) 4 3 F 3y (0) 8 (2)] — i 0o ()} | T(j)) = O (1.2)

where | T (j)> : = T(j) | po> and | @o) is the functional vacuum state?. In noncanonical quantized theory
Fp,(0) and gg are assumed to disappear and so we omit these quantities in the following. Equation (1.2)
can be changed into an integral equation by applying the causal Green-Function D-1(z) to (1.2). Addi-
tionally the resulting equation is averaged by a functional operator s*(x) as no special value of x is pre-
ferred. This gives

[[ 5% (x) 0 (@) da + [s%(x) G%(x — a') VEP 0p(x") Oy (2') O (") dar da’]

(G =0. (1.3)

For details of the averaging seel5:16,17 Tf the states {(a| and |b) are pure or partly pure states with
definite quantum numbers, then it can be shown that the functionals (1.1) satisfy subsidiary conditions18.
These conditions serve to characterize the corresponding functionals in functional space. Specializing to
{a| = (0| i.e. the physical ground state and assuming for |b) the quantum numbers p (four momentum),
W (mass), s (total spin), and s3 (spin component in eg-direction) we denote the corresponding functionals
by |‘Ib )> with b: = (p, u, s, s3) and obtain the subsidiary conditions

Pl To(j > Pr| Tu(j) $zlzbj)>=H2|Ib(j
@u@““&; >=s(s+1 |flb 63[% >—83|(Ib(7 (1.4)

For details see18. The subsidiary conditions (1.4) result only from the Lorentz form invariance of the theory.
Conditions resulting from gauge groups etc. are not considered as they depend on the special model of
interaction.

2. Asymptotic Functional States

According to (1.4) and 18 the functionals can be characterized by quantum numbers resulting from the
corresponding states in physical Hilbert space. Therefore the functional quantum numbers have a well
defined physical meaning namely the usual physical interpretation. The maximal set of them is denoted
by & : =k, m where m is the total mass of the particle (system) and % : = p, s with p = total four mo-
mentum, s = total spin and additional quantum numbers. Formulating the theory in its functional
version as given in sect. 1 these quantum numbers are the eigenvalues of stationary state functionals,
which have to be calculated by functional methods15. We assume now that stationary solutions of functional
theory exist describing spin 1/2 particles of different masses. Further we assume that the corresponding
mass eigenvalues are a discrete, denumerable finite set, which we denote by ui...un. Of course all sets
of quantum numbers which can be obtained by symmetry transformations from the set {u} are eigenvalues,
too. Then in physical Hilbert space there exist dressed one particle states | p, ok, u;> with the same quan-
tum numbers corresponding to the eigenfunctionals of the functional version. In this case the generalized
asymptotic condition can be written in the sense of weak convergence12.

lim ¥, (z) = lim Z E[Kwkml Yol(@) | 0> at (pokpu) dp + [0 Pu(x) | porpud a(poru)dp] (2.1)

t—o0 t—oo i=1k

16 W. ScHULER and H. StumpF, Z. Naturforsch. 22a, 1842 [1967].
17 W. ScruLER and H. StumprF, Z. Naturforsch. 23a, 902 [1968].
18 H. Stumpr, H. G. MARTL and K. SCHEERER, Z. Naturforsch., to be published.



FUNCTIONAL QUANTUM THEORY OF SCATTERING PROCESSES. II 797

where at(poxu;) resp. a(porus) are the creation resp. destruction operators of these particles in the
asymptotic free field description. Actually (2.1) is assumed to hold only for quasilocal field operators.
For simplicity we extended it to local ones, as the S-matrix construction becomes very transparent in
this version. If necessary the construction can be performed also for quasilocal operators, but this shall
not be discussed in the following. Due to their transformation properties1® the matrix elements can be
evaluated to give

0| ¥ u(®)|poru) = ascalp, ok ui) €27 = a;i fo (x| p ok ) M (2.2)

where c, is an eigenvector for definite p o u; in spinor space. The only quantity not to be fixed by group
theoretical considerations is a;. As for free Hermitean fields Wy (x ;) of mass u; the decomposition

