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Abstract. The LSZ asymptotic condition and the Yang-Feldman equations
are derived in a Wightman quantum field theory on a dense set of scattering states.
The Green's distributions are shown to be sufficiently regular around the energy
shell to give well-defined reduction formulae for the scattering amplitudes.

I. Introduection

The analysis of the fundamental notions of relativistic quantum
mechanics has been carried out in several axiomatic formalisms [1],
which differ significantly in the primary notions involved.

The quantum field theory of LEEMANN, SYMANZIK, and ZIMMERMANN
[2] (LSZ) is based on a complete particle interpretation. The S-matrix is
assumed to be interpolated by a set of local fields satisfying a weak
convergence asymptotic condition. Furthermore, one assumes that the
fields are such that Green’s functions can be defined and are sufficiently
regular around the mass shell, in order to give sense to the reduction
formulae for the scattering amplitudes. Then the main results of the LSZ
theory are analyticity properties of the S-matrix elements and the many-
particle structure of Green’s functions.

The more general WIGHTMAN framework [3] is based on fields which
are local and Lorentz covariant operator-valued tempered distributions
in a Hilbert space. Under more detailed assumptions on the spectrum of
the energy-momentum operator a collision theory has been developed by
Haag [4] and RuELLE [5].

In view of the particle interpretation implied by the Haag-Ruelle
asymptotic condition, it is natural to investigate the connection between
the LSZ and the Wightman framework. The most ambitious program
would be to prove that an LSZ theory is a special Wightman theory in
which the asymptotic states are complete. More modestly, we intend to
show that on a dense set of collision states the LSZ asymptotic condition
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and the Yang-Feldman equations [6] can be proved from the assump-
tions leading to the Haag-Ruelle scattering theory. The proof is based on
the physical idea that collision states describing divergent asymptotic
particle configurations can be rapidly approximated by states which are
created from the vacuum by polynomials in the fields corresponding to
1-particle excitations.

The asymptotic condition in z-space, which is a convergence property
at infinity of (regularized) Green’s functions in the variables dual to
p°— (m?+ p*)/2, gives regularity in p-space for the amputated Green’s
functions around the energy shell {p®= (m?+ p?)}/2}. The restriction of
these distributions to the energy shell is therefore well-defined, at least
for momentum configurations describing divergent particle beams. This
will justify the reduction formulae of LSZ for the scattering amplitudes.

II. Asymptotic Condition

In this section we shall derive the LSZ asymptotic condition and the
Yang-Feldman equations in the framework of the Haag-Ruelle collision
theory.

We first restrict ourselves to the theory of one kind of neutral scalar
particle with mass m > 0. We assume that 1-particle states are created
from the vacuum £ by a neutral scalar Wightman field A (z). This
statement is (up to a normalization) equivalent to the following structure
of the 2-point function:

(A @) Ay))o =1 A% (x —y) +W./de Y44 (x—y),  (2.1)

with supp o N {Ju? —m? < c} =@ for some ¢>0. Let G = {pcR*:
p°>0, |p*—m? <c} and let F(G) be the space of test functions
f € & (R*) with supp f C G. For any [ € & (R*) and all ¢ (with w = (p® +
+ mz)l/z)

Af,t)= @n)2 [dp [(p)* A(p) exp[—i(p° — @) t]  (22)
is a bona fide operator in . For € % (G) A*(f,t) creates from Q a
1-particle state with a wave function f(p) = f(w, p) € & (R3):

A0 =1f), Af,HQ=0. (2.3)

Using (2.3) one can construct asymptotic observables. Haae [4] and
RuELLE [5] have shown that for f; € & (G

lim H A (f, 1) 2 (2.4)
t—~+to; 1
exists in the strong topology in $). The states (ex = in, out)

i I A% ) Q= Ify, . 159) (2.5)

t—»j:co,i=1
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span Fock spaces of scattering states characterized by initial (final) wave
packets f,, . . ., f, and outgoing (incoming) waves after (before) collision.
If the f; € & (RY) satisfy no restriction on their supports, then one has in
weak convergence [7] on $H**

lim (@ex, b4 A*(fi,t)9)=(a>cx oo 1) (2.6)

t—> 4 o0 =1

m n m

t_l)ir;;loo (Q)ex, ]]lA(f“ t) IYIA*(g]’ t) ‘Q) = (@ex, ]]1 aex(f) Igl’ . >gATzX)
1= = i =

for all &%= € H** and {§,} C & (G). Here asymptotic free fields are defined

by Aex(f) = @2 [k, () + ax ()] for J € # (R and f,(p) = F(w, D),

f0) = F(—w, —D).

The investigation of asymptotic observables can be carried much
further in the LSZ framework, where the S-matrix elements are related
to Green’s functions in momentum space, using a weak convergence
asymptotic condition for the field operators. We shall see that a sharpen-
ed form of the LSZ asymptotic condition can be proved in the Haag-
Ruelle collision theory. For that purpose we shall first discuss the
approach of (2.4) to its limit.

