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Abstract. The previous theorem of the author on the analytic structure of the
bubble diagram functions that occur in unitary equations (and are kernels of
products of connected scattering operators S;, , or (S7'); ., and related
quantities), is extended to a class of situations, called here in general u=0
points, that were not covered by this earlier result.

This new theorem, which is proved on the basis of a refined macrocausality
condition, resolves one of the remaining crucial problems in the derivation of
discontinuity formulae and related results in S-matrix theory: all points are in
fact u=0 points for some of the bubble diagram functions, such as
(=(S71)5,555.3), that are encountered even in the simplest cases. In all previous
approaches, ad hoc technical assumptions with no a priori physical basis were
required for these terms.

The origin of the u =0 problem is the absence of information, in general, on
a product of distributions that are boundary values of analytic functions from
opposite directions, and more generally on the essential support, or singular
spectrum, of a product of distributions whose essential supports contain
opposite directions. On the other hand, the recent results obtained by
Kashiwara-Kawai-Stapp in the framework of hyperfunction theory apply
mainly to phase-space factors, whose bubbles are constants times conservation
o-functions rather than actual scattering operators. The present work has
basically required the development of new physical and mathematical ideas
and methods. In particular, a new general result on the essential support of a
product of bounded operators is presented in u=0 situations, under a general
regularity property on individual terms. The latter follows in the application
from the refined macrocausality condition, in the same time as information on
the essential support of S-matrix kernels.
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1. Introduction

Discontinuity formulae and related results play an important role in our
understanding of the structure of multiparticle scattering functions, and in further
applications in S-matrix theory [1]. These formulae were first established in the
sixties and the beginning of the seventies, on the basis of a general algebraic
analysis of unitary equations [2, 3]. However, their derivation in [2, 3] makes use
of several crucial technical assumptions (e.g. the patching assumption and mixed-o
cancellation assumption) that have no a priori physical basis'.

The recent mathematical developments of essential support theory [4], first
carried out in connection with the detailed study [5] of the macro-causality
condition [6], have made possible a more satisfactory and powerful analysis of
these problems, and have led to a number of more refined results [7-97]. The
present work, which is a development of [ 7], is concerned with a basic preliminary
part in this domain of research, namely the study of the analytic structure of the
“bubble diagram functions”. These functions occur in equations derived from
unitarity and the decomposition of the S matrix into its connected components.
They are, as will be explained in detail later, integrals over internal on-mass-shell
four-momenta of products of connected momentum-space kernels of the S-matrix,
or of S7!=S". These kernels are represented in a usual diagrammatical notation
by plus and minus bubbles respectively. Some of the results of the present work
apply also to cases, encountered in some applications [8, 97, where the bubbles are
more general kernels of bounded operators, or distributions.

1 These assumptions are not mentioned in [3]. This is due to the fact that, while important aspects of
the problems were clearly analysed there, others were ignored. As a consequence, some of the proofs, as
they stand, are incomplete and in fact not correct
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Early results on the analytic properties of bubble diagram functions were
obtained in [2] and [3] from analyticity properties assumed on the S matrix, i.e.
on the individual bubbles, by using distortions of contours in the space of
complexified variables associated with the internal momentum variables over
which there is integration, after elimination of mass-shell and energy-momentum
conservation d-functions. This method presents, however, several difficulties which
strongly weaken the value of the results of these works, even in some of the
simplest cases. A first difficulty is due to the fact that the scattering functions
associated with the individual bubbles (after factorization of their energy-
momentum conservation d-functions) cannot, in the multiparticle case, be ex-
pected to be boundary values of analytic functions everywhere. The representation
of a scattering function as the boundary value of a single analytic function is
expected to fail [5, 6] both at certain points lying on the intersection of several
+a-Landau surfaces [10] and, also, at the so-called .#,, points. These latter points
are those where several incoming, or alternatively several outgoing, on-mass-shell
four-momenta are collinear. Although these special points of both kinds lie in low-
dimensional sub-manifolds of the physical region, they may often affect the bubble
diagram functions over large portions of their domains of definition. This is
because these special points can affect integrals whenever they occur in the domain
of integration.

The mathematical framework of essential support theory is adapted to the
study of this problem and the analysis carried out in that framework in [7], or the
completely similar analysis carried out more recently in [11, 12] in the related
framework of hyperfunction theory [137]2, completely removed one important
technical assumption of the previous proofs, namely the patching assumption, and
directly provided in a precise way a theorem that is both more general and more
useful for applications [8, 9].

[7] presents general results on products and integrals of distributions. These
results yield in turn information on the essential support of any bubble diagram
function in terms of the essential supports of its individual bubbles. The latter are
known directly [5] from macrocausality in the case of plus bubbles, and with the
aid of unitarity, also in the case of minus bubbles>.

The way the analytic structure of the individual bubbles, and of the bubble
diagram functions, is characterized by their essential support is explained in [5, 7,
9], and will therefore not be explained again here. Let us only recall that the
essential support property associated in [5] with macro-causality can be con-
sidered as a general and precise form of basic physical-region analyticity proper-
ties of scattering functions (analyticity outside +a-Landau surfaces and plus i¢
rules) which, in earlier approaches to S-matrix theory were derived from the idea
of “maximal analyticity”, and which can also be extrapolated from perturbation
theory.

2 The part of hyperfunction theory which is relevant here is the study of the singular spectrum.
Although the notions of essential support and of singular spectrum were introduced independently by
very different methods, it turns out that they coincide for distributions [14]

3 Unitary ensures that the essential support of a minus bubble is opposite to that of the
corresponding plus bubble
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The structure theorem of [7] (or the similar result of [11, 12]) does not yet
provide, however, any information for certain sets p={p,} of initial and final (on-
mass-shell) four-momenta p,. The excluded points in [7] are those for which there
is possible occurrence of .#, points for some bubbles in integration domains (see
above) and are other “u=0" points. For reasons that appear later, all these points
will be called here u =0 points. The basic difficulty in all cases is a general aspect of
a second difficulty of the method of [2, 3], which occurs even for values of the
internal momenta such that each scattering function is the boundary value of a
single analytic function: if, in some part of the integration domain, the boundary
values corresponding to the various bubbles cannot be obtained from common
direction with respect to the appropriate internal variables, then there is a priori
no common analyticity domain in which the integration contour can be distorted.
This problem is also closely linked with the fact that no information is a priori
obtained on the analytic structure of a product of distributions that are boundary
values of analytic functions, if these boundary values cannot be obtained from
common directions.

A related problem appears also for values of the internal momenta such that
some scattering functions are no longer boundary values of single analytic
functions, for instance when .#, points are encountered, and it arises more
generally from the absence of general mathematical results on the essential
support, or singular spectrum, of a product of distributions, when their essential
supports at some point contain opposite directions.

For many bubble diagram functions, the excluded u=0 points p are excep-
tional. However, as emphasized in [11], this is not always the case. In particular,
all points p are u=0 points for certain bubble diagram functions that occur even in
the simplest cases, in the derivation of discontinuity formulae. The most simple
example, in a theory with equal mass particles, is the bubble diagram function

that occurs for instance in the derivativon of the pole-factorization
theorem for three-body processes [8]. The absence of information on its essential
support at any point p is a first basic problem that completely disrupts the proofs,
and an ad hoc technical assumption was still needed in [8] to cope with that
problem.

The u=0 assumption considered in [8] says essentially, in the cases en-
countered there, that the same rules that apply at non u=0 points should
determine the essential support also at u=0 points. An assumption of this type
had been briefly mentioned in [7], but without justification, and it cannot be
expected to be correct, as it stands, in the general case. A detailed analysis of some
aspects of the problem was as a matter of fact carried out more recently. It led first
[11] to a satisfactory understanding of the essential support of S-matrix kernels at
M, points, whereas the macrocausality condition used in [ 7] gave no information
at these points. The essential support at .#,, points can be obtained in general by
introducing vertices “at infinity” and a certain angular-momentum conservation
law, as will be explained in Sect. 4, and can be associated with an extension of the
macrocausality ideas to .#, points. As already mentioned in [18], and as
explained here in Sect. 4.3, the methods of [7] then lead to a slightly improved
structure theorem that applies to some of the previously excluded u=0 points. The
most important class of u=0 situations is, however, still not covered by this result:
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this is because the same problems as before still arise in most cases from the
occurrence of .#, points in integration domains, and because the u=0 problem
arises also in general from the occurrence of internal momenta that do not
correspond to ., points for any bubble®*.

A solution of the u=0 problem that occurs in the study of phase-space
integrals®, was on the other hand obtained in [15], by an explicit analysis of these
integrals, on the basis of a mathematical result [16, 17] on the singular spectrum of
products of functions of the form f*, where each f; is analytic. This result led in
turn [15] to a corresponding u=0 assumption on bubble diagram functions. In
that assumption, the previous rules that hold away from u=0 points are modified
in general at u=0 points by the introduction of certain limiting procedures that
might enlarge the essential support.

The result of [15] on phase-space integrals is of interest and [15] introduces
for the first time the important idea that limiting procedures might have to be
considered in the general case at u=0 points. However, some aspects of the
limiting procedures assumed in [15] are questionable®. On the other hand
bubble diagram functions are not phase-space integrals, and the methods of [15]
do not provide a solution of the fundamental theoretical problem in this domain
of research, which is to understand the basic physical and mathematical reasons, in
the general structure of the S matrix (i.e. of the individual bubbles), that may lead
to a solution of the u =0 problem, and hence to derive a 4 =0 structure theorem on
actual bubble diagram functions from basic physical properties of the S matrix.

The purpose of this work is to treat this problem and in fact to present a
theorem that does cover all u=0 points. This new result is based on a refined
version of the macrocausality condition. Macrocausality is the assertion that, in a
certain asymptotic limit, transition probabilities (or transition amplitudes) fall off
exponentially (in a well defined sense) for non causal configurations of displaced
particles. The refined version introduced here adds a condition on the way rates of
exponential fall off tend to zero when causal directions are approached. This new
condition follows, as explained in detail in Sect. 5 on various examples, from the
same ideas as the previous macrocausality condition, and it will be assumed to
hold in general. It has again a neat mathematical expression, and the results
obtained do provide a satisfactory understanding of the u =0 properties of bubble
diagram functions. The u=0 structure theorem proved here introduces, as the
u=0 assumption of [15], certain limiting procedures that modify in general the

4 Forinstance, in the case of ZHECIE , all points p are still excluded because of the occurrence of My
points, and all points p above the four-particle threshold are also excluded in the same time because of
this second problem: see Sect. 4

5 Le. integrals in which the connected kernels of S or $™! are replaced by constants times energy-
momentum conservation J-functions. The factors associated with internal lines are mass-shell
é-functions rather than Feynman propagators

6 A feature, which seems needed in the approach of [15], is the introduction of complex four-
momenta and complex values of the Landau parameters o, in the course of the limiting procedures (see
[17,15b]). The use made in [15] of macrocausality to get a u=0 assumption on bubble diagram
functions is then questionable. Even for individual bubbles, the limiting procedures of [15] are not
those that can be associated in a natural way with the general macrocausality ideas. (They do not take
into account the fact that the intermediate particles cannot in the quantum case be strictly localized
along classical trajectories)
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rules previously derived at non u=0 points in [7]. These limiting procedures are,
however, so far different from those of [15]7. As the latter, they need not be
considered in many usual cases.

The organization of the paper is as follows.

In Sect. 2, the precise definition of bubble diagram functions is given in terms of
bounded operators. This definition is both more general and better adapted to our
present purposes than the definition of [7] in the framework of distribution theory
(or than earlier even less general definitions). In fact, the procedures of [ 7] do not a
priori define bubble diagram functions in neighbourhoods of the u =0 points®. The
simple framework set up in this section is more satisfactory than previous ones and
has its own autonomous interest. Certain combinatorial aspects are therefore
briefly treated for completeness, although they play no role in the remainder of the
paper and can be omitted by the non-interested reader.

Section 3, which is independent of Sect. 2, is devoted to the presentation of new
mathematical results on the essential support of a product of bounded operators.
The mathematical definition of u=0 points is given Subsect. 3.1, where a first
theorem that applies to non u=0 points is presented. This theorem can be easily
derived from the results of [4, 7] on products and integrals of distributions. A new,
more direct and self-contained proof, which eliminates several unnecessary steps,
is given here. It will be directly adapted in Subsect. 3.2, where it leads to a new
theorem that covers u=0 points, provided the individual operators satisfy a
certain regularity property R on the way rates of exponential fall-off of generalized
Fourier transforms tend to zero when directions of the essential support are
approached. (This property is precisely the condition that arises from refined
macro-causality in the physical application). A certain weak conjecture (or a
corresponding technical condition) is also used so far in the case of a product of
more than two operators. It is introduced in Appendix 2. (It is clearly a minor
problem which does not affect the essence of the arguments.)

The general application of the results of Sect. 3 to physical situations is
described in Subsect. 4.1 in terms of space-time diagrams. These results apply to
cases when the bubbles are not necessarily connected kernels of S or S71
Geometrical definitions and results are then presented in Subsect. 4.2, and Subsect.
4.3 is the application of the previous results to the usual bubble-diagram functions
whose bubbles are connected kernels of S or S™*. The structure theorem of [7]
and, as already mentioned, its improved version based on the extension of macro-
causality to .#, points, are first presented. The refined macro-causality condition
is then introduced, and the general structure theorem that follows from it is
described.

Finally, the physical discussion of the macro-causality and refined macro-
causality condition, is given in Sect. 5.

7 In contrast to [15] (see previous footnote), only real quantities are involved, but a “doubling” of
the internal lines is introduced in the course of the limiting procedures. The origin of this doubling is
clear from a physical viewpoint (see Sect. 5.2), and also from a mathematical viewpoint, in view of the
results of the present work

8  The same comment applies equally to definitions in the framework of hyperfunction theory used in
[11,12]
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Appendix 1 establishes the connection between the definition of bubble-
diagram functions of [7] and the present one®.

In Appendix 2, a mathematical lemma on bounded operators, needed in
Subsect. 3.1, is established in the framework of essential support theory. The
conjecture needed in Subsect. 3.2, which is a refinement of this lemma, is stated at
the end.

We conclude this introduction with some remarks.

i) The precise content of the refined macrocausality condition in terms of
analyticity properties has not yet been fully established, the study of this problem
being left for further work. Let us only make here the following comment. We
consider for simplicity a simple point p of a +o-Landau surface L¥(G) and a
system of real analytic local coordinates of the physical region chosen such that
L*(G) is locally represented in this system by g, =0, where q, is the first
coordinate, and such that the physical side of L*(G) is represented by ¢, >0.