Yol u) = Zk [[fo(@| p ok pi) at (por i) + 1 (€| pox i) a(pox pui)] dp (2.3)
is valid, we introduce the auxiliary field
al®):= iizvl![’a (@ ps) a (2.4)
and may write (2.1) observing (2.2) and (2.3)
l]im Yyl(x) =th'm Xu(x). (2.5)

For the following it is useful to define corresponding auxiliary functionals by
Z(j, R1... Rn) : =<0| Texp{i [ Xo(x)j*(x)da}|R1... Rn) (2.6)
where the corresponding states in physical Hilbert space are given by
|R1... Ra) : =a* (p1sim1) ... a* (PaSnma) | 0> (2.7)

with maximal sets of quantum numbers s, € {ox} and m, € {u;}. As (2.4) is a linear combination of free
field operators the Wick rule can be applied to give

Z(j, R1... Rn) = exp{} [j*(x) Fap(x,y)j(y) dedy} D(j, R1 ... ) (2.8)
with
Fag(,y): =<0| T Xo(x) Xg(y) |0 (2.9)
and
5 < 1 - .
D (j,R1... ®n): =7 [CO| N X, (x1) ... X, (@a) | R1-.. R0 5 (@1) ... j* (€p) day ... d2y (2.10)

1 ~
=P S (—1)? fjal (@1| R,,) - fon (@0 | R0 @, .o @y, 70 (1) oL 2 (@0) Ay .. dvg .

According to?; for the functionals (2.6) a functional scalar product can be defined by

(ZG R R | TG, R Ra)ouwioy : = Cexp{— 31 (F T Co)7) TG) | exp{— 3j(F + Go) i T(H)}. (2.11)
We choose Gy to be a generalization of Ref.9, (3.5):
Go(xx'): =i (sG*G)my f(nhz; — F)d(x — ') (2.12)

where 5G @ are elements of the Hermitean Dirac algebra, n; is a timelike four vector and f(z) a function
of compact support — zg <z <29, 20 = | 20| finite with J'f (z) dz = const and |f(z)| bounded in the
total range. Then we get the orthogonality relations

v e~ Sa ey i . 1
lim (TG, K7 - )| TG, - Ka)owy = 57 Onm P 3 (— 1P gy gy, -+ Ogur 5, G- @3- (2.13)

9—>oc0 Aeiidn

For details of the proof see App. I.
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3. S-Matrix Construction

To construct the S-matrix an extension of the definition (1.1) is required. Like in1! we define the ad-
vanced and retarded Schwinger functionals for Schrédinger states by

TE) (], 9): = 0| T exp{s [ Pal(x)j*(x) da} |a=)(9)> (3.1)

where the states | a'*)(J)) are the corresponding advanced resp. retarded Schrédinger states for the time 4.
These states can be characterized completely by the sets of quantum numbers (2.7) of the ingoing resp.
outgoing free particles. Putting for brevity 9t: = f1 ... &, we may write |a$i")(9)) for a definite scattering
state. To introduce a scalar product for scattering functlonals we define the weighted scattering functionals
in the meaning of (2.11) by

exp{— 3j(F + Gs)j} | T (G, ) : = exp{— 3§ (F + G»)j} T, 9) | po> - 3.2)
Then the functional scalar product reads
<TG, D) | TG, 9Dwesy : = (exp{— 3§ (F + G»)j} TG, 9) | exp{— §j(F + G9) 7} T (G, 9)) . (3.3)

By means of these definitions the following statement can be proven:
The scattering matrix of spin 1/2 fermions with the initial state 9t and the final state 9" is given by

=(2{G,0) | TG, Mwo ar...az> (3.4)
i.e. the S-matrix construction can be reduced to the scalar product of Schwinger functionals for Heisen-
berg states defined in (1.1).
Proof : We introduce the formally Wick ordered product by

DE (. 9) : = exp{— }j Fj} Ty, 9)

oo

1
=> - f <0| N W (@) son W (0) aqa )(9)> 72 (1) o % (20) A2y oo daog (3.5)
n=0 """
with
O] NV, (@1) ... Py, (xa) [ a7 (9)
[n/2] i .
.= z Z ’27'7"(7:7' 2’_)' F(x;_l x;.z) - .F(x,.,_lxln) <O| Tglalr_l(.l';‘hl) p—_— le)m(l'r;_n aq‘:: (19) (36)
A1...hn n=0 ’ ’ %y %y %y %A

and we define the weighted Dyson functionals by

xXn

o1 L . . .
| Dn (1.0, 9)) 0 = 5 §* (1) ... §*" (xa) exp{— 3 ] Go ]} | @o) - (3.7)
Then we have