We call {f;}C ¥ (@) non-overlapping, if the supports of the {f;}
are pair-wise disjoint in velocity space, i. e., if for all p; = (p9, p;) € suppf;
one has

p;w; e+ piwyt for 7. (2.7

A set {f;} C & (R?)is called non-overlapping, if (2.7) holds for all p, €supp /..
It is a consequence of the short range of the forces in a local quantum
field theory with smallest mass m > 0, that non-overlapping scattering
states |fy, . . ., /&) can be approximated rapidly in ¢ by almost localized
states [ A* (f;, t) Q. The proof follows from the

Theorem 2.1: For non-overlapping {f;} C ¥ (@) one has

Edt‘ 4@, 1 .QII <oy(l+ [t)-¥ 2.8)
i=1

with ¢y < oo for all N.
Proof: One develops

% ITA® (f,t) .QHz into a sum of products of
truncated vacuum expectation values [4] (TVEV). Since A4 (f;, 1) 2
= —%A* (fi» £) 2 = 0, all terms with 1-point functions and pure 2-point
functions vanish identically. We shall show that for any £ = 3 and any
N>0:

[t (177 A (f., t)* ]kY AW (f )T <ex (2.9)
y=1 v=j+1
7*
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is uniformly bounded for all ¢ by some ¢y < co. For £ = 3 one has either
j=2or k—j= 2. Suppose j = 2 and as the first two factors in (2.9)

A(f;,, t) A(f;,, t). Using translation invariance (2.9) becomes in momen-
tum space

i f Hdpufw ) €t Hdpv 0 (£ p) e W(py, .. om) 7. (2.10)

In z-space the TVEV W(x,, ..., ;)T are strongly decreasing for large
space -like separation of the arguments [5, 8]. Therefore W7 is of the form

( P p,) (Pas - - -» Pi)T with W7 being C* and of polynomial increase

i=1
in Py, - . ., i, When integrated over 23, . . ., p) with a test function from
& (RE-1). Thus (2.10) becomes

k
[ty f 1]2 Ap; % (Pas - - - D) eXP[¢ 2 (P, - - -, i) E] ] (2.11)
A2 - Pp) = [dpy fi( Pl) H dp? f(*) (£p) W(Pp oot (212)

1/2
Qg - Pi) = [ ( sz) ] + (m? + p3)'/?

. o (2.13)
+ X [+ (m* + pp)V2],

=3

with y € & (R3®-D). Since f; and f; are non-overlapping,

20 k 21—-1Y2 g
a—:[m“r(Zpi)] 2Pt wrltp+0 (2.14)
P ize i=e

in the support of y. By a suitable Oy -partition of the unity {a.}, 1 <
< ¢ = 3, one can arrange that 902/0p} & 0 in supp x «;. Then the trans-
formation Q « p} is regular in supp y «;. Therefore one has

[ IIdp, () o;(p) exp[i 2(p) ] € L (RY) for 1 <4 =3. This proves
(2.9) and therefore Theorem 2.1.

It may be remarked, that the majorization extends trivially to
arbitrary non-overlapping ¢ ¢ & (G"), which are not necessarily of the
type 1 ® -+ ® fy.

The first consequence of theorem 2.1 is that for non-overlapping
velocities the Haag-Ruelle limit (2.4) is attained faster than any power
in |¢|-1, independently of the dimension of space in a normal hyperbolic
space-time. Hence also in a world of one or two space dimensions, a
reasonable collision theory can be developed.
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Let @ € (G") be non-overlapping and &” denote the symmetric
group on n letters. Define

D(p, t) = (27)~"2 [ d*" p § (p) ¥

xexp [ 50— ) t] A(=p) ... A(—py) @

v=1

(2.15)

and @ (¢) as its asymptotic limit, which is characterized by the n-par-
ticle wave function

@GPy - Pn) = (n!)'”ZQeZen@(wQ(n, Poa)s - - -» W) Pomy) - (2.16)

Let B be an arbitrary polynomial in the smeared-out field. By the
Schwarz inequality one has

”B -C%@(qp, t)

= ow]

The second factor on the right-hand side of (2.17) increases with a fixed
power of |¢| due to the temperedness of the Wightman distributions,
while the first factor decreases stronger than any power of |¢| for non-
overlapping @ € & (G"). Therefore B ®D(p,t) again converges strongly
for ¢t > 400, Let P be the algebra of all polynomials in the smeared-
out fields. By assumption [3]9 £ is dense in £ and belongs to the domain
of B*. Therefore the closure B = B** of B exists. By definition of B
one has

B B%@(q), t)“. 2.17)

lim B®(p,t) = B D=(§) (2.18)

t—>+ o

and (again using the definition of the closure) for B;, B, €B3:
B, B, ®(p,t)~ B; B, ®*(§) = B,(B, D*(¢)) . (2.19)

Let D§* be the linear space of all non-overlapping @ (¢) with ¢ € & (G"),

n=0,1,2,.... DD is dense in H%, since the functions (2.16) are dense

in the L2-space of all totally symmetric ¢ (py, . . ., p,) with [ JIdp; 5. (p,)
X @D - - o Pa)|? < 0.