The essential support property associated with macrocausality is then equiva-
lent to the assertion that the scattering function f of the process is locally analytic
away from the surface ¢, =0, and is moreover, in a neighborhood of p, the
boundary value of an analytic function f from the “plus ie” directions Img, >0,
where g, is the complexified variable of ;. Namely, being given any open cone I”
with apex at the origin in Img-space whose closure is contained (apart from the
origin) in the region Img, >0, f is analytic in a domain of the form Regew,
Imgel"|Img| <e, >0, where o is a real neighborhood of p, and the boundary
value f of f is obtained in w from the directions of I'. However, ¢ may a priori
tend to zero when I expands to the half-space Img, >0. Although this is not fully
established so far, refined macrocausality is probably closely linked with a slight
refinement of this analyticity property, according to which f is indeed analyticin a
region of the form wnImg, >0 where @ is a complex neighborhood of p.

This is suggested in particular by the remark that concludes the presentation of
the regularity property R is Sect. 3.2. This remark cannot be strictly applied here
because the regularity property R does not apply to the distribution f, considered
as being defined locally in the space of the coordinates g, but applies to the actual
connected S-matrix kernel (i.e. the product of f by a global energy-momentum
conservation J-function), defined in the space of all three-momenta variables.
There are, however, close links between them.

If this link is established, the use of the refined macrocausality condition would
allow one to remove the two assumptions needed in [8] in order to establish the
pole-factorization theorem, namely the u =0 assumption, and also the “no sprout”
assumption.

ii) The refined macrocausality condition contains no specific information on
the rates of exponential fall-off and is in fact only, as mentioned above, a general
regularity condition on the way these rates tend to zero when causal directions are
approached.

On the other hand, just as the previous macrocausality condition, it contains
no information for causal configurations of displaced particles. Let us recall that a
factorization property of transition amplitudes for causal configurations is also

9 Related results have been previously given [19] in more particular situations
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considered in the theory and is as a matter of fact essentially equivalent to the
discontinuity formulae of scattering functions around +«-Landau surfaces: see
[9] and references therein. We do not wish to use it here, since this work is part of
the program which aims to prove the discontinuity formulae, and in the same time
causal factorization, on the basis essentially of macro-causality and unitarity.

iii) A solution of the u=0 problem was given in [11] for a particular class of
situations on the basis of specific assumptions on the nature of the singularities of
the S-matrix kernels, in particular in the neighborhood of .#, points. These
assumptions go much beyond the analyticity properties associated with macro-
causality and can as a matter of fact be derived from the discontinuity formulae, as
explained in detail in [11].

However, that result is not general. On the other hand, making specific
assumptions on the precise nature of singularities is not a priori satisfactory if one
works to establish the discontinuity formulae, since such specific information will
as a matter of fact be derived later from these formulae.

The refined macrocausality condition used in the present paper is a much
weaker and more general assumption.

iv) The mathematical methods of the present work may in principle lead also
to a new derivation of results on phase-space integrals. The expected result is
similar to that of [15], with however again some differences in the limiting
procedures obtained, similar to those already mentioned earlier (see remark at the
end of Sect. 5.2). A complete proof would require checking certain technical points
in detail and is not presented here.

2. Bubble Diagram Functions

2.1. General Framework

In the relativistic quantum theory of systems of massive particles with short-range
interactions, one is led from basic principles to introduce a unitary operator S
form s to #, where # is a Hilbert space of free-particle states. The matrix
elements [{|S|¢>|? between unit-norm vectors |¢> and |p) are the transition
probabilities from the initial state represented by |¢) to the final state represented
by [p).

For simplicity, we consider in this section a theory with only one type of
(spinless) particle, a boson of mass u>0. (The adaptation of the definitions and
results to the more general case requires a somewhat more subtle analysis but
presents no real difficulty.) The Hilbert space s is then the direct sum of Hilbert
spaces A, (m=1,2,...). The space #,, is the space of all functions ¢ of m on-mass-
shell four-vectors p, [i=1,...,m, p? =(p,)2 —p? =u?, (p), >0, Vi] that are square
integrable (|||l < oo, where |¢| =<{¢|¢p)>? is the norm of ¢; see definition of
scalar product below) and are symmetric under the interchange of any two four-
vector variables.

It will be convenient to consider also the space #, of all (not necessarily
symmetric) square integrable functions ¢. The scalar product in #, is generally
defined by:

O LR N o ) )
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where

3

4 d’p
du(p)=0d(p* — 1*)0(po)d*p —2( T ) (2)

The scattering operators S, , are the linear and bounded operators from #,, to
H#, whose action on a function ¢ in #,, is the component (S|¢)), of S|¢) in H#,.
Their extension to all functions ¢ in #,, will be defined in a natural way by the
relation:

1
S =S 7). ®)

where S ¢(p,, ..., p,) = Z &Py --->P,,) and the sum Z runs over all permutations
mof1,...,m "
The connected operators S, , are defined in a precise way [20] by the formula:

Stn=Smn— 2 (@SmK ) , )

N(th)>1

where the sum ), in the right-hand side runs over all non-trivial [N(#")>1]

partitions 2" of the sets I=1,...,m and J=1,...,n of initial and final indices

(attributed to each initial, or final, particle) into subsets Iy, Jg, K=1,...,N(X").

The order of indices in I . or in Jy, or the relative order of the pairs (I, J)

is irrelevant. For a given partition ¢, the operator (@ Shise. ,,K) is defined initially
A

on functions ¢ of a product form:

A(D1s > P = D1(P1) X .. X D lpy) ®)
by the formula
1
{(@ Smx nx) (¢)} (ql’ e qn)_ m_ H My {Smx nK(¢IK)}(q1K) > (6)
=1,..., N(X)

where my, ny, are the numbers of indices in I and J respectively, q,, ..., g, are on-
mass-shell four-vector variables, ¢, _is the usual (tensorial) product of the one-
particle wave functions of the set I [for instance if I, =(1,3,5) then ¢, (p,,p,,P3)
=¢,(p1)P5(p,)Ps(p3)] and g, is the subset of (g, ...,q,) associated with the set J
[for instance, if Jx=2,3,5 then q;, _=(4,.45,95)].

By induction on the numbers m, n of initial and final particles, the formulae (4)
clearly allow one to define each operator S¢, , for functions ¢ of the product form
(5). On the other hand, it is also easily seen [21] that they provide moreover a
(unique) definition of the operators S, , as linear and bounded operators from #,
to #, (or from #,, to #,: the operators S;, , have the same symmetry properties
as the non-connected operators S, ). We give below an argument that is slightly
different from that used in [21] and is better adapted to our later purposes.

The result is known for S”1 1 =8, =1, ;. If it is known for all operators S, .,
where m'<m, n' <n, or m'<m, n'<n, then the condition N(A#)>1 in Eq. (4)
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together with mathematical results on tensorial products of bounded operators'®,
ensures that each operator ((X)S¢ in Eq. (4) is well defined (in a unique way)
K A

mK,nK

as a linear and bounded operator from #, to #,. Since S, , is already known to

m,n

be a well-defined linear and bounded operator from #,, to #,, the result follows

for 8¢, . [The symmetry properties of S, , follow from the fact that the sums ) in
Eq. (4) run over all (non-trivial) partitions %#".] Q.E.D.

At the same time, the above argument shows (by induction) that cach operator
(@ anK,,,K> is a well-defined linear and bounded operator from #, to #,. The
K A

same conclusions hold similarly for tensorial products [(X)(S 1) } of con-

MK, K
K
nected operators associated with the operator S~ =S",

The bubble diagram operators that arise in equations derived from unitary
(8S™1=S"1S=1, SS™!S=S, etc, where S™'=S"), from the “cluster decom-
position” of the S-matrix:

S =

m,n

®S;K.,,K) (7)
K A

%;N(W@l(

and from the analogous cluster decomposition of ™1, are by definition (see below
Proposition 1) sums of equal operators of the form:

— (— 1) (= 1) (— 1)
A= (@ S’”K,ni() e (@SMK,HCK) <® Sme"‘K (8)
K H(g),J] AUy I)]

K K )W[I,I(l)]

where each #'[1 ), I, )], 7=0,....q [Io,=1,1,,,=J] is a given partition of [,
=[1,...,m,J and I, =[1,...,m,, )] into subsets If, , and I, . ), and where
S(=1)¢ stands either for S¢ or for (S71)

MK,nK MgK,nK mMK,nK "

is a well-

MK,NK

In view of the previous analysis, each term [@ S(‘l)c}
Ay, Lr+ 1))

and consequently one

-

defined linear and bounded operator from
has!!:

to #

myy M+ 1)°

10 The mathematical results needed are the same as those proved in [21]. We learn from Prof. V.
Glaser that they are completely standard in mathematics. They ensure here that there is a unique, well-

defined, linear and bounded operator (® S¢ ) from #, to #,, whose restriction to functions ¢ of
K Az

mK,nK m n>

the form ¢(py; ....p,) =[] ¢;,(py,) is given by:
K

1
C)Sene] DUG1s-rq)=— [ Tmg ! S5, (1.0}
4 p m! g

11 The extension of each operator |() S¢-1x
K

mg,nK

to all functions of #,,  is crucial here, since
QIR . . ) .
each one of these operators transforms a function of a product form into a function that is no longer, in

general, at the next step, of a product form with respect to the appropriate variables
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Proposition 1. Bubble diagram operators are well-defined linear and bounded
operators from Jf to Jf where m and n are the numbers of indices of the external
(initial and final) sets I,J.

2.2. Bubble Diagram Operators and Diagrammatical Notation

We now complete the definition of bubble diagram operators. The analysis
presented below provides in a precise and general way results analogous to those
given in Appendix A of [22] in terms of momentum-space functions. It is not
crucial for the main purposes of the present work and can therefore be omitted by
non-interested readers.

In order to write equations derived from unitarity (and the cluster decom-
positions of § and S™') in a simple way, it is convenient to group together all
operators that correspond to different sets of partitions but are trivially equal,
namely all operators that can be obtained from a given operator 4 of the form (8)
by permutations 7, inside each set I, of intermediate indices (r=1,...,q). More
precisely, each 7, is here a given permutation of I, i.e. is the same, whether I

considered as the set of final indices for the operator [@S 1)e

(r)
or as the

AT -1y Im)

. Given a set m of

MK, hK

set of initial indices for the operator @S Le

mg, nK}
AUy Lr+ 1)) . .
permutations 7, (r=1,...,q), the operator A, derived from A is defined by

replacing in (8) the partitions A#'[I,,I,.,] (r=0,...,q) by new partitions
A1 (,),I «+1))- The new subsets of I, and I, ), respectwely, are obtained from
the previous ones by the respective transformations r, and 7, ;** (n, and 7, , are
here the identity).

The bubble diagram operator associated with A is the sum of all equal operators
that can be obtained in that way and correspond to different sets of partitions A,
i.e. all sets 7 of permutations that give the same set of new partitions are identified
and counted only once. The reason for defining bubble diagram operators in that
way is that there is only one term for each partition in the definition of the
connected operators: see [20]. The sets 7 that give the same partitions are those
that differ only by changes of orderings of indices inside each subset of each
partition or by changes of orderings of the pairs of subsets of each partition : these
changes are irrelevant and do not define new partitions (see definition of the
partitions above).

The number of equal operators thus obtained is (1/N) ]_[ my, !, where N is the

r=1
number of sets 7 that give the same set of partitions. For a given set of partitions in
(8), N is clearly independent of the set of new partitions considered. The
calculation of N will be explained below in the diagrammatical notation now
introduced.

In this notation, each operator S5, ,, or (S™');, , is represented by a bubble

12 For instance, if I ,,=(L,...,5), n,=(1-3, 24, 3—1, 45, 5-2), then the subset (1,3,4) of I, is
transformed into (3,1,5)=( 3 5)
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respectively, with m initial and n final lines'3. Each operator (@ anK’nK)mL 5 s
represented by a column

(where the ordering of bubbles is irrelevant), and each operator
®(S_1)fn,(,nx}y/u, j) 18 represented by a similar column with minus bubbles. An
K

operator A of the form (8) is represented by drawing, from left to right, the various

columns associated with each operator [(X) S¢; ') }%Hw tos 17 =0, ..., ). Finally,
K

the bubble diagram operator associated with 4 is represented by a bubble diagram
obtained as follows: two lines that belong to bubbles in two successive columns
are joined whenever there is a common index in the corresponding subsets I{ "
and I{)y, of I, {I{x" and I}y refer respectively to subsets of I,, in the partitions
AL, _y 1] and A'[1,), I, ,]}. Each line on the right of a column is joined in
that way to one, and only one, line on the left of the next column. Finally, all
mentions of indices on the internal lines that run between successive columns are
removed. In the case of a bubble

——®=— = =0 =1,

with only one incoming and one outgoing line, the bubble ® or © can also be
removed.

Example. If A is the operator
A = (1REERE23) (132Z23)(1B(=D=) 12) )

where the product, according to the conventions mentioned above, is written from
left to right, the corresponding bubble diagram operator is the sum of all equal
operators of the form

SO

obtained by permutations m,,=(1-1i,2-j,3—k) and 7, =(1-7,2-j,3-k) of
(1, 2, 3). It is represented by

) 1,2(1‘_@:%‘_:@:)1,2 10
B= "7 - 3 (10)

13 In accordance with some conventions, —- g:§— would represent the operator —(S™1);,
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It is easily seen that there is a well-defined 1—1 correspondence between
bubble diagram operators and bubble diagrams B of the type that has been
described. Giben B, it defines a sum of equal operators obtained by drawing the
bubbles —»—O——— on the appropriate single lines, and by attributing indices
L,...,m, to the m,, lines that run between two successive columns (r=1,...,9).
These sets of indices clearly define corresponding partitions A [, [, )],
r=0,...,q. Operators that correspond to the same set of partitions are identified
and counted only once.

In the example of Eq. (10), the number N of sets 7« that give the same set of
partitions is one: all different ways of attributing indices to the internal lines
correspond to different sets of partitions. More generally, this number, also
denoted by N(B) since it depends only on the structure of B, is the product of two
terms. The first one is the product, over all pairs (b,,b,) of bubbles in successive
columns of the factors a(b,, b,)!, where a(b,,b,) is the number of common lines
joining b, b,: this term clearly accounts for possible changes of orderings of
indices inside each subset of each partition. The second one is the product, over all
sets of identical bubbles by, ...,b, inside a common column (i.e. bubbles with the
same numbers of incoming and outgoing lines) of corresponding factors p!: this
term clearly accounts for possible changes of orderings of the pairs of subsets of
each partition.

For instance, if

) ==
B = 1234 ( ) 1,2,3 (11)

then N(B)=2!x2!x3!x3!x2!

2.3. Momentum-Space Kernels and Bubble Diagram Functions

The action of any (linear, bounded) operator F,, , from H#, to #, on a function
¢ In A, can be written formally as:

{Fm n(d)(m))}(ql" aqn
=[FpsP1s s P31y s 4) Dy (Prs - 5 Pw) s du(pl) -dulp,,), (12)

where du(p) is defined in Eq. (2).