EG09) | TG D wey = 3 [O] NP () ... Pyl

D (9)) (0| N, (x1) ... Ps,,(@m) | ali ) (9)) X

B, B B Bm
X (D (&} ... 20, ) | D (@1 ... %m, D)) . (3.8)

Due to the Lorentz invariance of (2.9) and (2.12) the scalar product is Lorentz invariant, too, and (3.8)
may be evaluated in a suitable frame of reference. This is the rest frame with n: = (1, 0, 0, 0). Then the
procedure performed in 9 sect. 3 can be applied to (3.8) giving

TG 9 | TG Mwe = 2‘ JOTNPy () ... Py () |a) () O] N W, (1) ... W, (@m) | (9))

;n—z"el’)%_g p— — 1)(n+m/2) ) 1
=y (1’,?29) (m—2g) (20)'2
2

0051515( —x1)bi(t; — ) .. OG"”’””é(x —x20)b1 (t2, — 9)

. 7 5 ’ Y ’ , 7 9
X ZPrer P g (al,  — @, 0) batag o — B) ... 2P PRy g — ) ba(t, — D) 84
Q- Q Qo

X Zﬂ29'1529‘26($29+1 — X20+2) ba(t2ore — P ... Zﬂ""lﬂ"'é(.l‘m‘l —am) ba(tyy — I)- d.‘l‘; aws d.l’;, dy...dxy,
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Now for ¢ — oo the following limes relations are valid:

lim 0| NV, (x1)... ¥,,(xn) |a) = lim O| N X, (x1) ... X, (xa) | @) (3.10)
e e
and
lim |a{i’(9)) = 3 Syarr | N>,  lim|ai’ (@) =N . (3.11, 3.12)
H9—>00 H—>c0

Observing by (¢ — ) and bg (¢ — ) are functions of compact support — zg + ¥ << ¢t << zp + ¢ the inte-
grations in (3.9) run only over this interval and we are allowed to substitute (3.10), (3.11), (3.12) into (3.9)
for lim § — co. Performing this and observing (2.13) we obtain

hm <°~f~)a N[ 256 wo =ﬂ1im RZ,Svt'vz'(I(?', N TG R wo = Spi...th, . a @i - - (3.13)
Therefore
Sgprq = hm TG, 9) | TG, Mweyar 2 ...a; 2. (3.14)

In App. II the translational invariance of the scalar product is proven. Therefore

EEG,0) | TG, 0w = <TF G, D | TG, )Dwesy (3-15)
holds for any . From the combination of this with (3.14) (3.4) follows q.e.d.

4. Normalization of Stationary State Functionals

In the last section the actual calculation of the constants a; defined by (2.2) remained open. In this
section we show that their calculation is tightly connected with the correct normalization of stationary
state functionals. These functionals are defined for ,,dressed,, one particle states |p, ok, Wi>n With
2lP, Ok, Wi | P, Ok, wiyn = 1 where the lower index » indicates that these one particle states are assumed
to be normalized in physical Hilbert space. The corresponding functionals for the Schrodinger states are
defined by (R : = p ok i)

te, (4, 8) : = 0| Texp{i | Wu(x)j*(x)dx} | R () - (4.1)
For the actual calculation of these functionals it is important to note that they cannot be obtained by
the solution of the functional Eqgs. (1.3), (1.4) alone. Because these equations are homogeneous for sta-

tionary states the absolute value of the functional solution remains open. This means that by the eigenvalue
equation only a functional

Tg, (7, 9) = <0| Texp{i | V() j*(x) dx} | R( (4.2)

can be calculated where | ;) is not properly normalized. To fix the absolute value of T, at all we may
impose an arbitrary normalization condition. As we shall see later it is convenient ot require