The spaces Dj* share many important properties with P 2, where
the field operators are originally defined. D" lies in the intersection of the
domains of all B, B¢, and all af® (f) with square integrable testing
functions.

Due to (2.19) the B, B €9, can be freely multiplied on DX, [ By, B,]1=0
holds on Dg¥ if the test functions corresponding to B;, B, €95 have space-
like supports. The unitarity of the representation U (a, A) of ¢ L} entails
on DF¥:

U(a,A) BU(a,A)*=Ul(a,A) BU(a, A). (2.20)
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Finally, let v, € & (R4") and @°"(¢) € D™, Then B(y,)= [ da; ...
dx, v, (2, . .., 2,) Al2y) . . . A(x,) satisfies

[Blp) 0@ = [By) @, 0] + [ ds|75 By D(g, ). 221)
t

The squared integrand can be majorized using (2.17) by a finite sum

2 sup [z [Df w, ()] [yP'|D} v, ()] OFpyps (L + [s)~Y  (2.22)
B, 7.6 xu
with Cfs,5 <oo for all N = 0. Therefore y, >0 in & (R%) entails
IBp) 2 (¢)] ~o. ~
These properties of D§* motivate the “abus de langage” B @°* for B
operating on Dg*.
Now the ground is laid for a proof of the LSZ asymptotic condition
given independently by Haaa and RoBINSON [9] using similar methods:
Theorem 2.2: Let °* € Di¥ and {[;} C S (@), then

lim HA(*>(f t) D= = 1]"' al® (f,) D= (2.23)
=1

koo

For @ ¢ DG, ¥ € 9%, {J.} C F (@), {§:} C L (R*) one has

tim (sv 17 4% (g, 1 @’*) _ (av 17 o) @e")

t> g o i=1 i=1

lim (Y’ex II Ay, 1) HA*(]‘ t)@"") (2.24)

{—> + © 1=1 i=1
= (yjex7 H a’ex(ﬁi) H a:ikx (f]) QjeX) .
i=1 i=1

Proof: We first remark that for @ ¢ Dg* (2.23) and (2.24) are
well-defined. We approximate [T A™ (f, t) *(¢) by H A®(f,, 1)

i=1 i=1

@ (@, t), which is possible due to Theorem 2.1:

I ]7 A®) (f,, t) PO () — ﬁ A® (f, ) D (g, B)] =

=1 =1

<fds

since the integrand can be majorized asin (2.17) by dg (1 + |s|)~E (1 + [¢])%,
with L fixed and dg << oo for all K. Then (2.23) and (2.24) follow from
the Haag-Ruelle theorem (2.4) and (2.6).

(2.25)
ITA® ()b (p,9)

=1
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The generalization of theorems 2.1 and 2.2 to arbitrary spins and
bound-states is not difficult. If a general ¢S L(2, C)-covariant (27 + 1) x
(2t + 1) component field [3] 4,; (x) with

Ula, ) Ay; (@) Ula, A)7t = Dy (A7) Di o (A7N)* Ay (A + a)

creates from (2 a 1-particle state of mass m > 0 and spins(jr + ¢ = s =
= |r —t]), then there exists [5, 10] a local (25 4 1) component field 4, (x),
whose 2-point function {4, (x) 4% (y)), coincides (up to normalization)
with the 2-point function of the corresponding free field in a neighbor-
hood @ of the energy shell (6. (p) = 0(p°) 6 (p? — m?)):

(Ay(@) 43 ()30 = @) [ dp 8. ) Dy [ 0+ p0)| 7o) +
+ (continuum contribution) . (2.26)

Then the Haag-Ruelle and the LSZ asymptotic condition can be proved
using
25 +1 _

At t)= 2n)~1? 21 [dpfs(p)* A, (p) exp[—i(p° — ) ] (2.27)
with [, € #(G) or € & (RY) for strong or weak convergence. In the case
of a bound state a polynomial B in the smeared-out fields is assumed to
create from (2 a 1-particle state corresponding to [m, s] (i. e., B* Q2 € 9, 4
and B Q = 0). Then Theorems 2.1 and 2.2 follow using the limiting
procedure [4, 5].

B(f,t) =i fdxf* 3,[Ux, 1) B U-(z, 1)] (2.28)

with, J(6) = (221 [ 0,5) ) =17 dp, 1€ (%) and 5y = T
— é/—axo. Here weak convergence holds again even if E,,, q B* 2 & B*Q,
with E,, o projector on 9y, 4, if m; & m; for different [m;, s;].

In conclusion we discuss another formulation of the asymptotic con-
dition which is currently believed to be equivalent to the axiom of LSZ:
the definition of asymptotic fields by the Yang-Feldman equations [6].