With the normalization conventions (1) and (12), one checks from Egs. (6) and
(7) that

SaalPrs s D3 @)= Y [T SounPricidr)- (13)

H,J] Ket'

The kernel Fyg(py, ..., Pmi 415 ---» 4,) of a bubble diagram operator F (associated
with a bubble diagram B) can be correspondingly written (formally) as an integral,
over all on-mass-shell values of internal four-momenta k, attributed to each
internal line [ of B, of momentum-space kernels associated with each bubble of B.
The integration measure is, in view of the normalization conventions

[1/N(B)] Hdﬂ(kz)z L1/N(B)] H (27 + )] 1 2dk,
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For instance, if B is the bubble diagram of Eq. (10), then

FB(PbPz,Pg;611,612,%):}5"2,2(17;,[72;kl,kz)X(S_1 cz,z
(kzapa;kg,Ch)XScz,z(kpk;;;qlaq;),) 1_[ d3k1/2(k12+:u2)1/2- (14)

1=1,2,3

Expressions such as (14) are formal: bubble diagram operators, and their
kernels, are well defined by the procedures described earlier. We recall, on the
other hand, that kernels of linear bounded operators [such as S\, ", S V¢, F,] are
always in particular well-defined tempered distributions'*. The distribution thus
associated with a bubble diagram operator Fy will be called a bubble-diagram
function. It is still denoted by Fj in Sect. 4.

We finally recall that, as the operators S\, or S{ !, the operators F satisfy
energy-momentum conservation, as easily checked from their definition (i.e. the
support of (Fg|¢,,)), is at most that derived from the support of ¢, by energy-
momentum conservation). Just as in the case of the S-matrix kernels, the
distribution F can correspondingly be written (if the initial and final four-momenta
are not all collinear) in the form:

FB:fBX54(Zpi"j§ij)s (15)

iel

where the sums )’ in the right-hand side run over the initial and final variables
respectively, and where f; is a distribution defined on the physical region of the
process [—J (i.e. the manifold whose points p={p,} are sets of initial and final on-
mass-shell four-momenta satisfying energy-momentum conservation).

3. Essential Support of Products of Bounded Operators:
Mathematical Results

The mathematical notations used for convenience in the present section are
somewhat different from those used in the physical situation. In accordance with
the present notations, the words: “u=0 points” should be replaced in the titles of
Subsects. 1 and 2, by: “(u,v)=0 points” (this is the notation that appears in the
main text). They become u=0 points when different notations are used, as in the
physical application, namely notations in which the variable u denotes the set of all
“initial” and “final” variables presently denoted by u and v respectively.

14 Le. the functional F,, , whose action on pairs @, %, of functions in H, and #,,
given by:

Fm, n(d)(m)’ w(n)) = <1‘;‘(n)|Fm, n‘(b(m)>
=[F o Prs s Pui Qs 2 4P (Prs s PPl 1> - )

—— [T dulp) [1 dulg)

=1, m =1,

respectively, is

can be extended, as a linear and continuous functional in the Schwartz topology, to all functions ¢,,..,,
of m+n on-mass-shell four-momenta variables py, ..., p,,, 4y ---. 4,, that are infinitely differentiable and
have a rapid decrease at infinity, as well as their derivatives, and are no longer necessarily of a product
form in the variables p,,...,p,, and q,, ..., q, separately
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On the other hand, the analogue of the distribution a introduced below and
associated with an operator A is, in the physical application, the distribution still
denoted by Fj [and not the distribution denoted f; of Eq. (15)].

3.1. Results away from u=0 Situations

We first consider below two linear bounded operators A', A” from # to #" and
H' to A" respectively, where #, #', and #” are here (non-symmetrized)
Hilbert spaces of square integrable functions of real variables x=x,,...,x,,
t=ty,...,t,,and y=y,,...,, respectively’ . Let A=4"A" and let @, a", a denote
the distributions associated with 4’, A", A4, respectively, as in the footnote at the
end of Sect. 2. For instance, the distribution a is well-defined by its action on
Schwartz test functions y of a product form [y(x, y)=¢(x)yp(y)], in which case one
has

a(y)=pla" Al (16)

It is finally assumed that A" and A" satisfy a certain support property. Stated
for instance on A', it says this: A'|¢p) has a given compact support whenever ¢ has
a given compact support, the support of A’|¢p> depending only on the support of ¢
(this property will be satisfied in the physical problem in view of energy-
momentum conservation).

The dual variables of the variables x, y, t will be denoted respectively by u, v, w
and scalar products will be defined for convenience by the formula:

(w,0)-(x,y)=u-x—v-y, (17)

where u-x= Y ux, v-y= Z vy, the scalar products (u, w)-(x, 1) and (w,v)-(z, )
i=1 j=

being defined similarly.

Definition 1. A point (X, Y) in Ry, x R;'y)w is called a (u, v)=0 point relative to the
product 4"A4" if there exist a point T in R and a point W0 in R}, such that

(0, W)e ESy 1(a) (18)
and
(W,0)eES; y(a"). (19)

Here ESy (a') and ES; y(a”) denote respectively the essential supports of a’ at
the point (X, T) and of a” at the point (T, Y). (See definitions in [4, 7]. Throughout
this paper, essential supports are considered as closed cones with apex at the origin
in the appropriate spaces, rather than closed sets of directions. For instance
ESy 1(a’) is a cone with its apex at the origin in the dual space R{, x Rf, of
RE) x Rf).)

15 Each variable x(i=1,...,m), y(j=1,...,n) or t, (k=1, ..., p) is here one-dimensional. The variables
X, y or t will be in the physical problem, sets of components of three-momenta variables (see Sect. 4)
16 The index x, y, ..., in R}, R{,, ..., serves only to recall the name of the variables in the space R™,
R", ..., considered
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The following theorem then holds away from (u,v)=0 points:

Theorem 1. Let (X, Y) be a point Rf, x R{,, and let (U, V) be a point of the dual space
R{,) X R{,. If the following conditions are satisfied :

1) (X, Y) is not a (u,v)=0 point relative to the product A"A’;

11) there exists no pair of points T, W, Te Rj,, We R{,, such that (U, W)e ESy +(a')
and (W, V)e ESy y(a"), then (U, V) does not belong to the essential support ESy y(a) of
a at the point (X, Y).

Remark. The conditions i) and ii) of Theorem 1 can be equivalently replaced by the
unique condition :

i') There exists no point T and no sequence of points W, such that the
directions defined by the points (U, W,) and (W, V) in R x R and R, x Rf,,
both become arbitrarily close to directions that belong to ESy (a') and ES; y(a”)
respectively.

Proof of Theorem 1. Theorem 1 can be easily derived from the results of [7]
(together with those of Appendix 1 of the present paper). In fact, Theorem 4 of [7]
allows one to define the product a(x,t)a(t,y), in the sense of distributions, away
from (u,v)=0 points, and to show that its essential support at a point X, ¥, T'is
contained in the set of points (U,V,W) of the form (U,V,W,+W,) where
(UW))eESy 1(a') and (W,,V)e ES} y(a”"). Then Theorem 5 of [7] allows one to
study the essential support of the integral ja/(x, t)a"(t,y)dt and to obtain the
announced result.

As mentioned in the Introduction, we present below a more direct, self-
contained proof.

Let g and h be functions of x and y, respectively, with compact support, chosen
for instance C” (infinitely differentiable) and equal to one in neighbourhoods of X
and Y, and let F be the generalized Fourier transform at X, Y of a(x, y)g(x)h(y):

F(u,v300) =] a(x, y)g(x)h(y)e ™ @9 x o~ vl X2+ 6= D%y gy (20)
In view of the definition of a, F can be written [see Eq. (16) with
B(x)=g(x)e ™7 yy(y) = h(y)e V0TI, as
Fu,v;vo)=[dtA'(t;u,v)A"(t;0,0,), (21)
where
A(tsu,vg)={a'(x, t)e” >~ o= X%g(x)dx
= (A'lg(x)e > 0M) 1)

and A"(t;v,v,) is defined similarly. These two functions are clearly square
integrable functions of ¢ for any given u, v, v,. Moreover, A'(t;u,v,) has a given
compact support in IRf, as a consequence of the support property assumed on the
operator A4'.

By standard arguments on integrals of functions, Eq. (21) can alternatively be
written, for v, >0, in the form

Fu,v;00)=n""2[ Quo )" 2dT{ A'(t;u,v5)e "¢~ *
x A"(t;v,v,)e” ¢TIt (22)
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Finally, by standard arguments on the Fourier transformation of square
integrable functions, one has

F(u,v;v0)=71""2[(2v0)"?dT [ dwF'(u,w; v, X, T)F"(W, 0500, T, Y), (23)

where F' and F” are, respectively, the generalized Fourier transforms of a'(x, t)g(x)
and a"(t, y)h(y) at the points (X, T) and (7, Y). For instance:

F(u,w; UmXa T)= j‘ A((t \u, Uo)eﬂ)oa“ T)?giwt j¢
(s, glx)e 6w =T =1 04

Equation (23) is the basis of the proof of Theorem 1. In view of the very
definition of the essential support, conditions i) and ii) of Theorem 1 will in fact
ensure exponential fall-off properties of F’ or F”, which in turn directly yield the
needed exponential fall-off properties of F, if Lemmas 2 and 3 of Appendix 2 are
used. The details of the proof are easy and we only give below some brief, but
sufficient, indications.

First, let D be the given compact region in Rf, (which depends only by
assumption on the support of g) where the product A'(t;u,vy)A"(t;v,v,) has its
support, and let D, , a; >0, be the set of points whose distance to D is less than (or
equal to) ]/E. Then the part of the integral (23) corresponding to T outside D,
clearly satisfies a bound of the form Ce™*°, o >0, in the whole region v, >0'". We
are therefore left with the study of the contribution of the compact region TeD, .

Given U, ¥ the integration regions over T and w are then divided into a finite
number of sufficiently small neighbourhoods of given points T;, W, including
points W, “at infinity”: in this latter case W is defined by a certain direction in R},
and a (sufficiently small) neighbourhood of W, is the part of a (sufficiently small)
cone in IRf, ) with its apex at the origin, around this direction, that lies outside a
sphere with (sufficiently large) radius ¢;>0. Given any point u, v, (u*+v?)"/?
=1(U?+ V?*)!2, the integration regions over T and w are divided into correspond-
ing neighbourhoods of the points 7; and tW;: the neighbourhoods of the points T,
are unchanged, while those of the points W, are obtained from the previous ones
by the dilation t(w—1w).

Given any set of indices i, j, the conditions i) and ii) of Theorem 1, applied
respectively to cases when W is at finite and “infinite” distances, and Lemma 2 of
Appendix 2 allow one to show that either F’ or F” satisfies (uniform) exponential
fall-off bounds of the form given in Lemma 2, when u or v lies in a sufficiently small
cone with its apex at the origin around U, or around V, respectively, and when T, w
lie in the corresponding neighbourhoods of 7; and tW, introduced above. The
remaining function F” or F', still satisfies the trivial bounds of Lemma 3 of
Appendix 2.

17 This can be seen by using Eq. (22) together with the inequalities
() Jdda@;u ) 1400 SHA 1A - gl - AT,
where [[A'|, [|A"]l, Igll, 4]l are the norms of the operators A, A” and of the functions g, h, and

(i) [ (2vo)"2dTe™ 2" <conste™™°, >0
IT|>Vvar
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Since the number of regions considered is finite, it is easily seen that one may
extract a common exponential fall-off factor e ~*"°(¢ > 0) in a common cone with its
apex at the origin in R x R, around (U, V') and in a common region 0 <v, <y,,
7o >0. The remaining integrals over w are bounded by a constant independent of u,
v, v, by virtue of the norm properties of the square integrable functions involved in
the bounds of Lemmas 2 and 3 of Appendix 2. Theorem 1 is therefore proved.

Theorem 1 is easily extended to the case of a product of g > 2 linear bounded
operators A, A,,...., A, from #© to AV #Y to #D, .., AV to #,
respectively, where %(Oq) HY, ..., #'D are Hilbert spaces of square integrable
functions of real (possibly multi-dimensional) variables #?=x, V), .., 9=y,
respectively. If we denote here by w'@ =u, w», ..., w@ =0 the dual variables of the
variables x, 1V, ..., y, respectively, Definition 1 is first extended as follows.

Definition 2. A point (X,Y) in R;’;) x R{, 3, is called a (u,v)=0 point relative to the
product A4, ... Ay, if there exist points T, ..., T~ and W, ..., W4™D, W0
for at least one index r, such that:

(0, W)e ESy rala,)

(WO, W Ne ES oy ponl@, ), r=1,..,4—2
(W4™D,0)e ES -1, y(a,).

The following extension of Theorem 1 then holds:

Theorem 2. If X, Yis not a (u,v)=0 point relative to the product A, ... A, and if there
exist no set of points TV, ..., T4~ D W Wwa=Y such that

(U, W)eESy rolay)
(WO, WD) ES o ros @y y),  r=1,.0q—2
(W™D V)eES - o, y(a,),

then (U, V)¢ESy y(a).

The remark that follows Theorem 1 can be readily adapted to the present case.

As Theorem 1, Theorem 2 can be easily derived from the results of [7] (and
those of the present Appendix 1). Alternatively, it is easily derived by induction
from Theorem 1. It is sufficient to notice, as easily checked, that if (X, Y) is not a
(u,0)=0 point of the product A4 ...A4,, then for any point T~ Y, the point
[X, T V7] cannot be a [u, w1~ 1>] 0 point relative to the product A, ... 4.

3.2. U=0 Results

The exclusion of (u,v)=0 points in Theorem 1 ensures, as we have seen, the
absence of problems when the points w in the integration domain tend to infinity:
uniform exponential fall-off bounds were obtained in each region, including those
associated with points W, “at infinity”. The situation is a priori different if (X, Y) is

a (u,v) =0 point, since there exist by definition points 7; and points W which can
be chosen for instance on the unit sphere in Rf,,, such that (O, W)e ES x,r,(@) and
(W 0)eESy y(a"). Therefore, being given any point U,V, the directions de-
termmed by the points (U, /IW) and (AW, V) both tend to directions that belong to
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ESy r(d’)and ES;. (a") respectively when A— oo, and the previous proof does not
allow one to extract uniform exponential fall-off bounds.

A more detailed analysis shows, however, that this is still possible under a
certain condition. Let us as a matter of fact consider linear bounded operators
A', A" which, besides the support property already mentioned in Subsect. 1, satisfy
a regularity property on the way rates of exponential fall-off tend to zero when
directions of the essential support are approached. We state it below on a general
linear bounded operator A and then denote by x,y,u,v the initial and final
variables and their dual variables. The actual mathematical significance and
content of this property will be analysed below.