(Zq, G:9)| Ta, G, PDwesy =1 (4.3)

with the definition (3.3) of the scalar product. Assuming the existence of (4.3) this condition fixes the
absolute value of Ty, and therefore causes a certain norm value of | &;({#)) in physical Hilbert space.
Denoting this value by |4;|2 we obtain

| Re(3)> = 44| Rl (4.4)
and therefore

| Ta, (G, 3> = 4 |1, (G, D)) . (4.5)
By (4.3), (4.4), (4.1), (4.2) then follows

(o (7, D) [t G Mwesy = 1| 4|2 (4.6)
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On the other hand we may perform the limes procedure ¢ — co on the norm of tg (j, #). Due to the
properties of the weighting function Gy this means a substitution of ¥ by X in the norm expression.
Observing further that the dressed one particle state | ®i(#)) may be expressed also in the free field
representation by the application of a creation operator a*(f;) on |0) we get for the limes procedure

hm<tm 7> ) | ta, (s )Dwoy = ﬂli_lfl@(i, &) | TG, Ri)ws) = @ (4.7)

with the definitions of Section 2. As the norm value of tg, is independent of ¢ according to App. II,
combination of (4.7) and (4.6) leads to

| A4|2as=1. (4.8)
To obtain a second equation we consider the matrix element
3 (@) Tq, (7, 0) | §0> =0 = O] () | R1(0)> = ga () ei2%. (4.9)
Due to (4.3) the numerical value of g4 (&) is completely fixed. Further by (2.2) follows
0| Pul) | R:(0)) = 2i<0| Py () | Ri(0)>n = Ai @i fu (Ri) €1P% . (4.10)

Dividing (4.9) by (4.10) gives
ga(ﬁ‘i) = .ia,-fa(@i) . (411)

By Lorentz invariance requirements a; may not depend on the special frame of reference. Therefore for
its calculation we use the rest frame. This gives by combining (4.8) and (4.11)

Sl v 12)

where fq (ui) is an orthonormalized solution of a spin 1/2 particle with mass u;. Therefore assuming (4.3)
to be valid a; can be calculated by (4.12). (4.12) containes also the desired proof that in the asymptotic
condition (2.1) only those particles appear which are eigenstates of the functional equation. This follows
immediately from (4.9). Only for eigenstates g, (u:) + 0 is possible as for mass values being no eigenvalues
of the system only | T(j)> = 0 satisfies the eigenvalue equation. Therefore a; + 0 can hold only for mass
eigenvalues q.e.d.

5. Calculation of Scattering Functionals

To complete functional quantum theory of scattering also a calculational method for the explicit
construction of scattering functionals is required. This is provided by the least square method proposed
in 11 applied successfully already to Bethe-Salpeter problems 19. Its formulation for relativistic functional
equations in the case of stationary state functionals is given in 15. To apply this method to functional
scattering problems one has to know additionally the appropriate boundary or initial conditions which
have to be satisfied by the scattering functionals themselves. We assume that this condition is given by
the decomposition

TH (3G, 0) = TG, N) + DF (5, 0) (5.1)

where T (j, M) is the free particle functional (2.7). Performing the variational procedure only D) may
be varied, whereas T (j, 2)t) remains fixed characterizing the ingoing resp. outgoing free particle configura-
tion N. In the case of potential scattering this decomposition could be proven rigorously 11. For the
present case we confine ourselves to plausible arguments, which later might be extended to a rigorous
proof. Using the definitions (3.1) (2.5) we may write

TG (7, 0) = (0| Texp{i [ Xu (@) j*(2) dz + i [[Pa(®) — Xu(®)]5%(x) dz} a§i(0)) . (5.2)
In physical Hilbert space the decomposition is valid
|aGE(0)> = | R(0)> + K| N(0) (5.3)

19 K. LapaxyI, Nuovo Cim. X. 61, 173 (1969).
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where K is an operator which needs not to be specified further. Substituting (5.3) into (5.2) and expanding
the exponential we arive just at (5.1) q.e.d. For trial functionals we use the truncated functionals as
defined in 15. All other steps run on the same pattern.