For any f¢ % (RY) there exist f, ¢ #(RY), 1 <i<3, with f(p)
=) fi(p) and

supp f; C{|p* —m?* < ¢, p° > 0}

supp f, C{|p? — m?| < ¢, p® < 0} (2.29)
supp o {122 — m?| <5} = 4.

The C®-function F, (s) = ;ld? (2m)12 A% (f,, s) Y™ satisfies for P € DI the

0
majorization |F, (s)| < C;(1 + |s|)=%2in —oo < s < 0. Therefore [ e°* x

— o0
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x F,(s)ds is uniformly convergent for 0 < ¢ < g, ¢,> 0, and one
obtains:

0 0
[Fi(s)ds= lifr(l) [es Fy(s)ds

-~ o

~tm fdsifdph(p) %

X exp[is(p® —w —ie)] (p° — w) A (—p) P (2.30)
= —13'{1(1, Japfio) [(#° + o) (p° — o —i &)1 j(—p) P™

= A(f) ™ — A () P™.

Here one uses Theorem 2.1. Furthermore one uses p° + w >¢ >0 in
supp 1,7 (p) = (—p* + m?) 4 (p), and for £ > 0 in the topology of & (R%):

: f1(P) explis(p®—w—ie)]
e R T e (2:31)

Similarly one shows that
A(fy) P — Ain(f) ™

= —%f% [apFa(p) [(0° + 0 — i €) (1° — w)]1j (—p) P™ . (2.32)
Since the mass shell lies outside of the support of f,, one finally has

App (fs) = 0 and A (f) ¥ = — [ dp [5(p) [p* —m*171] (—p) P™ .
This gives in x-space the
Theorem 2.3: For W™ ¢ Di¥ the Yang-Feldman equations hold as
distribution identity in &' (R%):

A@R)P™ =44, @)P™+ fdyArgt (@ —1)ily) P, (2.33)

out

II1. Reduction Formulae

The well-known reduction formulae [2] for the scattering amplitudes
are usually derived with help of the LSZ asymptotic condition. In the
Wightman framework they are not trivially obtainable, because they
require a knowledge of the singularity structure of (not well-defined)
Green’s functions around the energy shell. But, since the LSZ asymptotic
condition can be proved in a strong form on non-overlapping states as a
consequence of the more fundamental Theorem 2.1, we expect to gain a
deeper insight into the structure of the LSZ formalism by deriving
somehow similar reduction formulae in the Wightman framework.

We avoid all existence questions of Green’s functions [11] in terms of
Wightman distributions by using regularized characteristic functions.
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The connection with the scattering amplitudes will turn out to be
independent of the regularization and will extend immediately to
“sharp” Green’s functions, whenever the latter can be defined. Through-
out this chapter we assume (2.1) with a mass eigenvalue m? of P2 outside
the continuum.

Let y € 2 (Rr~1) be arbitrary except that it satisfies for all P ¢&n:

X(’SP(I) —8p(2)s s SP(n—1) "'SP(n)) = x(sl—sz, oo ey sn_l—s,,) ,
[ty . Aty gty styy)=1.

Then “smooth” time-ordered, advanced and retarded products are
defined by

Tx(xl’ LIRS xn) = f d(81 _82) e d(sn—l —'Sn)x

(3.1)

X X(sl — 89y« 00 Sp—1 —'Sn)PZ; e(x(l)’(l) —3Sp@) — x(}’(2) + SP(Z)), BRI
E n

0@% -1y —8Pwm-1 — 2wy + Spw) A@pm) - - A(@pw)
A, (@5 @, . wy) =" [d(s;—8y) .. d(Sy—1— Sn) X (3.2)
X (83— 895+ v 1y Sy—q — Sp) X
x G(x%(n) —S8pm) — x%(n—n + 8pa—1) - - -
Peon-t
0 (2P @) — spe) — a9 + 81) [[4 (1) A (@p(»)], - - » A (@p )]
and similarly B, (2;; @5, . . ., 2,)-

The following simple reduction formula [2] is well known from LSZ.
Let T, (2, ..., ®,) be any smooth, time-ordered product. Then for
sufficiently large R > 0 one has
T, (g ... x,) A(@y), for o, —x; > R (2 = ¢ < n)
A) Ty (s, .. . 2y), for ey —a; >R (2 =<1=<n)

T, (@, . . .y @) = { (3.3)

where T, (%,, . .., @,) is defined as in (3.2) by restricting 3 to those
P

P €& with P(1) = 1 and by replacing 6 (29 —s; — 2% () + sp(») by 1.
Then one can derive for @ ¢ D3", Y™ ¢ D! the following distribution
identity in &’ (G x R*(»—1):

(aout (pl) (pout, Tx (—p27 e '—pn) l}']in) - ((Dout’ Tx (_pz: ce —pn) X (3 4)
aiTJ (pl) Tin) = z.(27'5)1/2 [(p% _mZ) (Qjout, Tx (”‘pl’ AR "pn) g/in)]]p‘i:wl' '

Here the restriction of the tempered distribution (p} — m?) (@°%, T, (—p;,
ey —p,) Pm) to the energy shell will turn out to be well-defined as a
continuous function in the critical variable p9 — w;,.