Regularity Property R. The operator A is said to satisfy the regularity property R if,
being given any point (X, Y), any real neighbourhood .4 of (X, Y) in R{, x R{, and
any open cone ¢ with apex at the origin in Rfy, x R{,, such that:

()
(u,v)¢ES, (@), V(uv)e¥
V(x,y)e N

there exist o>0, y,>0, a neighbourhood A" of (X,Y) contained in .4, and
functions d,, d, of the variables u, v, v,, which are square integrable with respect to
u and v respectively and whose norms [[d3(u,v,vo)du]*’?, [[d3(u,v,v,)dv]*? are
independent of v,v, and of u, v, respectively, such that:

[F(u,v; 00, X, )| <du,v,v5)e”*° (26)
i=1,2 in the region (x, y)e A", (u,v)e¥ and:
O <0 Zpo(th, U3 0F)([ul + [v]) - (27)

(25)

In Eq. (26), F is as before the generalized Fourier tranform of a(x’, y')g(x)a(y')
at the point (x, y) and (%, 0; 0%) is in Eq. (27) the angle of the direction determined
by the point (1, v) with the boundary 0% of ¥. We note on the other hand that the
bound (27) can be equivalently replaced by:

0 =v, =7 dist.((u,v);0%), 75 >0, @7)

where y, is possibly different from vy, but is again independent of (u, v) and where
dist.((u,v); 0%) is the distance of the point (4, v) to 0%.

If the intersection of the closure of € with ES, , is empty (apart from the
origin), the regularity property R holds automatically, as a simple consequence of
Lemma 2 of Appendix 2. [ The factor (i1, U ; 0%) can as a matter of fact be removed
in this case from the inequality (27).] The regularity property R gives however
further information when some directions of the boundary of % lie in ES, (a).

The fact that there is a uniform constant ¢ >0 in the exponential fall-off factor
of the right-hand side of Eq. (26) is natural and expected in view of the results of
essential support theory. It comes from the fact that there is a common uniform
neighbourhood 4" of (X, Y), such that all directions of % lic outside the essential
support of a at any point (x, y) of this neighbourhood. Being given a distribution f
defined on a real vector space'® Ry, the best rate o of exponential fall-off

18 The notations used here are those used in [4,7] for general distributions. In the application, the
variables x and u have to be replaced by (x, y) and (u, v) respectively
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obtained when x varies in a neighbourhood A" of a point X and for a given
direction # in the dual space of R{,), depends as a matter of fact on the size of the
neighbourhood A" of X such that @ lies outside ES (f), Vxe. /" (see [4]). It is
strictly positive if 4" contains the closure of .4 in its interior. The constant «
obtained is thus independent of the direction considered, if 4" and 4" are
independent of it.

For any given direction i, v in %, one therefore expects an exponential fall-off

factor e”**°, with a common «, in a region of the form:
0 é UO <ymax(@) X (lul + ll]l) s

where y,. (%, D) is strictly positive, but depends on the direction #, v considered, and
tends to zero when one approaches any direction of 0% that lies in ESy y(a). The
crucial content of the regularity property R lies in the fact that y,, (@, 0) is assumed
to decrease not faster than linearly with respect to the angle, when the direction i, v
tends to a direction of ESy y(a).

The inclusion of the function d; in the bounds (26) is natural in view of the
results (and conjecture) of Appendix 2, when the distribution a is the kernel of a
bounded operator.

Remark. The regularity property R can also be stated for distributions which are
not necessarily kernels of bounded operators, with only minor modifications: the
inclusion in the bounds of the function d; is then no longer justified. Instead,
polynomial factors of the variables u,v are expected in general.

In order to give an idea of the content of the regularity property R in terms of
analyticity properties, let us consider the simple example (which is not that
encountered in physical situations in the present work) of a distribution f whose
essential support ES (f), at all points x in a given neighbourhood ./ of a point X,
is contained in a given closed convex salient cone C. (As previously, f is here
defined in RY,), the variables x, y and u, v being replaced by x and u respectively.) In
view of the results of essential support theory, f is equivalently (independently of
the regularity property R) the boundary value in 4" of an analytic function f from
the directions of the open dual cone I' of C: namely, being given any real
neighborhood w of X whose closure is contained in .4”, and any open cone I with
apex at the origin whose closure is contained (apart from the origin) in I', there
exists >0 such that f is analytic in the domain x=Rezew, Imzel”, |Imz| <,
where z is the complexified variable of x. However, for any given w, ¢ may tend to
zero when I'" expands to I.

In view of the results of essential support theory, the regularity property R,
applied here to the case when % is the complement of C in R{,, implies that this is
not the case, and it is as a matter of fact essentially equivalent to that result:
namely f is analytic in .4/ n{Imzel'}, where ./ is a complex neighborhood of X.

The general regularity property R can be considered as an extension of this
analyticity property to more general situations.

After the above presentation and discussion of the regularity property R, we
now state:

Theorem 3. Let A', A” be two bounded operators satisfying the same properties as in
Subsect. | and the further regularity property R, and let (X,Y) and (U, V) be given
points in R, x R, and Rf;) x R{, respectively.
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If there exists ¢ >0 such that, being given any set of points x, y, U, v, t;,t,, W, W,
satisfying the relations

x—X|<e, |y—Yi<e, u—-Ul<e Jv=Vi<e [t;—t,<e |w —w,|<e.
One of the following conditions at least is satisfied :

(u, w,)¢ES, , (d) (28)
or

(w,, D)EES,, (a") (29)
then (U, V)¢ESy y(a).

Remarks. i) Theorem 3 can be equivalently stated as follows: if (U, V)e ESy y(a),
then there exists a sequence, when £—0, of points x,, y,, u,, v, t; ., 5, Wy ,, Wy,
satisfying the relations

x,—X|<e, |y.—Yl<e, |u—Ul<e, Jv,—V|<e,
[ty o=ty d<e, |w ,—w, [<e
such that:
(u,wy JEES, , (d)
and
(Wy 0 0,)€ EStZ,E’yE(a“)

for all values of e.

In these sequences, w, , and w, , are points of Rf,, and are allowed to tend to
infinity when ¢—0.

it) Theorem 3 is interesting only if (X, Y) is a (4, v)=0 point, since otherwise a
stronger result (namely Theorem 1), in which the regularity property R is not
required and in which the introduction of sequences is not needed, is obtained.

The theorem does provide information at (u, v) =0 points. In fact, the existence
of T'and W such that (0, W)e ESy (a') and (W,0)e ES y(a") does not prevent the
conditions of the theorem to be satisfied, even though the directions determined by
the points (U, AW) and (AW, V) both tend, as already mentioned, to directions of
ESy ((a’) and ES; y(a") respectively when A—co.

iii) The regularity property R is needed only in certain situations, and the
hypotheses of the theorem may be correspondingly weakened, as will appear in the
proof of the theorem.

Proof of Theorem 3. The proof of the theorem, given below, is very close to that of
Theorem 1. Although one has here to consider situations in which the maximal
constants y,_, (i, W) or y,.(w, D), tend to zero when |w| tends to infinity, the
conditions of the theorem and the fact that the decrease is not faster than linear
with respect to the angle to the essential support, will ensure the existence of
uniform exponential fall-off factors e ** in uniform regions of the form

O0=vo=do(jul + o)), 90>0
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The beginning of the proof is the same as in Theorem 1. Namely Eq. (23) still
holds and the integration domain over T can be restricted similarly to a compact
region D, .

Being given a point T, in Rf,), let us now denote by 77 the set of points w such
that:

(1, W)EES, (a) (30)

whenever x,t,u,w' satisfy the relations |x—X|<¢/2, |[t—Ty|<¢/2, lu—Ul<g/2,
W —w|<e/2.
A set ¥ is defined similarly as the set of points w such that:

W, 0)¢ES, (a") &29)

whenever t,y,w”, v satisfy the relations |y—Y|<eg/2, |[t—Ty)<e/2, lv—V|<e/2,
W —w| <e/2.

It is easily seen from the conditions of Theorem 3 that

Vo] =RP (32)

w)*

The regularity property R applied to F’ aud Lemma 3 of Appendix 2, applied
to F", ensure the existence of &' >0, §;, >0, of a constant C', of a (sufficiently small)
neighbourhood A" of Tj, in R and of a (sufficiently small) open cone ¥ with

apex at the origin in Ry, containing U such that:

j ATdw|F'(u,w;v,X, T)| X |[F"(w,v;00, T, Y)| <C'e™*% (33)

TeN'(To)

wet?;
in the region ue?”’, O=Zv,=0,t; t is defined as previously by the relation
(U2 + )2 =1(U? + Y212,

To see this, it is sufficient to remark that, in view of the conditions of the
theorem, Min(it, w;0%") x (ju| +|w]) is strictly positive when u belongs to a suf-
ficiently small neighbourhood of U and when w belongs to ¥7/, ¢’ being here the
(open) cone obtained by drawing all lines issued from the origin and joining the
points (u, w) just mentioned. The distance of (1, w) to %" is in fact always larger
than ¢/2.

An analogous result clearly holds when the roles of @’ and a” are exchanged,
and in view of (32), one concludes easily that there exists a (sufficiently small)
neighbourhood A" of T, a (sufficiently small) open cone ¥~ with apex at the origin
in Rf, x R}, containing (U, V), «>0, 6,>0, and C such that:

[ dTdw|F'(u,w;0,,X, T)| < |F"(w,v;0,, T, Y)| < Ce ™, (34)
Tet
in the region (u,v)e ¥, 0 Sv,<d,T.
Since the domain of integration D, with respect to T is compact, the same
conclusions hold also for the integral over D, and the theorem is therefore proved.
The methods used in the proof of Theorem 3 yield also the following slightly
stronger result, which will be useful below:

Lemma. Let A’, A” be two linear bounded operators satisfying the same conditions as
in Theorem 3 and let X, Y and U 0 be given points in R{;, x R, and RY,, respectively.

(u)
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Being given ¢>0, let &, be the set of points in R{,, such that whenever x, y, u, v',
ti, ty, Wy, Wy, satisfy the relations

x—=Xl<e, |y—=Yi<e |u—Ul<e P —vl<e Jt;—t1<e |w, —w,l<e
one of the following two conditions at least is satisfied
(u,w)¢ES, , (a)

or
(wy, U)EES, [(a").

Then, there exist a neighborhood A" of X, Y in R{,) x R{,,, a (sufficiently small)
open cone ¥ with apex at the origin in R{, containing U, 0>0, 6,>0 and a
polynomial 2 of the variable v, such that:

|F(U,U;UO, x> y)l <‘@(v0)e_aw0 (35)
in the region (x,y)e N, ue¥", vetZ,, 0Sv,<0,1, where v=|ul/|U|.

If the conjecture stated at the end of Appendix 2 is accepted, the polynomial
factor 2(v,) in the bounds (35) can moreover be replaced by a function d of the
variables u, v, v, which is square integrable with respect to v and whose norm with
respect to v is independent of u, v,,.

The analogous result holds if U=0 but V=0, and the results can be extended
by induction to a product of more than two bounded operators A4, (r=1,...,9).
The following extension of Theorem 3 is then obtained.

Theorem 4. Let A,, ..., A, be linear bounded operators satisfying the same properties
as in Subsect. 1, and the further regularity property R, and let (X,Y) and (U, V) be
given points in Ry, x R{,, and R{; x R{, respectively.

If there exists ¢ >0 such that, being given any set of points x, y, u, v, t{", 1), W),
wib gD gDl D WD satisfying the relations |x—X|<e, |y—Y|<e,
u—Ul<e, v—V]<e |tP =P <e, WP —w§l<e, r=1,...,q—1, the following con-
dition cannot be all satisfied :

(u, w{")eES lay)

(W(zr_ 1), W({))G ESlér—- l)yl{r)(a’.) s r= 2, e g 1

(W(Zq_ 1)’ U)E EStéq - 1)’y(aq) 5
then (U, V)¢ESy y(a).

The Remarks i)-iii) that follow Theorem 3 can be likewise extended to the
present situation.

As appears above, the present proof of Theorem 4 makes use (when g>2) of
the conjecture stated at the end of Appendix 2. If this conjecture turned out not to

be always satisfied, a corresponding technical condition would be needed so far on
all operators AV =A4,...4,(r=2,...,9).
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4. Refined Macro-Causality Condition and u=0 Structure Theorem
4.1. General Results in Physical Situations

The considerations of this section apply to bubble diagrams B whose external and
internal lines are not necessarily associated with the same type of particle. (As
already mentioned, the results of Sect. 2 can be adapted to this more general case.)
It will be convenient to label all external and internal lines in a given order; k and !
will then denote indices referring to the external and internal lines, respectively,
and p, and p, will denote on-mass-shell four-momenta variables associated with
the external and internal lines respectively.

For simplicity, the bubble diagram functions Fjp, and the distributions F,
associated with each bubble b of B, will be considered, as in [7], as being defined
on the space of all initial and final three-momenta variables p,, or of all three-
momenta variables {p,,p,}, involved at b, respectively *°. The essential support of
Fp, or F,, at a given point {P,}, or {P,, P,},, respectively, is then a cone with its
apex at the origin in the space of the dual variables v, of the variables p,, or of the
variables of the set {v,,v,},, respectively. The definition of scalar products is the
same as in [7].

It is useful to associate with each point {p,}, or {p,, p,},» and each point {v,}, or
{v,,¥;};» in the space of dual variables a certain configuration of trajectories in
four-dimensional space-time. The trajectory of line k, or line [, is the full line in
space-time that is parallel to the on-mass-shell four-vector p,[(p,), = (p? +m?)*/?],
or p,, respectively, and passes through the space-time point v, =(0,v,) or v,=(0,v)),
respectively. Diagrams &, &5, and (&5),, where ¢ is a given positive number (¢>0),
are then defined as follows:

Definition 3. A diagram &, associated with a bubble b is a configuration of space-
time trajectories associated with each incoming and outgoing line of b such that
{viV;}, lies in the essential support of F, at the point {p,, p;},-

A diagram &, resp. (6),, associated with a bubble diagram B is a collection of
diagrams &), (associated with each bubble b of B) that fit together, resp. fit together
up to &: if b; and b, are the two bubbles of B at which an internal line [ of B is
respectively outgoing and incoming, then the corresponding lines associated with [
in &, and &,, must coincide in space-time (and can be identified as a unique

internal line of &}), respectively correspond to points (p,);, (v,); and (p),. (v,),, such
that

[(p), — (p)al<e (36)
[(v), — (V). <e. (37)

In the case of diagrams (&%),, the two lines associated with [ in &, and &,
respectively are thus allowed to be slightly displaced and twisted with respect to
each other, in the sense of Egs. (36) and (37).

19 This is fully legitimate since the energy variables can be expressed in terms of the three-momenta
variables in view of the mass-shell conditions. One can alternatively translate everything that follows by
considering Fy and F, as being defined in the space of on-mass-shell four-momenta. Both ways are
equivalent (see [9])
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Definition 4. A point {p,} is called a u=0 point of B in the sense of the diagrams &
if there exists at least one &, such that all its external trajectories pass through the
origin and have the on-mass-shell four-momenta p,[(p,), =(p7 +m7)*/*], while at
least one internal trajectory does not pass through the origin.