Appendix I

In this appendix we prove the functional orthonormalization of the asymptotic free functional states
which are described by the auxiliary functionals (2.6). Since in (2.6) only free fields occur, the functional
orthonormalization can be reduced to ordinary scalar products of Dirac spinors 9. For these the following
theorem holds:

If o (x| ®;) are ordinary Dirac wave functions with the quantum numbers &;,7 = 1, 2, & : = p;, 85, m;
and if f(z) is a function of compact support — 2o < z < zo, 20 = |20/ finite with [ f(z) dz =1 and |/ (2)|
bounded in the total range, then

hm I’Q/} x1| @1 lmé(xl—xg)f nl‘xlu— 0 le @2)dx1d.’172— 6@192 (Il)

is valid for timelike 7.

Proof: As n; is timelike a Lorentz transformation a§ exists with n; = a$n, and n; = (1, 0, 0, 0). The
spinorial wave functions yq (2| &) : = 9« (&) e~i2? transform for x; = ajx, according the law

Y = Sus(@) pa(R) e-iz'a-1p — y, (R') e-ia'’. (1.2)
Therefore the following identities are valid
va(z| ®) = S5 @) palaz| ®),  Palz| ) = Pslaz| ') Spaa). (13)
Substituting (I.3) into (I.1) we obtain
[Pl] R1) prnaf iz, — P y(x| R do = [Flaz| R]) SyAS-1n;f(nux, — P y(az| R dx. (1.4)
Observing S (a) y*S-1(a) = 8-1(a~1) yAS (a~1) = a}y” (I.4) changes into

[Blaz| K] n,y? f(nkz, — ) plax| Ry) d (I.5)
and with &, = af, x, we obtain by observing the value of ny
[p@]| R1) yAnaf(nba, — 9) p(x| R2) dz = [F(E| K1) yof (b0 — F) p(&| K2) dE. (I.6)
Now the right side of (I.6) can be evaluated to give
[P(E|RD yof(Go— D) p(&] R5) & = b(p; — p2) dyyy; [exp{i(wg — wp) £} (¢ — D) dt (L.7)
with w; = (p;> + m;%)1/2. Applying the theory of distributions we obtain
ﬂl—i>m 6313} 0(p1 - p;) fexp{i (wi - w;) t} f(t - ?9) dt = 6m{méa(p; - pé) 68135 (IS)
and therefore
lim "w [ 8‘1 ylnlf n” Ly — 0 I @2 ( - p2) 8182 mlm, . (19)
H9—00
Now we have &;: = p; 5. m;and § : = p;s;m;. Due to the relativistic invariance it is my = m, and there-
fore
lim [ 52| R1) y2naf(mia, — 9) p (x| R2) dz = 6(p; — Da) Osts; Opaams - (1.10)
H—>o00

But for m; = mg (1.10) can be calculated explicitly (see Ref. 9, (1.33)) to give finally
lim (x| R1) pAnaf iz, — 9) p(x| R2) dz = 6 (b1 — P2) 0515, Omimy  q-€-d. (L.11)

9—00
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The further development runs in complete analogy to (see Ref. 9, section 3). Especially we obtain in
the Hermitean representation by evalution in the rest system

m (2, R ... R) I TG K1+ Kn)Dwio) (1.12)
H9—00
= lim fp Z —ll’f,,1 (g | R5) - oz @n | R3)7 5 (— V)P fo (@1 | R5) - fp, (xm | R5) @y . @z @y, ...z,
H—>00 "n Meoidm
(n 20)/2 » (— 1)(n+m)[2 , ;o , ,
X z (n+m)/2 ( —— 2?* ’7:2; Gﬂlﬁl 6( — 1) by (tl _ 19) . oGﬁzgﬁzaé(x_zg — Xa,) b1 (tZQ = 19)
s ()R

X Zﬂ;g'lﬂ;gqé(x;g'l - x:;QTZ) bZ(t:,ZQ+:Z - 0) Zﬂ" 15"6( Ly—1 — xn) bg(t - 19)
X Zﬁz‘”lﬁz"'zfs(l'zwrl — T20+2) b2 (t2p12 — ) e PP § 2y — ) b2 (tm — )
cde...dedr ... day, .