For, take ¢ ¢ ¥ (@ x R*™-D). Since the Fourier transform of
P exp [¢(pY — w,) t] decreases in z-space strongly in 2 —¢#, one has for
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t— 4o0:
JIT dp; § (p) exp i (p) — @) 1] (D, Ty (—py, -« ., —2) P

— [ Il dp;§ p)eXp[w(m—wl t1(A (p) D, T (— g, - - s —20) V') (3.5)
— @ap2 [ ITdp; 8+ () § () (@out (1) P, Ty (— s - - - — D) PO

as |t|=*2, due to the LSZ asymptotlc condition. For ¢ - —oo the left-
hand side of (3.5) converges to

275 12 f ndpz (5+ pl) ( )(g)out T ( Pos - s —pn) a;’;} (pl) g/in) .
Therefore
/ {Il dp; 0+ (p1) P (D) {(@ous (B1) P, Ty (—Dp, - - o — ) P™) —

- (@out T ( Pos -+ o —pn) ain pl Y]in)}
e (3.6)
=1i@2n)7 % [ dt [ d* p§(p) (P + @)t exp [i(p} — wy) 1] (P,

X (P8 —m?) T (—py, . . ., —Pp) ).
The t-integrand in (3.6) can be majorized by C(1 + [t]) 3/2, Therefore [12]
its Fourier transform is continuous in the variable p{ — w,, after integra-
tion over py, Py, - . ., Pp, and the well-defined restriction to the energy shell
gives (3.4).
In the same sense [with f(z) as in (2.28)], the following reduction
formulae are well-defined :

Bout () Toltg, -+ o ) — Ty (@, - . ., @) @)

=—1 [da, f* (@) K T,(2y, . . ., @),
[B, (g3 15 -+ o Tp—1), af, f O = [dx, f(x,) K, B (g5 25 - - o %) 5 (3.8)
[, (@65 @y -+ oy @), @By (D] = [ dy f(,) Koy Ay (g5 @5 - @) - (3.9)

(3.7) holds between @' ¢ DJ™ and ¥™ ¢ DI, (3.8) and (3.9) between
states from DY and D3, respectively. Obviously these formulae remain
valid, if “sharp’ Green’s functions can be defined.

The simple support argument leading to formula (3.4) allows a
generalization, which first turned up in Zimmermann’s study of the
1-particle singularities of the Green’s functions [13]. Let @ ¢ & (R*")
have support in ¢ = p, + - - - + p,, in G and consider

F)=/ Il dp; (p) exp[i(@® — o) ] (Ty(=py, - s —P)Do - (3.10)

(3.7)

Since the Fourier transform of @ exp[i(¢° — w,)t] is concentrated in
x-space around ad ~ ¢ (1 £ 7 = m), a) ~ 0 (m + 1 £ j < n), one can for
{ - 4o replace (T Pis o oo — Pu)o bY {Ly(— Pyy ooy —Pp) X
X I (—~Pm1- - -—Pn) Yo up to terms 0(Jt|~¥). The latter distribution has
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supportin ¢ € V_ and gives no contribution to (3.10). Similarly, one has for
t— —o0:

fHdpt pl""’pn)x
X AT (=Dt o s —Pn) Ty(=D1, oo s =D))< Cn(1+ Jt))~F

The property %F (t) € L (RY) is equivalent to the statement that

(@P—m?) (T, (—P, ..., —Pa)Y is C* in ¢°— w, around the origin,
when integrated over the remaining variables. After an allowed inter-
change of integrations one obtains

Jim  F () = — f dt 240
= —27”'f ITap; §() 6+(@) [(@® —m®) Ty (=P, - -, —pa))o]  (3.11)
= f Hdpz ¢(p1’ s pn) <Tx(—'pm+ 150 * —pn) Tx(_pl: L -‘pm)>0 .
This is Zimmermann’s formula [13] for the l-particle singularity of
n
(T, (—py - - s —Pu)Poing = 3 p;. When “sharp” time-ordered distribu-
i=1
tions can be defined, one can obtain from (3.11) and (3.4) the “‘residuum”:
270 [ dk d** p §(p) Oy (k) [(k2 — m?) (T (ky — Py, « o — D) Do (k2 — m?) x
X <T —Pm+15 s —DPns _k)>0] .
Computing F (0 f dt o7 F (¢) as in theorem 2.3 one obtains in the
topology of &’ (R%"):
ik _ — [(g2 — m2) <fﬁx(“7’1, CLIETY “Pn))o]
<Tl(_—p1’ L] pn)>0 - lsllr{)l qz_mz + ie . (3'12)

Fi(t)=F () — F(—o0) 0(—t) is C® in ¢ except for a discontinuity at
t=0 and satisfies |F,,,(t)] <Cx(1+ [¢f))~Y with Cy < oo for all N.
Therefore

~ 2 __m?2 — P

Typy o —pa)o—lim (L= TR oD (313
is regular in ¢° — w, around the origin, when integrated over the remain-
ing variables.