The following theorem then holds:

Theorem 5. The only possible points {v,} in the essential support of F 5 at a point {p,}
that is not a u=0 point of B (in the sense of Definition 4), are those corresponding to
configurations of external trajectories of some &p.

The proof of this result is part of the proof of the structure theorem of [7], as
can be seen by withdrawing from it all specific informations on the essential
supports of each F,. It applies to cases when each F, is not necessarily a connected
kernel of S or S™! but may be a more general kernel of bounded operator or also a
more general distribution satisfying energy momentum conservation.

When each F, is the kernel of a bounded operator, Theorem S is alternatively a
direct consequence of Theorem 2 of Sect. 3.1. Each operator 4, is, in the
application, a tensorial product of operators F,, and the essential support of its
kernel is easily determined in terms of the essential supports of the kernels of each
F,, since these kernels do not depend on the same variables. As a matter of fact, an
elementary result of essential support theory, which directly follows from the
definition of the essential support, says this: the essential support at a point
X =[X).-»Xy] of the (tensorial) product f,[x,1f5[x)] ... filx] of s distri-
butions f},....f, that do not depend on the same, possibly multi-dimensional,
variables x, ..., Xy, is the set of points u=[u, ..., uy] such that

Uy € ESX“)(fi). (38)

In the application, a point in the essential support of the kernel of the tensorial
product A4, of operators F, is therefore characterized by a set of independent
configurations of trajectories, each one of these configurations being here as-
sociated with one of the operators F,.

Theorem 5 applies only away from u=0 points. If each F, is the kernel of a
bounded operator satisfying energy-momentum conservation and the regularity
property R stated in Sect. 3, the following result is derived from Theorems 3 and 4
at u=0 points?°.

Theorem 6. The only possible points {v,} in the essential support of Fy at a u=0
point {p,} are those for which there exists a sequence, when ¢—0, of diagrams (&),
whose external trajectories correspond, for each k, to points (p,),, (v,), such that

P —pil <e (38)
v, —vil <e. 39)
In other words, in each diagram of the sequence, the two lines associated with

an internal line of B are as before allowed to be displaced and twisted with respect
to each other up to ¢ [in the sense of Egs. (36) and (37)], the external trajectories are

20 In the case of a product of more than two operators 4,, the conjecture or technical condition used
in Sect. 3 in the proof of Theorem 4 is also needed so far
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allowed to be displaced and twisted up to ¢ [in the sense of Egs. (38) and (39)] with
respect to the given trajectories defined (for each k) by the points p,, v, and finally
¢—0 in the limit.

We conclude this subsection by recalling the connection between the essential
support of Fy and the essential support of the distribution f; defined in Eq. (15)
(see [5, 7] for details). The essential support of a distribution f defined on a real
analytic manifold .Z, at a point p of .#, is a cone with apex at the origin in the
cotangent space T4 at p to .#. When .7 is the physical region of a given process,
a point in T)*.4, where p={p,}, is a collection u={u,} of four-vectors u,, defined
modulo addition, for each k, of vectors of the form 4, p, 4+ a, where a is independent
of k. Equivalently, a point in T*.# is characterized by a relative configuration,
defined modulo global space-time translations, of space-time trajectories as-
sociated with each initial and final particle and parallel to the respective four-
momenta p,. If a configuration of external trajectories corresponds to a point in
the essential support of F, the class of configurations obtained by global space-
time translations defines a point in the essential support of f;. (Conversely, if a
configuration, defined modulo global space-time translations, corresponds to a
point in the essential support of f,, then all configurations derived from it
correspond to points in the essential support of Fp).

4.2. Geometrical Definitions

In this subsection, we present preliminary definitions that will be needed in
Subsect. 3.

Definition 5 below of graphs G, is the usual definition of multiple scattering
graphs. The definition of the graphs G, is also the usual definition, given for
instance in [7], of topological graphs associated with a bubble diagram B.
Definition 6 of diagrams &, is, when b is a plus bubble, the usual definition of
classical multiple scattering space-time diagrams (+o-Landau diagrams), except
that vertices “at infinity” are also introduced when all incoming and outgoing
trajectories are parallel. In this case, these trajectories are not required to coincide,
but must satisfy an angular-momentum conservation law [11, 15]*%. Definition 7
of the diagram %, that can be associated with a bubble diagram B is again
analogous to that given in [ 7], but vertices at infinity are also introduced. Finally,
the diagrams (2,), and (Z;), introduced in Definitions 6 and 7 are defined
similarly, but some of the constraints of the diagrams &, or & are satisfied only

“up to ¢”. For a physical discussion of the introduction of these diagrams, see Sect.
5.

Definition 5. A connected multiple scattering graph G, associated with a bubble b
is a connected topological graph characterized by a set of vertices and of oriented
external and internal lines. There is one external line for each incoming or
outgoing line of b. It is associated with a given vertex and is incoming or outgoing,
at that vertex, if it corresponds to an incoming or outgoing line of b, respectively.
Each internal line of G, is associated with two vertices. It is outgoing from one of

21 In the terminology of [15], diagrams 2, would be called “generalized +a-Landau diagrams” if
they contain vertices at infinity
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them and is incoming to the second one. A particle, with a given mass, is moreover
associated with each internal line. Finally, there are at least two incoming and two
outgoing lines at each vertex (or one incoming and one outgoing line of identical
particles).

A graph Gy associated with a bubble diagram B is a collection of graphs G,
associated with each bubble b of B; being given any internal line of B, which runs
between two bubbles b, and b, where it is respectively outgoing and incoming, the
two corresponding lines in G, and G,, are moreover identified as a common
internal line of Gy. It is outgoing and incoming at the respective vertices of G,
and G,,.

Definition 6. An elementary space-time diagram &, [resp. (2,),] associated with a
vertex v of a graph G, or Gy, is a space-time representation of that vertex and of
the incoming and outgoing lines at that vertex. In this representation, each line is
represented by a full line in space-time, which must be parallel to a given on-mass-
shell four-momentum. Energy-momentum must be conserved:

2 Pi= ) Dy (40)

iel, jetyv
where [, and J, are the sets of incoming and outgoing lines respectively.

Finally, the incoming and outgoing lines of &, [resp. (Z,),] must pass through
a common space-time vertex V that represents v, (resp. must pass at a distance less
than ¢ of that vertex) except for the following possibility: if all incoming and
outgoing four-momenta are colinear, V is called a parallel vertex and is possibly
“at infinity” in some direction. Then the incoming and outgoing lines of 2, [resp.
of (2,).1, which are parallel, are not required to coincide, but must satisfy angular-
momentum conservation??

> () p)y,— W) (p) )= D () (pj)y— () (p))) (41)

iel, Y
u,v=0,1,2,3 where u;, or u;, is an arbitrary point on line i, or j, respectively, and

u, v denote components of the four-vectors considered, (resp. must satisfy angular-

momentum conservation up to ¢: if 4, =(0,u,) denotes the point of line k with zero
time component, then the quantity

Y W)(p)e— Y @)p,),

iel, jedv

must be less than 8)

A connected diagram Z,, resp. (2,),, associated with a connected graph G, is a
collection of diagrams &, that fit together, resp. is a collection of diagrams (2,),
that fit together up to &:if v,,v, are the vertices of G, at which an internal line / of
G, is outgoing and incoming respectively, then the corresponding lines in &, %, ,
resp. in (%, ), and (Z,,),, must coincide and are identified as a common internal

22 One sees easily that this condition is independent of the choice of u;, or u;. Condition (41) is
automatically satisfied by virtue of energy-momentum conservation if v is not at infinity (to see this, it is
sufficient to choose all points u; or u; at v). When v is at infinity, it is on the other hand sufficient to state
it for the components u=0, v=1,2, 3. Since all four-momenta involved at v are parallel, Eq. (41) is then
also satisfied for the values y,v=1,2,3
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line of &,, resp. must coincide up to ¢ in the sense of Egs. (36) and (37). Moreover,
the following time ordering condition must be satisfied : the space-time vertex that
represents v, must be strictly later in time?® than the space-time vertex that
represents v, if b is a plus bubble, or strictly earlier in time if v is a minus bubble.

Definition 7. A diagram Zp, resp. (Z,),, associated with a bubble diagram B is a
collection of diagrams &,, resp. (2,),, that are associated with each bubble b of B
and fit together, resp. fit together up to & Equivalently, it is a collection of
diagrams &,, resp. (2,),, that are associated with each vertex of a graph Gy, fit
together, resp. fit together up to ¢, and satisfy the time ordering conditions
introduced in Definition 6 for pairs of space-time vertices corresponding to
subgraphs G, of Gp.

There is no time ordering condition on pairs of space-time vertices correspond-
ing to vertices of an internal line of G associated with an original internal line of
B.

The following further definitions will be useful. In these definitions, a point {p,}
is a set of external, initial and final, three-momenta associated with each external
line of a bubble diagram B. The definitions cover the case when B is composed of a
single bubble b, or the case of non-trivial bubble diagrams B.

Definition 8. € 4({p,}) is the set of points {v,} such that the trajectories defined for
each k, by the points p,, v, are the external trajectories of at least one diagram Z.

% 5({p,}) is the set of points {v,} such that the trajectories defined, for each k, by
the points p,, v, can be obtained as limits, when ¢—0, of the external trajectories of
a sequence of diagrams (Zp),.

We next introduce a geometrical definition of u =0 points in the sense of space-
time diagrams. They are closely related to the u =0 points introduced in Sect. 3, in
the case when the bubbles are connected kernels of S or S™1, ie. when their
essential supports will be those provided by macrocausality and unitary (see Sect.
4.3).

Definition 9. A point {p,} is called a u=0 point of B in the sense of diagrams % if
there exists a &, such that all its external lines pass through the origin and have
the respective on-mass-shell four-momenta p,, while at least one internal line does
not pass through the origin.

The internal lines of %, considered here can either be internal lines of
subdiagrams &, or internal lines associated with original internal lines of B.

Definition 10. A point {p,} is called a restricted u=0 point of B (in the sense of
diagrams Zp) if there exists a &, such that all its external lines pass through the
origin and have the (on-mass-shell) four-momenta p, and such that at least one of
the two following conditions is satisfied:

i) One internal line of & associated with an original internal line of B does
not pass through the origin.

ii) One internal line of a subdiagram %, of 2, has specified vertices that are
not both parallel vertices?* and does not pass through the origin.

23 An appropriate extension of this notion is introduced to cover cases in which two space-time
vertices would be at infinity in the same direction

24 The specified vertices of a line are the vertices where it is outgomg and incoming. A vertex is a
parallel vertex if all incoming and outgoing four-momenta at that vertex are colinear (see Definition 6)
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Conditions i) and ii) can equivalently be replaced in Definition 10 by the
following Conditions i') and ii'):

i') One internal line associated with an original internal line of B has specified
vertices that are both parallel vertices, and does not pass through the origin.

ii') One internal line of &, has specified vertices that are not both parallel
vertices, and does not pass through the origin.

Condition ii’) can itself be equivalently replaced in Definition 10 by:

ii”) Non parallel vertices do not all lie at the origin.

In fact Condition ii") obviously entails Condition ii”). Conversely, let v be a
non-parallel vertex that does not lie at the origin. In view of the properties of the
diagrams 2, considered in Definition 9, all external lines of & pass through the
origin. Since v is not a parallel vertex, at least one internal line whose v is a
specified vertex does not pass through the origin.

Restricted u=0 points will be in turn divided for some purposes.

Definition 11%3. A restricted u=0 point of B is called a u=0 point of the second
kind if there exists a & satisfying the conditions of Definition 10 and such that
Condition ii") or equivalently Condition ii”) is satisfied.

We give below some examples of u=0 points.

Examples. a) First consider a single bubble b. Then all points {p,} of the set .#, (i.e.
some initial, or some final, on-mass-shell four-momenta p, are collinear) are u=0
points of b in the sense of Definition 9. If for instance two initial four-vectors p,, p,
are parallel, one can always consider diagrams 2, of the form

2\\\1
T

where the vertices v,,v, are both at infinity. All external lines, as well as the
internal lines /;, [, pass through the origin, but /,,1, do not.

However, the points of the set .#,, are not in general restricted u=90 points of b.
The only restricted u=0 points of a single bubble b are (by definition) of the
second kind. The only possible examples known to us occur in very exceptional
situations (special values of masses, etc.) at very special .#,, points.

b) Let B be more generally a bubble diagram with more than one bubble, and
let {p,} be a set of external three-momenta. If there exists a set of internal three-
momenta p, in the allowed integration domains such that {p,,p,}, is a .#, point of
at least one bubble b, then {p,} is always a u=0 point of B in the sense of
Definition 9. To see this, it is sufficient to consider a diagram &, of the type
introduced in the above example a) and to construct a corresponding diagram %
by choosing all other subdiagrams 2, of 2, with only one vertex put at the origin
(and no internal line).

Such diagrams Z are excluded from the Definition 10 of restricted u =0 points,
and {p,} is therefore not a restricted u =0 point, unless the conditions of Definition

25 Second kind u=0 points seem to coincide with the “generalized u=0 points” of [15]
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10 are satisfied by other diagrams & . In general, {p,} will not be a restricted u=0
point of B if the only origin of the u=0 problem is the occurrence of internal
momenta (for the internal lines of B) that correspond to .#, points for some
bubbles, and if the internal lines of B that may have parallel four-momenta do not
run between two common bubbles.

An example, which occurs in [7], is the bubble diagram

1
: o=
3

8

[*2[6,F o

in a theory with equal-mass particles. Let us consider a point {p,} ={p,, ..., P4} such
that p,=p; when i=j, i,j=123 or i,j=4,5,6. The condition ps=+p, ensures that
p- £ Ppg, where the indices 7,8 refer to the two internal lines of B. However, there may
exist in certain cases internal on-mass-shell four-momenta p,,p, (satisfying
p,+DPg=Ds+Dpe) such that for instance p, =p,. The point {p,,p,, P3, P> P+ Pg} 1S
then an .#, point of the plus bubble and correspondingly the point {p,} is a u=0
point of B in the sense of Definition 9. However, it is not a restricted u=0 point.

If the lines that may have parallel four-momenta run between two common
bubbles, the point {p,} will on the other hand be also a restricted #=0 point of B:
see next example.

c) For some bubble diagram functions, all points {p,} are restricted u=0
points. An example, which occurs in [7], is the bubble diagram

with equal-mass particles.
Given any point {p,}, there always exist, in fact, on-mass-shell four-momenta p,
(1=7,8,9) such that p,=pg, ) p= Y p= Y p; The diagram %,
. . 1=7,8,9 =1,2,3 j=4,5,6
considered is then of the form:

1 4
2 v ; 5
3 l;‘ ~28 l
3

where the vertices v, and v, are both at infinity (the lines [,,/,, and [I3,/,, are
internal lines of the diagrams &, and %, , associated with the plus and minus
bubbles, respectively).