Dividing (I.11) into real and imaginary parts like in 9 it follows from (I.11) in the rest system

dgq =lim [yl(xl Q) [t — P pa (x| {) da (1.13)

H#—>00

:alim [ [f1of1a + foafoud f(E — 9) A2 + 0 [[frafox — fouf1e f(E — 9) da]

with s = fi4 + 7 foq and as f1, fo are completely real

Tiro | [1afia + fonfod f () — ) de = by, Jiss B | [frafox — foafial f(t — ) dz = 0. (L.14)
As
1o (@] R) 0GB Bfg(x| &) br(t — F) de = [[frof1x + foafos] b1 (¢ — &) dz, (L.15)
[fo(@| R)ZFBjg(x| R) ba(t — 9) da = [[fraf2s — foaf1al b2(t — &) dz
it follows
01im (TG R Q)| TG K- KmDwes) = B B z) — 1)P8gq, - Ot @5 ... 02 (1.16)

Appendix II

In this appendix we prove the invariance of the functional scalar product unter time translations i.e.
formula (3.15). The general definition of the weighted functionals is with Wy: = F + Gy

exp{— i Woj}|Zal(j, 9): Z fﬁj<0| TY(x1)... P(xn) |a ()

n=0

x exp{— % [j(&) Wo(EE)j(&)dEAE } j(@1) ... j(xa) | @oy Ay ... dxy .  (IL.1)

The Hermitean conjugate with respect to the functional space is

oo

(exp{—3iWoi}| Ta(f, ) = 2 —:l—f<0|T?’ 1) ... V(@) |a(®)) {po| i+ (®n) ... j* (x1)
n=0
X exp{— % [§*(&) Wo(£,&)j+(&)dEAE  day ... day . (I1.2)
Observing according to 1 0(x) = j*(x) the adjoint functional of (II.1) is defined by
Cexp{—1} iWsit Ta(j, 9) )| o= Z ".|‘<0|T5U(x1)...'{’xn ) |@(P)) {po| 0(x1) ... O(xn)
n=0
X exp{— 3 [2(&) Wo(EE) (&) dAEAE b day ... day (IL.3)

where the bar denotes the ordinary spinorial adjoint of quantum mechanics. Then the scalar product is
defined by
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(Zaf, )| To (G, Dwesy : Z (_n.lmv

X {go| © (-751) (xn exp{— } [0(&) Wo(EE) (&) dEAE } exp{— } [7(&) Wa(E,&)j(&)dEAE}
X j(x1)...7(xm) |¢p0> dada’ .

[O[TE@) ... Plan) [a@)) 0| TW(x1)... ¥ (xm) |b(S)) (IL4)

For the evaluation of (IT.4) we use the rest frame defined by
Wo(£,&)=F(&— &)+ i5GoGf(6o—F) (& — &) (IL.5)

and introduce the new variables z = x — 9 ¢9, { = & — P ¢o for all occurring quantities. This gives
Wo(§, &)= Wo(, (') and

<ia (7’ 0) l (Ib (7’ 79)>w(19) (116)
=3 [KO| TP+ 9)...Wen+ 3 |a@))O| TPE+9)... P+ 9)|bls))
X {@o| d(e1 + 9)... d(zn + 9 exp{— } [ + &) Wo((L) (' + #)dLdl’}
X exp{— f7C+t9 Wo(CZ)j(@ + )AL} j(z + 9)...5(z + 9) | go> dzdz’ .

Observing for the special case of the time translation
Ve+9) =e TP el (0| e =(0|; €#?|a(d)) =|a(0) (IL.7)

and according to 9 for the sources
i+ =Vi@ V1, z+H=VoRV1l, <O|V=<K0|: V1|00=]|0) (IL.8)
we obtain from (I1.6) by substitution of (I1.7), (I1.8)

{Za(§, )| T, NDwey = R [O|TY(1)... P (za) |@(0)> 0| TW(2)... ¥ (2) | b(0)> (I1.9)

n!m!
n,m

X {@o| 3(z1) .. D(zn) exp{— } [O(¢) Wo (L) 0(¢") AL AL}
X exp{—} [ j(0) Wo(£L)§(£)dCdL’}j(2). Z) |po> dzdz’ = <Za (5, 0)| Tv(j, 0)>w(sy -  g.e.d.