Let us remark that the formulae (3.11), (3.12) and (3.13) were derived
only from mass spectrum conditions, without the asymptotic condition
(based on locality). This possibility was first realized by RuELLE [14]
and STREATER [15] by studying the absorptive part of the generalized
retarded functions. A similar argument as above fails to exhibit the
1-particle structure of the retarded distributions given first by Symanzix
[16].
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Locality and mass spectrum conditions in the form of the LSZ
asymptotic condition are an important tool to determine the singularity
structure of Green’s functions simultaneously in several variables
around the energy shell. Our main result is expressed in the following:

Theorem 3.1: The distribution

!

X ijz-; 1 (pzz - m2) <p1! AR ngt lTx(:l: pk+17 v :i:pl)l pl+1’ e p;;: (314)
1=

is C™ in the variables P | 1 — w415 - - -, P) — w, around the origin, when
integrated over Py, . . ., P, with testing functions w € & (R3™) having pair-
wise disjoint supports in the variables p; w; L.

Proof: Take non-overlapping {f;}C % (G) and define f,(z,t)=
= Z {f;exp[i (p°— w) t]} (x) and },(x, t) = 9/0t f,(z, t). Then we claim that

l .
I gldxiféw(xi, t) oo s BT @t @) Frs oo TS (3.15)
=

lies in &% (R'~*) in the variables #,,, ..., ¢;. Since all the ¢-derivatives

of the C* function (3.15) are again of the type (3.15), it is sufficient to
show that for all Nyq, ..., N, =0

! 7.oe 2 2
sup | I da, ) [ @i t) Fir oo o T ¥
i=ht1

tk+1;--u 174

(3.16)
X Ty @ty - o @) [frans « oo I p] <00

Let us first outline the idea leading to (3.16). The time-ordering in
T, (%41, - .., @) guarantees in (3.15) that the group of field operators
integrated over the f*)(x;,t;) with largest #; operates on the left on
lfis .. 10", and those with the smallest £; on the right on |f;4 1, . .., fa').
By using non-overlapping f; one ensures that for almost equal ¢, the
A (f,, ;) commute up to an error of o(|t;|~¥), N arbitrary, since their
test functions have centers separating in space-like directions linearly
in ¢;. This removes the time-ordering within these groups and (3.16)
follows from Theorem 2.1.

Uniform majorizations for f;(z,¢) in «, ¢ follow from the work of
RueLLE [5] and ARAKT [7] on the smooth solutions of the Klein-Gordon
equation. One obtains:

iz, )] < Cprw(1+ (g — )%~ M2 + (x2 + )~ 772
for x¢0,(fis 1),

Ifi@, t)] < Ca (1 + (wg— )N~ MA(1 + (x2 + 7)) =3/
for x€C,(f,¢) .

Here C,(f;, t) is defined as the set of points X = p ¢ ™!, for which at least
one (p°, p) is contained in the 5-neighborhood of supp f;, > 0 fixed. The
constants Cy;y, Oy depend on %, but not on z, ¢.

(3.17)
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One sees that f,(x, t) together with all its derivatives is, for fixed ¢,
strongly decreasing with the distance from its ‘“‘essential support”

Syfst) ={x:2y=1t, xCO,(fi, 1)} . (3.18)
For non-overlapping fi+q, - - ., f; all 8, (f;, 1 £7) are pairwise space-like
separated for sufficiently small 9 > 0. Then the S, (f;, (14+%;) ) move
pair-wise apart in space-like direction, linearly in ¢ for |; = %. Using
this we can majorize (3.15).
Due to the symmetry of T, (x;,, ..., ;) We can restrict ourselves
to the sector
berr = oo = 1y (3.19)
Without restriction let ¢ = ¢4, = |¢;]. We consider a subsector fulfilling
in addition
bi—tipq < Z(iﬂ:ié)‘t k+l=i<n—1), tn——tn+1>T<7"_—k)t (3.20)

with £+ 1 < n < 1. We claim that for all N = 0 and all £, ...,
satisfying (3.19), (3.20) the distribution in (3.15) can be replaced by

<f1, tee AI?:ut [A (wk+1)’ AR A(xn) Tx(xn+17 R xl)l fl+1’ LR f;;: (321)
up to an error of o (Jt|~%).