For any point {p,}, one source of the u=0 problem is thus the occurrence of
M, points in integration domains. When the point {p,} is above the four-particle
threshold ((p, +p, +p;)* > 16p?), the u=0 problem arises also from other possibi-
lities, which entail again that {p,} is a restricted u =0 point of B. Another diagram
9 s whose all external lines pass through the origin, but such that the internal lines
associated with the original internal lines of B do not all pass through the origin is
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for instance the diagram &, obtained as the collection of the following diagrams
Z,,,9,, associated with the plus and minus bubble respectively, after identifi-
cation of the internal lines 7,8,9 associated with the original lines of B:

Subdiagram &, Subdiagram Z,,

With this example, we end our presentation of u=0 points and we conclude
this subsection with the following result:

Lemma. If {p,} is not a second kind u=0 point of B, then ‘%B({pk})z%B({pk}).

This result is analogous to a result announced independently in [15]. We
therefore only outline the proof below. Since %B({pk})c(éB({pk}), it is sufficient to
show that conversely @B({pk})cfélg({pk}) if {p,} is not a second kind u=0 point.

We may restrict our attention to sequences of diagrams (Z,), that have a
common topological structure (i.e. are space-time representations of given graphs
Gp). In general, points {v,} that belong to % 4({p,}). but not to % 5({p,}), may be
obtained in the following situation. In the course of the limiting procedure (¢—0),
certain vertices whose incoming and outgoing four-momenta do not tend to be all
parallel may be sent to infinity, although the points (v,), that are associated with
the external trajectories tend to actual points v, (that remain at finite distances).
Hence a limiting point {v,} and a corresponding limit configuration of external
trajectories are obtained, although there is no limiting diagram &,. '

Let us now fix a scale in the limiting procedure by keeping constant the sum of
all distances between the vertices whose incoming and outgoing four-momenta do
not tend to be all parallel. In this scale, these vertices are therefore not sent to
infinity and a limiting diagram &, exists*®. If in the limit the external lines of &,
do not all pass through the origin, then the point {v,} obtained also belongs to
@ 5({p,})- On the other hand, if in the limit, all external lines pass through the
origin, then by definition [see Condition ii")] {p,} is a u=0 point of the second
kind (non-parallel vertices do not all lie at the origin). The lemma makes no claim
at these points.

4.3. U=0 Results on Usual Bubble Diagram Functions

As explained in [5, 7], the macro-causality condition (and unitarity if b is a minus
bubble) lead to the following property: the essential support of any bubble

26 The lines of (Z), that are involved at vertices whose incoming and outgoing lines tend to be all
parallel might be sent to infinity in the limit. However, by using the fact that the two lines associated in
(Zp), with any internal line of B must become close up to ¢, it can be checked that they can be replaced
in the limit by lines that remain at finite distances (even when the corresponding parallel vertices are “at
infinity™)
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function F, at any non .#, point®” {p,} is contained in the set %,({p,}) introduced
in Definition 8 (in the case when B is a single bubble b)?®,

In view of this essential support property, Theorem 5 of Subsect. 1 then leads
to the following theorem, which coincides with the structure theorem of [7].

Theorem 7. If {p,} is not a u=0 point of B in the sense of diagrams @ ( Definition
9), then the essential support of Fy at {p,} is contained in € 4({p})-

As a matter of fact, the assumption that {p,} is not a u=0 point of B excludes
in particular the occurrence of .#, points for any bubble in integration domains
[see remark in the Example b) of u=0 points in Subsect. 2]. Hence the above
mentioned essential support property of each F, covers all points encountered in
integration domains and the result follows.

Remark. Theorem 7 is not the best result that follows from Theorem 5 and from
the above mentioned essential support property of each F,. In fact, some
information on the essential support of F, at some u=0 points can be obtained?®.
However, it is not of much interest and is omitted here.

The arguments upon which macrocausality is based lead on the other hand to
admit in general certain limiting procedures in the statement of macrocausality
that might enlarge the essential support. This is discussed here in Sect. 5. The
macrocausality condition then leads in general to the following postulate if b is a
plus bubble: the essential support of F, at any point {p,} is contained in the set
%,({p,}). As previously, the same essential support property is derived for minus
bubbles from unitarity.

As a consequence of the lemma of Subsect. 2, applied in the case when B has a
single bubble b, (éb({pk}) can be replaced in the statement by %,({p,}) whenever
{p,} is not a second kind u=0 point of b. This includes the cases when {p,} is not
an ./, point, but it also includes most of the .#, points (see discussion in Subsect.
2). Theorem 5 of Subsect. 1 and the above mentioned essential support property of
each F, then yield the following extension of Theorem 7 to u=0 points of B that
are not restricted u=0 points.

Theorem 8. If {p,} is not a restricted u=0 point of B in the sense of Definition 10,
then the essential support of Fy at {p,} is contained in €5({p,})

In other words, Theorem 7 can be extended without change to all points that
are not restricted u=0 points of B, if the definition of the set € given in Subsect. 2
is adopted. Theorem 8 applies for instance to the case described in the Example b)
of u=0 points in Subsect. 2.

The proof of Theorem 8 follows in the same way as before. It is sufficient to
note that if {p,} is not a restricted u =0 point of B, then given any bubble b of Band

27 {p,} denotes here the set of the incoming and outgoing momenta of b. In the application to the
study of bubble diagram functions, it has to be replaced by {p,,p,},

28 The set &, introduced in [5, 7] is defined in terms of ordinary +«-Landau diagrams. However, the
two definitions coincide if {p,} is not an .#, point. This is because a diagram 2, whose set of external
momenta is not an .4, point cannot have vertices “at infinity”

29 The best result would be obtained by using Theorem 5 with the essential support property given at
non #, ponts, the essential support at #, points being allowed to be the whole space of the variables
{v.}. The result can be stated by introducing diagrams that differ from the diagrams 2, when .#,,
points are involved
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any point {p,}, in the allowed integration domains, {p,,p,}, cannot be a second
kind u=0 point of b. Otherwise, there would exist a &, such that all its external
lines pass through the origin (and have the four-momenta of the set {p,,p,},), while
at least one internal line would not have its specified vertices both parallel and
would not pass through the origin. But then there would also exist a & with the
analogous property, defined by choosing all other subdiagrams 2, with only one
vertex put at the origin (and no internal line).

The point {p,} would therefore be a restricted u=0 point of B, a situation for
which Theorem 8 makes no claim.

Theorem § does not cover the restricted u=0 points, such as the points
described in the example c) of u=0 points in Subsect. 2. As mentioned there, all
points {p,} are as a matter of fact restricted u=0 points of the bubble diagram

E0=0=

In order to cover these points, we shall use the following refined macro-
causality condition which, as explained in Sect. 5.3, follows from the same physical
ideas as the previous macro-causality condition.

Refined Macro-Causality Condition. Being given any plus bubble b, the essential
support of F, at any point {p,} is contained in the set %” ({p.})- Moreover, F,
satisfies the regularlty property R of Sect. 33° when dlrectlons of %b({pk}) are
approached.

As previously the same properties are derived for minus bubbles from unitary.

Refined macro-causality (so far, together with the mathematical conjecture, or
technical condition, needed in Sect. 3 in the case of a product of more than two
bounded operators) then leads, in view of Theorem 6, to the following general
structure theorem.

U =0 Structure Theorem. The essential support of F; at any point {p,} is contained
in % 4({pe}):

The proof of the theorem follows from a straightforward application of
Theorem 6. As a matter of fact, Theorem 6 provides a slightly more refined result:
namely, the essential support of Fy at {p,} is composed at most of the points {v,}
such that the trajectories (p,,v,} can be obtained as limits when ¢—0 of the
external trajectories of diagrams (&%), ; (6), is here a collection of diagrams &, that
fit together up to ¢ [in the sense of Egs. (36) and (37)]. For each bubble b, &, is here,
in view of the essential support property of F,, a configuration of incoming and
outgoing trajectories that can be obtained as limits, when ¢'—0, of the incoming
and outgoing trajectories of a sequence of diagrams (2,),..

If one does not encounter, in integration domains, points {p,,p,}, that are
second kind u=0 points of some bubble b, &, is simply, in view of the lemma of
Subsect 2, the configuration of external trajectories of a diagram 2, and the set

% 5({p,}) can correspondingly be replaced in the theorem by a somewhat more
simple set. To our present knowledge, this should be a very general situation. On

30 We recall that the analogues of the variable x, y of Sect. 3 are here the sets of components of the
incoming and outgoing momenta, and that the analogues of the variables u, v are correspondingly the
sets of components of the space three-vectors v, associated with the incoming and outgoing lines of b
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the other hand, if moreover {p,} is not a second kind u=0 point of B, the set
¢ 5({p,}) can be replaced in the theorem by the set €5({p,}), again by virtue of the
lemma of Subsect. 2. However, second kind u=0 points of B are not always
exceptional and this result is thus not sufficient to eliminate limiting procedures in
general. It is our present belief that the set %, can be replaced by %, ie. that
limiting procedures do not enlarge the essential support, in more general
situations, but we have so far no general result of this type.

The connection between the essential support of F and the essential support
of the distribution f; of Eq. (15) has already been outlined at the end of Subsect. 1.

5. Macro-Causality and Refined Macro-Causality :
Physical Discussion

The purpose of this section is to describe the physical ideas upon which
macrocausality is based, in order to explain how they lead in the same time to the
refined macrocausality condition stated in Sect. 4.3. These ideas are those already
essentially contained in [6]. A somewhat more detailed discussion will however be
needed. We shall omit from it all technical aspects which can be directly derived
from [5] or [6].

Macro-causality is an expression of a certain classical limit of quantum theory
in terms of particles, and more precisely of the idea that all transfers of energy-
momentum over large distances that cannot be attributed to stable real particles in
accordance with classical ideas, give effects that are damped exponentially with
distance®?.

This idea is expressed in the form of exponential fall-off properties of transition
probabilities. To that purpose, it is useful to consider a special class of initial and
final displaced wave functions. These wave functions correspond to particles that
have sharp localization properties both in momentum space and space-time and
behave in fact like classical particles, in a certain asymptotic limit, up to
exponential fall-off properties. They are introduced in Subsect. 1, where the main
results needed later on their localization properties will be described.

A certain semi-classical model is then introduced in Subsect. 2, where we
explain how it leads to the macro-causality condition of [5, 6], and to its extension
at ., points. Finally, the way it leads at the same time to the refined macro-
causality condition is described and explained on simple examples in Subsect. 3.

Before giving details, we emphasize that there is no attempt to “prove”
macrocausality or refined macro-causality, or even to determine precise rates of
exponential fall-off. The aim is only to determine the type of exponential fall-off
properties that can be reasonably expected. The semi-classical model of Subsect. 2
is not the only one that might be considered. However, it seems to us so far the
most satisfactory from a physical viewpoint and is supported by the mathematical
methods of the present work, applied for instance to the study of Feynman or
phase-space integrals. An alternative model, which can be elaborated on the basis
of the results of [15,17] on Feynman and phase-space integrals, is proposed in
[15]. It will be briefly presented and discussed at the end of Subsect. 3.

31 We recall that we consider only systems of massive particles with short-range interactions
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5.1. Localization Properties of Free Particles

We consider initial and final displaced wave functions of the form:
}rcu;;(p;() — Xk(P;()e ~ 7T@(pic; Pid) p ~ LDk Tk , (42)

where p, is a given on-mass-shell four-momentum, y, is locally analytic in the
neighbourhood of p,, @ is for instance, of the form @(p,;p,)=(p,—pJ)> 7 is a
positive constant (y =0), 7 is a space-time dilation parameter and u, is a space-time
translation four-vector which will be taken in the following of the form (0,u,), i.e.
(u,)o=0. The index k labels as previously the initial and final particles.

In a space-time coordinate system scaled to 7 (i.e. in X-space, where x = %7), the
free particle whose wave function is given by (42) behaves like a classical particle
with on-mass-shell four-momentum p, and with a well defined space-time
trajectory that is parallel to p, and passes through the point u,, up to exponential
fall-off properties in the t—oo limit. More precisely, the following results are
obtained (for simplicity, we leave below the index k implicit):

i) The probability density in momentum space, which is equal to |¢=(p')|* up
to normalization factors, decreases like e when p’ is different from p; «>0
increases with the distance to p.

This probability density vanishes, as ¢ itself, if p’ is not on-mass-shell.

i) The fall-off properties of the probability densities in macroscopic space-
time®? are extrapolated by assumption from those of space-time wave functions.
These functions fall-off exponentially like e ™** for all sufficiently small values of y,
away from the trajectory defined by (p,u) in the space-time coordinate system
scaled to 7.

The value of « is constant (and strictly positive) on any given line issued from
the point u and not paralle] to p. It is an increasing function of the angle of this line
with the trajectory (p,u) (and it tends to zero when this angle tends to zero). The
maximal value y, of y for which the fall-off factor e~ *'* is obtained on a given line
issued from u, is proportional to the distance to u. The proportionality coefficient
is again an increasing function of the angle of this line with the trajectory (p, u) and
is strictly positive when this angle is non-zero.

iii) More generally, the fall-off properties of joint probability densities with
respect to both momentum-space and space-time variables®? are extrapolated by
assumption from those of joint density functions [23].

Being given an (on-mass-shell) four-momentum p’, these functions remain
constant when the point x in space-time varies along any given line parallel to p'.
In other words, they are functions of space-time trajectories.

32 In the relativistic quantum case, space-time probability densities make sense only at the
macroscopic level. This level is obtained in the t— co limit: any arbitrarily small region in the space-
time coordinate system scaled to t becomes macroscopic in actual space-time in this limit. For a more
detailed analysis, see [5,6]

33 Joint probability densities make sense only, in the relativistic quantum case, at the macroscopic
space-time level and over regions large compared to #°. These conditions are again satisfied for large 7:
in particular, any arbitrarily small region centered around a given momentum and a given point in
space, at time zero, in the space-time coordinate system scaled to 7, becomes large compared to #3 in
the 7— oo limit
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For a trajectory that is parallel to an (on-mass-shell) four-momentum p’ and
passes through a point u'=(0,u’) in the space-time coordinate scaled to 7, the
exponential fall-off factor obtained when p’ = p or w’ +uis approximately a product
of two terms. A factor e™*" is obtained in a way similar to that of Paragraph i) if p’
is different from p. A further factor e™*7* is obtained for sufficiently small values of
y if w'=£u. Here o'>0 is a given constant and the maximal value y, of y is
proportional to the distance of u to wu, with a certain strictly positive pro-
portionality coefficient.

Remark. The properties mentioned in Paragraphs i)-iii) can be likewise extended
to integrals of the previous functions over appropriate regions (see [5]).