For, consider a permutation P €&~ with {P(k+ 1), ..., P(n)} +
+{k+1,..., n}. The term containing 4 (zp+y)), - - ., A(@p(y) in (3.2)
has support in Qp= {2}, —2%;+1y>—R, k+1=3i=1—1} for
some R = R(y) < oc. Since the time-ordering induced by Pis incompatible
with (3.19), (3.20), one can deduce from (3.17) uniformly for all (¢) €
€{(3.19), (3.20)} and (x) € Gp the estimate

PuDy IT [ (@ t)] < OO+ [f)-¥ (3.22)
t=k+1

1=
with ¢ = C(N, P,, D,) < o for all N and all polynomials P,, D, in the

al, 9/0x]. Up to an error of o([t|~¥) those terms can therefore be omitted
in {(3.19), (3.20)}.

Consider now a contribution to 7, (244, ..., ;) corresponding to
aP G-k with {P(k+1), ..., P(n)} ={k+1, ..., n}. Hereone can
replace in (3.15) (fi, .. o, 3™ |4 (@pesn)s - - A@p )| fross - - o> fm) bY

<f1’ LR "}?:ut IA (xk+1)’ L) A(xn) A(?"’P(n%—l})’ L) A(xP(l))I fH-la LY A;;:>

This introduces in the support of &) f*)(x;, t;) for (¢) €{(3.19), (3.20)}
i=k+1

only an error of o([t|~%), since >0 was chosen sufficiently small,
so that the essential supports S,(f;, ), k+ 1 = i = n, separate by a
space-like interval increasing linearly in |¢|. Furthermore up to o (|t|~%)
0(@% ) — $p(m) — 2P+ 1) + Sp(m+n) can be replaced by 1 in the time-
ordering (3.20). By adding the regularized 0-functions up to 1, one
obtains (3.21).
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By the Schwarz inequality:
l
I/ g da f® (@i t) Frov oo A @t 1), oo A @) Ty (@t gs - - o5 ) X

g o S =4 i I de j9 1)+ Ao D e 9 % (3.28)

t=n

x| f H da; & @ t) Ty« o @) [rrgs - - o f)] -

t=n+1
Due to the LSZ asymptotic condition the first factor is decreasing faster
than any power of [f|~! in the subsector {(3.19), (3.20)} for n > 0 suf-
ficiently small. Since the second factor is tempered in ¢, we obtain (3.16).
These majorizations extend to

Pro e o B T Drtrs -+ s =) Prsns -+ s Pay X

1
x I (p} —m?) exp[i(p)— ;) t;] 32
i=k+1

integrated over test functions from #(R3(m+k-1 x GU-F) with pair-
wise disjoint supports in the velocities p; w; 1. In the variables p? — w;,
Pi, (3.15) is equivalent to the fact that (3.14) integrated over non-over-
lapping v € Z (R3™) is C® in the variables p; —w, in a neighborhood of
the origin (depending on ), and at the origin for non-overlapping
€ & (R3™). This proves Theorem 3.1.

Since (3.15) is uniformly fast decreasing in #;4q, ..., §;, it can be
integrated in any order over all ¢, ,, . .., t;. The repeated integral can
be evaluated using the reduction formulae (3.4) and (3.9). This gives
for non-overlapping {f;} C &% (G) the well-known [2] connection with the
S-matrix:

- !

o ve s I  fnns oo fy = (=6 2a)=% [ T dp; 64 (py) X
. ; i=k+1

x I f# (p) H fz(pz)[ IT  (p—m? x

i=k+1 i=n+1 i=k+1

X<f1""’ IgutlTx(pk+l"",pn>"'pn+l"" ‘—Pz lfl+1:-° m>

We collect these results in the

Theorem 3.2: For p; == p;, © = §, the scattering amplitudes are related
to time-ordered distributions by

Do+ o P Pt o+ o DY (3.25)

= (_’L V2_n) [ H (p - mz <T Pis « + +s Pms —Pm+15 - - :_pn)>0:|

=1

Py = o

The off-shell extrapolations [ IT (2 —m®) Ty (pys « ) Prs —Prmt1s - - o>
i=1

— pn)>0] (depending on the regularization y ) are C* around the energy shell,
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when integrated over Py, . . ., P, for p; w7t == p; w; (i + 7). If sharp ¢ L*-
invariant tempered time-ordered distributions {T'y(xy, . .., ;)Y can be
defined satisfying

Loy, ooy 2) D= (A (@p)s - - » A@p (), for x%(1)> ) x%(n)’ (3.26)

then (3.25) remains valid in the same sense.

Remark: The last statement follows from an analysis of the proof of
Theorem 3.1. As expected, possible ambiguities in the definition of
{Ty(xq, - .., %)) do not contribute to the energy shell relation (3.25).