5.2. Semi-Classical Model and Macro-Causality Condition

Being given a set of initial and final displaced wave functions of the form (42), the
transition probability of the process is not expected to fall-off exponentially with t
if there exists a diagram &, (see Sect. 4.2, Definition 6) whose external trajectories
are the trajectories (p,,u,) in the space-time coordinate system scaled to 7: energy-
momentum can then be transferred from the initial to the final particles, via stable
physical particles, in accordance with classical ideas. (The bubble b is always here a
plus bubble.)

Macro-causality gives information when such a diagram does not exist. Before
going on, we recall on the other hand that, for reasons explained elsewhere [24],
the connected diagrams are the only ones relevant in the study of the exponential
fall-off properties of the connected amplitudes.

It is assumed that the type of exponential fall-off properties obtained is that
suggested by semi-classical arguments. More precisely, we shall consider, in the
space-time coordinate system scaled to 7, diagrams of the form (2,), (see
Definition 6 in Sect. 4.2) whose external trajectories need not coincide with the
trajectories (p,, u,). We shall below denote by p; the on-mass-shell four-momentum
of line k in such a diagram and by u; =(0,u;) the point that lies on this line at time
Zero.

The diagrams (2,), are similar to the diagrams %, except that there are on the
one hand possible violations of the locality conditions at each vertex (or of
angular-momentum conservation if the vertex is at infinity) and that there are on
the other hand possibly two different lines in (2,), for each internal line of G,. The
introduction in the model of this latter possibility is due to the fact that, just as the
external particles, an internal particle cannot in the quantum case be strictly
localized, even asymptotically, along a given classical trajectory. The con-
sideration of all possible trajectories for an internal particle must be replaced in the
quantum case by the consideration of all possible gaussian-type wave functions of
a form similar to (42) (see below) with mean trajectories (K, w) corresponding to all
possible classical trajectories. This interpretation is linked with the fact®* that a
sum over all possible intermediate states of a particle is an integral, over all
possible classical trajectories, of projectors on corresponding gaussian-type wave
functions:

j‘ dew|¢K,w><¢K,w] = 1 s

34 Note that this fact is essentially that used in the derivation of Eq. (23) in Sect. 3
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where

Pk wk)=(270)**(2c0(k)) e ™ok~ Ky2p—ikw
ok)=K>+m?)?,  p,=yr.

With any diagram (2,), is then associated an exponential fall-off which is the
product of the following factors:

i) If the incoming and outgoing trajectories at a given vertex do not pass
through this vertex, a factor of the form e~ #%, >0, is obtained. The value of f is
assumed to be proportional to the violation of locality, which is characterized (in
the space-time coordinate system scaled to t) by the sum of the distances of this
vertex to the incoming and outgoing trajectories at that vertex.

The proportionality coefficient depends physically on the various mechanisms
that may give rise to the non-locality effect (unstable particles, etc....). It will be
assumed that it has a fixed, strictly positive, lower bound.

In the case of a vertex at infinity, it will be similarly assumed that f is
proportional to the violation of angular-momentum conservation, ie. to the
quantity | Y’ (u)(p)o— ). (;)(p;)| introduced in Definition 6.
iet, ety

ii) If the trajectory of an external line k is different from (p,, u,), an exponential
fall-off factor arises in the way described in Subsect. 1.

If p;, % p,, it can be chosen to be that associated with the fall-off of momentum-
space probabilities. If the approximate interaction region that involves line k as an
incoming, or outgoing, line does not intersect the trajectory (p,,u,), it can be
chosen to be that associated with the fall-off of space-time probabilities in that
region (in the 7— oo limit). More generally, it is the factor associated with the fall-
off properties of the density functions away from the trajectory (p,, u,).

iii) If the trajectories of the two internal lines associated in (2,), with a
common internal line of G, do not coincide, a similar exponential fall-off factor is
considered, in accordance with the previous analysis, the pairs of points p,, v, and
Pi» v, in the case of an external line being here replaced by the pairs of points (p,),,
(v), and (p,),, (v,), corresponding to these two lines.

The rate of exponential fall-off of the connected amplitude between initial and
final wave functions of the form (42) is then determined, in the model, as the
minimal one obtained by considering all possible diagrams.

We first note that, if there exists a sequence of diagrams (Z,), whose external
trajectories coincide, in the ¢—0 limit, with the trajectories (p,,u,), the rates of
exponential fall-off that arise from the above analysis are arbitrarily small, if ¢ is
chosen sufficiently small. Hence exponential fall-off cannot be expected in these
situations. According to Definition 8 of Sect. 4.2, they correspond to the cases
when {u,} e, ({p,}). .

If on the other hand {u,}¢%,({p,}), then an exponential fall-off factor e *" is
obtained (see below) for some o>0 and for sufficiently small values of
YO =y =74, 70> 0). It is directly at the origin of the essential support property of F,
stated in Sect. 4.3, in view of the definition of the essential support (see details in
(5D

The above result can be obtained for instance as follows. When {uk}é‘gb{pk}),

thava aviata e Aafinitinn o NN cvinh that 10 ans diaavam (2 ) aithase Ana ~Af tha
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violations of the locality conditions at each vertex (or of angular-momentum
conservation) is larger then ¢,, or one of the quantities [p, —p,l, lu, —u,| or |(p,),
— ()l 1(v), —(v),| is larger than ¢,. In the second case, an exponential fall-off
factor e”*"* is obtained for sufficiently small values of y: see Paragraphs ii) and iii)
of the present subsection. Moreover, it is easily seen, in view of the discussion of
Subsect. 1, that o>0 and the maximal value y;, >0 of y are independent of the
diagram considered. In the first case, an exponential fall-off factor of the form e =77,
p>0, is obtained [see Paragraph i) of the present subsection], and f is again
independent of the diagram considered (it depends only on ¢,). This fall-off factor
implies a fall-off factor of the form e™*" for all y satisfying 0=y <y =f/o.

The minimal fall-off factor obtained for any diagram (2,), is therefore e™*'*
when 0=y =<y,=Min(y;, y;) and the announced result is proved. Q.E.D.

Remark. 1f the S matrix is replaced by the Feynman or phase-space integral
associated with a given graph G,, the type of exponential fall-off properties of the
corresponding amplitudes can probably be determined similarly, but without any
need of introducing violations of the locality conditions (or of angular-momentum
conservation) at each vertex. The latter are introduced for the actual physical
transition amplitudes. They correspond to complex singularities of the S matrix
different from those associated with Feynman or phase-space integrals (poles
corresponding to unstable particles, ...). In the case of phase-space integrals, the
time ordering conditions of the diagrams (2,), should on the other hand be
removed.

5.3. Refined Macro-Causality

A detailed analysis of the way the fall-off factor e ** is obtained when
{u}¢% L({P,}) in Subsect. 2 shows that o depends only on the distance of {p,} to the
nearest point {p;} such that {uk}e% ({py}), while y, depends on the distance of
{p,, u,} to the nearest point {py;,u;} such that {u}e%,({p;})

If we consider an open cone % (with apex at the origin) of points {u,} that all lie
outside ‘gb({pk}) at all points {p;} of a neighbourhood .4#" of a point {p,}, then there
is more precisely a common o >0 for all points of any given neighbourhood A4 of
{p,} whose closure is contained in /" and all points {u,} in ¥. The maximal value
of y may depend on the point {u,} but is at least equal to y,|{u,}; 0%| or
Yol{ug x ({u} ; 0%), where y, >0 is a constant independent of {u,}, [{u,}; 0%/ is the
distance of {u,} to 0%, and ({u,};0%) is the angle of the direction of {u,} with 0%.

To obtain these results, one may here divide, for each point {u,} in %, the
diagrams (2,), into two sub-classes that include respectively the diagrams such
that the sum of the quantities associated with the violations of locality and
angular-momentum conservation is less than, or larger than, a given percentage (to
be determined) of |{u, } ; 0%|. These two classes are then treated as in the argument
given at the end of Subsect. 2. To complete the proof, one must show here that in any
diagram of the first class at least one of the quantities |p;, — pyl, V{p;} € 4", or [u, —u,],
or |(p); — (P, or I(v); —(v),| is larger than a certain percentage of |{u,};d%|.

The way these results arise is easily seen on the two simple examples described
below. The connection between these informations and the behaviour of the
maximal value of y in the regularity property R of Sect. 3 is established by noting



u=0 Structure Theorem 87

that the analogues of the variables v, and (u,v) of Sect. 3 are in the physical
application the variables yt and {wu,} respectively: see the expression of the
connected amplitude between initial and final displaced wave functions of the form
42).
The examples that we shall consider occur in the study of the bubble
, in a theory with only one mass, when one wishes to determine the
essential support of the bubble diagram function E(DE@E according to the
method of Sect. 3.2. We recall that all points are u=0 points for this bubble
diagram function (see Sect. 4.2).

We shall denote, as in Subsect. 2, by 1,2,3 and 4,5,6 the initial and final particles
of the bubble =*== and by p,.....ps, and u,. ...,u, corresponding momenta
and space displacements. In the two cases that we shall consider, p,, ..., pg vary in
(sufficiently small) neighbourhoods of points Py, ..., P¢ such that P, P, i,j =123
and P,=P, and u,,...,u, vary in (sufficiently small) neighbourhoods of given
points U, ..., U,. On the other hand, uy and u, are chosen sufficiently large and
may tend to infinity. The analysis extends easily to the cone % of lines issued from
the origin and passing through these points {u,}.

First Case. We first consider the case when the initial trajectories defined by the
points (P,,U,), k=1,2,3 do not meet.

Then, the trajectories defined by the points p,, u,, k=1, ...,4 still do not meet
when p, and u, lie in sufficiently small neighbourhoods of P, and U, respectively.
Because of this fact, it is easily seen that, independently of the (sufficiently large)
values of us and wg, {u}, - 6¢(éb({pk}). Moreover, a common fall-off factor
e” ", >0, is obtained for 0<y_,0, 70>0, where o and y, are given constants
mdependent of ug, u,, as a consequence of the informations of Subsect. 1 and 2
applied to the trajectories 1,2,3,4.

This conclusion holds in particular if the region over which ug and ug vary
includes sets of points of the form uy =oU,, ug=9U,, where U, and U, are given
points such that U,=—U, and g is sufficiently large. In this case, the direction
determined by the point {uk} k=1, tends, when g— o0, to the direction determined
by the point (0,0,0,0,U5,Uy) which does belong to f/ {P.}):

In the application to the study of the essential support of ¥, the points
P W, k=456 are sets of possible mementa and space displacements of the
intermediate particles, over which there is integration. The refined macro-causality
condition in this case is relevant to solve the u=0 problem when the initial
momenta and displacements are P,, U,, k=1,2,3 independently of the given
momenta and space displacements of the final particles; as we have seen, a
uniform exponential fall-off factor e™**, 0 <y =<y,, can in fact be extracted, for all
sufficiently large values of us and ug, from the generalized Fourier transform F’
associated with the bubble

Second Case. We next consider the case when the trajectories (P,, U,), k=1, ...,4
meet at the origin (U, =0,k=1,...,4) and when us, ug vary in a region such that
Jus +ugl =0, where 6 is a strictly positive given number; juy +u| is allowed to be
arbitrarily close to 6 even when ug and u, tend to infinity.

The condition |us+ug/=d>0 does not allow angular-momentum conser-
vation to be satisfied and hence it is again easily seen that {u},_, -¢%,({p.}):

.....
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although the direction determined by the point {u,} tends to a direction of
%,({P,}) when ug and ug tend to infinity in a way such that |u; +u,| remains close
to 6. This direction is again that determined by the point (0,0,0,0,U,, U, = —U,) if
for instance us=9Us, ug= —oU; +38, |8| =0, g— 0c0. Moreover, a common expo-
nential fall-off factor e™*, u>0, is again obtained for 0=y =<7,, y,>0, where «
and y, are constants independent of u; and u,. To see this, one applies again the
rules given in Subsect. 2.

In the application to the study of the essential support of XHH =, the
refined macro-causality condition in this second case is relevant in the solution of
the u=0 problem when the initial trajectories meet at the origin, the final
trajectories meet at a point ¥, and when there exist moreover intermediate on-
mass-shell four-momenta P,, P, P such that P,=P.and VV'=1P,, A>0: see Fig.
1. (Other cases are treated more easily.)

In fact, let & be the point in space that lies at time zero on the line passing
through Vand parallel to P; =P, and let us consider points u,, ug, u, such that u,
is close to zero and ug+ug is close to 28. We note that §+0 in view of the
assumption P;# P, i,j=1,2,3 (it implies that P, +Py).

SPACE

Fig. 1

Then the configuration of incoming and outgoing trajectories 4,5,6 and 1,2',3’
(where 1',2',3" label here the final particles) may correspond to a point in the
essential support of the bubble =(=)==, and hence no exponential fall-off factor
can be extracted from the generalized Fourier transform F” associated with it. But
in these situations a common exponential fall-off factor e™*%, 0<y<y,, can be
extracted as we have seen from the generalized Fourier transform F’ associated
with the bubble

We have in this subsection considered examples in which the point (P, ..., P)
was an .#, point. On the other hand, one may consider other situations in which
{P,} is not an .#,, point and is, for instance, a simple point of a +a-Landau surface
Ly (G). In this case the scattering function of the process is known from macro-
causality to be locally the plus ie boundary value of an analytic function.

In such a case, refined macro-causality still gives informations and follows
from the same physical ideas. Let G, be for instance the graph

4
2>€<5
3 6
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and let us start from a corresponding diagram 2, of the form shown in Fig. 2a, in
which the trajectories 1,2,4 and 3,5,6 meet respectively at the origin and at a point
V,with V=1K, 1>0, K=P, + P,— P,. A typical situation in which refined macro-
causality gives information is obtained by displacing the trajectories 1,2,4 in a way
such that they do not meet (Fig. 2b) and by letting A tend to infinity.

The situation is then analogous to that of the first example described above. In
fact, let U,, U,, U, be the given space displacements of the trajectories 1,2,4. If u,,
u,, u, lie in sufficiently small neighbourhood of U,, U,, U,, and if p,, ..., ps lie in
sufficiently small neighbourhoods of P,,...,Py, then {u},_ (#6,({p,}) even
though 1— oo, but the direction of {u,} tends in this limit to the causal direction in
% »({P,}) determined by the configuration of external trajectories of the diagram &,
of Fig. 2a.

SPA(iE SPACE

Fig. 2

The refined macrocausality condition then follows again physically from the
fact that the displaced trajectories 1, 2, 4 do not meet.

Although this is not yet fully established, there is probably a link between the
refined macrocausality condition in such situations and the “no sprout” property
which is introduced in [8] and is a slight refinement of the plus i¢ rule : see Remark
i) at the end of Sect. 1.