In the proof of Theorem 3.1 it became apparent that for non-over-
lapping § € & (G")

F(t)= [ Ildp; exp[i(p) — w;) t;] § (p) X
i=1 (3.27)
X AT (Prs + o3 Prs — Prat1s  + > —Pu) Do

converges rapidly whenever some of the ¢, . . ., f, tend independently to
4 oo. This asymptotic behavior of (3.27) for large |t,| can be equivalently
expressed by the singularity structure of <Tx(p1, .« s —Pn) Y around the
energy shell: apart from singularities of the type d(p — w;) +
e % P(p? — w;)! in any subset of the variables p} — wy, . . ., P) — o,
(T, (py, - - ., —Pn)Y is O around the origin, when integrated over non-
overlapping @ € & (R3"). This sheds some light on the results of GREEN-
BERG [17] and WieHTMAN, who derived the LSZ asymptotic condition
from similar assumptions on the singularity structure of the VEV
<A (+ pl): SR A(i pn)>0 around p? = ;.

F (t) in (3.27) tends rapidly to zero for any ¢, ——oo0. Let A= (—o0, 0]".
Then F(0) can be computed by the uniformly convergent integral:

€5..0,62)0

. 4 == . (3.28)
x [ Ldpi(pt—mt+ic) § () [_I_Yl(p%—mz) TPy "_pn)>0:l :

Since there is no division problem away from the mass shell, this gives asa
distribution identity the well-known formula [13].

n
<Tx(p1’ L) pn)>0 = . hmw) ]71(17% —m?+ isi)~1 X
1resesEn i=

) (3.29)
X [H(p%—‘mz) <Tx(p1’ e pn)>0:| *

i=1
Theorem 3.2 and formula (3.29) for (7', (py, . - -, Prs —Pm+1> - - » —Pu) o
can be immediately generalized [see (3.11), (3.12)] to the l-particle
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structure in the variables ¢; = Z p, around the energy shell, for any

partition X;, ..., X, of {1, .. n}
Physically important are 2 — n particle reactions. In this case one

can show, as in LSZ, that the scattering amplitude can be extrapolated
n+2

from the energy shell by advanced distributions [ (p} —m?) {4, (—p;;
1=1
~—Pay Pas « « +» Pn+2) o for non-overlapping velocities:

Theorem 3.3: For p, w;! =+ p; w;jl, i 44, one has the distribution
tdentity :

Pas -« s OUt | P1s pizn

= 2n)n/2 [ {Zl(p - mZ) <A P15 — P2 P35 - - - pn)>0]

(3.30)

I)?= (224

The off-shell extrapolation [ I (p? —m?) (A, (—py;—Po, - - -, pn)>0] s C%
i=1

in p — w, around the origin, when integrated over Py, . .., p, with non-
overlapping v € & (R3™).

The proof of Theorem 3.3 follows using the same argument as in
Theorem 3.1. Spectrum conditions for the 2 — n reactions eliminate those
terms in the development of (4, (z;; ..., @,)), into VEV, for which no
LSZ asymptotic condition has been proved, i. e. terms of the structure
A (f,, 1) @, D P 2, which need not necessarily converge for ¢ — - oco.
Similar spectrum conditions are not valid in general. Therefore no further
information about the s1ngular1ty structure of (A, (+ Py, ..., &P
(R 4 D1y -+ o 2 Pa) Do around pf = w; has been derived.

IV. Conclusion

The results obtained in this paper are an intermediate step in under-
standing the asymptotic structure of quantum field theory. The tools
provided by the Haag-Ruelle collision theory allow a partial justification
of the LSZ framework from more fundamental physical assumptions,
sufficient e. g. for the derivation of dispersion relations [18]. The asym-
ptotic condition as an e'®~ ) ]imiting procedure gives in a theory of
massive particles a meaning to the retarded prescription in the Yang-
Feldman equations and to the restriction of the amputated Green’s
functions to the mass shell. Difficulties connected with the LSZ asym-
ptotic condition in canonical quantized quantum electrodynamics
[19, 20] do not appear in our case.

It remains an open question, whether the LSZ asymptotic condition
can be proved for overlapping scattering states, e. g. for |f,, . . ., f5¥) with
{f:} C & (R?®), under the assumptions of the Haag-Ruelle collision theory.
In a framework of bounded local observables ArRAKI [8] proved the LSZ
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asymptotic condition on all states of bounded energy. Closely connected
is the question of how to interpret the reduction formulae for overlapping
momenta. For separately non-overlapping incoming and outgoing
momenta (3.25) remains valid in the sense of a repeated restriction to the
mass shell, independent of the order of the limits. Thus the matrix
elements of the unitary S-matrix (assuming asymptotic completeness)
between a dense set of states are related to 11 (p? — m2) (T, (py, . . ., ) Yo
This complete determination of S might be sufficient for practical
purposes, where the singular configuration of particles running asym-
ptotically parallel with equal velocities are always treated as a limit.
Yet in many operations with the Green’s distributions, as in the use of
the unitarity equations for the many-particle structure analysis [16],
one needs stronger tools for handling mathematically ill-defined expres-
sions.

The author gratefully acknowledges many stimulating discussions with Profes-
sors R. Jost and A. S. WiGHTMAN. It is a pleasure to thank Professor R. OppEN-
HEIMER for the warm hospitality at the Institute for Advanced Study.
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