We conclude this section by a brief presentation and discussion of the
alternative semi-classical model proposed in [15]. In contrast to the model
presented in Subsect. 2, each internal line of a graph G, is always represented in
this model by a unique internal line in the corresponding space-time diagrams, and
vertices at infinity are not a priori introduced. On the other hand, besides the
violations of locality at each vertex, violations of the mass-shell conditions for the
internal and external lines are introduced. The set € ({p,}) obtained by consider-
ing sequences of modified diagrams of this type is not a priori identical to the set
(%b({pk}) defined in Sect. 4.2. On the other hand, it is contained in the set €,({p,}), if
{p,} is not a second kind u=0 point>>.

Most of the configurations of external trajectories of diagrams %,, including
possibly vertices at infinity, can be obtained as limits of configurations of external

35 We recall that the sets @b({pk}) and %,({p,}) of Sect. 4.2 coincide if {p,} is not a second kind u=0
point, and that second kind u=0 points of b are exceptional
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trajectories of the above modified diagrams, as easily seen on simple examples>®,
the angular-momentum conservation law being then derived as a consequence of
the properties of the model (see [15].

In connection with the present work, the refined macrocausality condition,
in particular at .#, points, can still be derived in such a model, if the rates of
exponential fall-off associated with a mass-shell violation are assumed to be
proportional to (p} —m?)d, or (p} —m})d,, where p,, resp. p,, is the (off-shell) four-
momentum of the external line k, or of the internal line [, and d,, resp. d,, is the
distance of the vertex where line k is incoming or outgoing to the region of
intersection of this line with some fixed temporal region (for instance the time zero
hyperplane), resp. is the distance between the vertices where line I is respectively
outgoing and incoming. These conditions are suggested by the results of [15,17]
on Feynman and phase-space integrals.

While this model presents certain interesting features, one has, however, to
consider, in accordance with the discussion of [17], complex (and not only real)
values of the four-momenta in the course of the limiting procedures as also
possibly complex values of the Landau parameters o,

Remark. In some situations, the set (gb({pk}) obtained seems to be strictly contained
in the set €,({p,}) [25]. Points of €,({p,}) that do not belong to (gb({p}) would
therefore be outside the essential support of F, at {p,}. This is not impossible, but
would be surprizing.
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Appendix 1. Comparison Between Different Definitions
of Bubble Diagram Functions

In this appendix, we check that the definition of bubble diagram functions given in
[7] in the framework of distribution theory away from u =0 points, coincides with
that given here in Sects. 2 and 3 when the bubbles are kernels of bounded
operators.

We first consider a product A=A4"A" of two linear bounded operators that
satisfy the properties stated at the beginning of Sect. 3.1. The distribution a
associated with A is then well defined by its action on Schwartz test functions of a
product form according to Eq. (16). We then wish to show that a(y) is equivalently
defined by the procedures of Sect. 2b of [7] on products and integrals of
distributions.

It is sufficient to consider functions ¢ and y with sufficiently small supports.
(Otherwise partitions of unity can be used.) On the other hand, by virtue of the
assumption on the support of A'|¢>, the distribution a’ vanishes outside a certain
compact set K in the space of the variables ¢, when x lies in the support of ¢. Let h

36 Some vertices of these modified diagrams tend to infinity in the limit, all four-momenta involved at
these vertices tending to be colinear. (These four-momenta are possibly off-shell, but tend to on-shell
values)
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be an infinitely differentiable function of ¢, with compact support, equal to one in
K, and let h(t)= ) h(t) be a decomposition of 4 into a (finite) sum of infinitely

differentiable functions h; with sufficiently small supports. Then, according to the
procedures described in [7], a(y) is defined, under certain conditions on the
essential supports of a” and a' *’, by

a(y)= Zjaxl (+u,v+0,w+w)d,, (u,v,w)
- P p(v)h iw)dududwdu dv'dw’, (43)

where &, and &}, are, respectively, the Fourier transforms of a'(x,t)y, (x,t,y)
and a’(t, y))(2 Ax,t y) in relation to the variables x,y,t, and y, ;, x, ; are 1nf1mtely
differentiable functions with sufficiently small support, equal to one when
O(x)p(y)h(t)=0. Finally, ¢, P, h; are the respective Fourier transforms of ¢, , h
(The dual variables of the variables x,y,t are denoted, respectively, by u,v,w.)
The definition (43) does not depend on the choice of y, ; and y, ; with the
above properties (see [4,7]). By choosing functions , ; and y, ; of a product form:

21,66 9) = 7D i 0x )
Lo, 1066, 9) = 1O A0 )

it is easily seen that Eq. (43) can alternatively be written in the form

a(y) = Y[y (s + W) (W, )R w)dwdw', (44)

where a@,@(¢,w) and a m(w ) are the Fourier transforms in relation to ¢ of
a'(e, t)xlﬁl(t) and a’(t, w)x2 l(t) respectively ; @'(¢,t) and a"(t, 1/)) are the distributions
in the variable ¢ obtained by taking the partial action of a’ on ¢, and of a” on v,
respectively.

Since a’ and a” are the respective kernels of A" and A", d'(¢,t) and a"(t,y) are
square integrable functions of t. For instance

a(d,0)=(A"l¢>)r) (45)

since its action on any Schwartz test function r of ¢ is <F|A|¢) = [(A'|p>)()r(1)dt.
Hence, it follows from Eq. (44) and standard results on Fourier transforms of
products of square integrable functions that

a(y)= 2. [d(, na"(t, p)h ()t
= fa'($,0)a"(t, p)dt (46)
a result which clearly coincides [see Eq. (45)] with Eq. (16). Q.E.D.

37 These conditions ensure absolute convergence properties of the integrals of Eq. (43) (as ordinary
integrals of functions) for general distributions @', a”. We shall see below that the Definition (43)
coincides with (16) and hence defines a(y) independently of these conditions, when @’ and a” are kernels
of bounded operators
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In order to extend this result to general bubble diagram functions, we first
indicate the following results which can be checked in the framework of Sect. 2b of
[7] (and are as a matter of fact, partly needed to complete the proofs given there):

i) The product of r distributions (r>2) is well defined under the conditions
stated in Theorem 4’ of [7]. While this is directly seen by induction from the
previous result of Theorem 4 on the product of two distributions, it can moreover
be checked?® that the definition is independent of the order in which the product is
made, and that one can equivalently first make partial products, in any order, of
subgroups of distributions.

ii) The following property holds on integrals of distributions that satisfy
adequate support properties:

JLAGLE 0 f5(6 p)dede = [ ] £, (x,t',0de T f(t, y)dt.
We then first consider a product of two operators
A’={®S§,,;f3,j{ and A" =[®S(‘ e
K K

mg,ng

]1’[1,1(1)] }9{[1(1).1]

The product of the distributions associated with the operators S!, ' involved in 4’
(or A") is clearly the distribution @' associated with 4’39 (or the distribution a”
associated with 4”). Hence, the previous analysis can be directly applied, as a
consequence of Remark 1) above.

In the case of a product of more than two operators (A=A4,... 4, 4,), the result
follows by induction on ¢, and by applying on the one hand Remark i) and on the
other ~ hand  Remark i) with  fi(x,t,t)=a,[x,t;)]...a, [t -2pt]

tl:Et(l)""’t(q*Z)]v fz(t’Y):aq(t7Y)-

Appendix 2. Essential Support Theory
and Bounded Operators

In this appendix, we present some simple results, established in the framework of
essential support theory on kernels of bounded operators. Lemmas 2 and 3 are
directly used in Sect. 3.1. Lemma 1 is an intermediate step in the proof of Lemma 2.
It may have other applications and is therefore presented separately.

The mathematical conjecture used in the proof of Theorem 4 in Sect. 3.2 is
described at the end. It is based on the one hand on Lemma 3, and on the other
hand on Lemma 4, which is an improved version of Lemma 2.

The notations are the same as in Sect. 3.

Lemma 1. Let f be a square integrable function of areal variable x=(x,...,x,) and
let F be its generalized Fourier transform:

Fv;v9:X)= [ f(x)e™ > rolr=02gx

38 To see this, one may for instance define the product by multiple convolutions that generalize Eq.
(5) of [7] when r>2

39 This is a straightforward consequence of the fact that these distributions do not depend on the
same variables [see Eq. (13): for each K, p,, and g,, are different sets of on-mass-shell four-momenta]
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If V=(,,...,V,)e ESx(f), then there exists an open cone ¥~ with its apex at the
origin in R(U) containing V, 0>0, y,>0, such that :
[F(v;00,X)| <d(v,v4)e™ 0 47)

in the region ve¥", 0=vy,<y,lvl, where d is, for any v, =0, a square integrable
function of v whose norm [[d*(v,v,)dv]*'? is bounded by a constant independent of
Vg-

Proof. By definition of the essential support, the condition V¢ES,(f) implies
bounds of the form (47), where d is replaced by a polynomial 2 of v, v, (times an
inverse power of v,). However, it is also known [4] that the generalized Fourier
transform F, of yf at X, where y is a C* function with a sufficiently small compact
support, equal for instance to one in a neighbourhood of X, satisfies analogous
bounds in which d is replaced by a rapid fall-off factor Cy/(1 +[o])Y, VN =0, where
Cy is independent of v,.

On the other hand, the generalized Fourier transform F, _,, of (1—y)f is
trivially bounded in the whole region v, =0 by

F (0,003 X)| <e™ 210 [ F(x)(1 = )(x)
_e—iv‘xe—vo[(x—X)2+&(X,1-1)]dx|’ (48)

where (X, 1 — x) >0 is the distance of X to the support of 1 — . The integral on the
right-hand side of Eq. (48) is the Fourier transform with respect to x of a function
that is square integrable for any given v, =0 and whose norm is bounded by a
constant independent of v,,.

Since F=F,+F,_,, Lemma 1 is therefore proved. Q.E.D.

Lemma 2. Let a(x,y) [x=(x,,...,X,), y=y,...,y,)] be the kernel of a linear
bounded operator A and let F be its generalized Fourier transform:

F(u,0;00,X,Y) = [alx, y)e ™ 17wy vole= X2+ 002 5 iy, (49)

If (U, V)¢ ESy y(a), then there exists an open cone ¥ with its apex at the origin in
tw X RE,, containing (U, V), a neighbourhood A" of X,Y in Ry x R{;, «>0, y,>0
such that :

[F(u,v;00, X", Y| <d(u,v,05,X",Y)e ™" (50)

in the region (X/,'Y’)ef/V(X, Y), (u,0)e ¥ (U, V), 0<v, <y u*+v¥)?; d is, for any
given u, vy, X', Y' a square integrable function of v whose norm is bounded by Cvg 4/?
where C and q are constants independent of u, vy, X', Y':

[fd*(u,v,v0, X", Y)dv]'? < Cvg 9%, (51)

If a is replaced by a(x,y)g(x), where g is a C® function of x with compact
support, equal to one in some neighbourhood of X, then the same result holds with
moreover q=0 in the bounds (51).

Proof. If y and y' are C* functions of x and y, respectively, with sufficiently small
supports, equal to one in respective neighbourhoods of X, Y, then it is known (as in
the proof of Lemma 1 above) that the generalized Fourier transform at X, Y of
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a(x, y)y(x)y'(y) satisfies bounds of the form (50), in which d is as a matter of fact
replaced by a rapid fall-off factor Cy/(1+|u|+[v))¥ (Cy is independent of u,v,v).
The fact that one can also obtain uniform bounds of the same type for all X",
Y’ in a sufficiently small neighbourhood of X, Y is analogous to Remark 2 of [7]
(p.41) and is proved by methods similar to those of [4].
Finally, the treatment of the generalized Fourier transforms of

a(x, Y)y(x) x (L=7)y),  alx, y) x (1= 3)(x) % ¢'(v),
a(x, y) x (1= )(x) x (1= )y),

presents no difficulty and is analogous to that given at the end of the proof of
Lemma 1. It is sufficient to notice that the integral

falx, ye™ o=y (xydx,
or

j’a(x’ y)e-ittx—t:o(x—X)2+t'0(5(X, 1= % (1 . )()(x)dx ,

is a square integrable function of y whose norm is bounded by
AL x fle™ ™= x(x)] or

A ¢ fle™ om0 oML s (1))

The same analysis provides the announced results when a is replaced by
a(x,y)g(x). Q.E.D.

The following trivial lemma is presented for completeness, in view of the
applications to Sect. 3. The proof follows from an argument analogous to that
given at the end of the proof of Lemma 2.

Lemma 3. Let a and g be defined as in Lemma 2. Then there exists a function d of
v, U, v, which is square integrable with respect to v and whose norm satisfies the
properties described in Lemma 2, such that :

]F(uy U, anX/a Y’)l <d(u7 Ua U()aX/, Y/) (52)

in the region v, =0, and at all points X', Y', u, v.
Results analogous to Lemmas 2 and 3 clearly holds also when the roles of u
and v are exchanged.

The following improved version of Lemma 2 holds and can be proved by the
same methods:

Lemma 4. Let a and g be defined as in Lemma 2, let F be the generalized Fourier
transform of a(x,y)g(x), and let us assume it satisfies the bounds :

[Fu,0;00,X", Y| <P(u,v,05)e”*°, a>0 (53)
in the region u,ve%, (X', Y)e V'(X,Y), 0<0y <70, 0)(u? +0?)*'? where «>0 is a

given constant, A" is a neighbourhood of a point (X,Y), € is an open cone with apex
at the origin in Ry x R, and vy, is continuous function of the direction ,v which has
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a strictly positive lower bound over any closed subset of directions contained in €*°.
Finally, 2 is a given polynomial of the variables u,v,v,,.

Then, being given any open cone €' with apex at the origin whose closure is
contained in € (apart from the origin), any o' <a, any neighbourhood A" of (X,Y)
whose closure is contained in A", and any continuous function Yy, such that
Min, ¢ [70(i,0) — 76, 0)]1>0, there exists a function d of u, v, vy, X', Y', which is
square integrable with respect to v and whose norm is independent of u, vy, X', Y,
such that

|F(us v 9 UO7X/7 Y/)l < d(l/l, U, UOvXI: Y')e*a/vo (54)
in the region (X', Y')e /", (u,0)e %", 0 <vy <y, 0)(u? + %) 12,
We next state:

Conjecture. Let the assumptions of Lemma 4 be satisfied. Then being given any
o <o, any A" whose closure is contained in A" and any continuous function y, of U,
such y,—vo has a strictly positive lower bound over any closed subset of directions
contained in €, there exists a function d with the same properties as in Lemma 4, such
that the bounds (54) are satisfied in the region X',Y)e V", (u,v)e¥, 0=v,
<yl D)2+ v?) .

Compared to Lemma 4, this conjecture asserts that the function d of Lemma 4
can be chosen independent of %’, ie. uniform when one comes close to the
boundary 0% of 4. The methods used so far in the proof of Lemma 4 are not
sufficient to ensure this uniformity property. It is, however, suggested by Lemma 4
on the one hand, and by the fact that F always satisfies on the other hand the

’

uniform bounds of Lemma 3, at all points u,0,0,=20,X",Y".
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