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We develop a coordinate version of light-cone-ordered perturbation theory, for general time-
ordered products of fields, by carrying out integrals over one light-cone coordinate for each in-
teraction vertex. The resulting expressions depend on the lengths of paths, measured in the same
light-cone coordinate. Each path is associated with a denominator equal to a “light-cone deficit”,
analogous to the “energy deficits” of momentum-space time- or light-cone-ordered perturbation the-
ory. In effect, the role played by intermediate states in momentum space is played by paths between
external fields in coordinate space. We derive a class of identities satisfied by coordinate diagrams,
from which their imaginary parts can be derived. Using scalar QED as an example, we show how
the eikonal approximation arises naturally when the external points in a Green function approach
the light cone, and we give applications to products of Wilson lines. Although much of our discus-
sion is directed at massless fields in four dimensions, we extend the formalism to massive fields and
dimensional regularization.

I. INTRODUCTION

Perturbative coordinate-space integrals arise naturally in the evaluation of the expectation values of Wilson lines
and loops, which order fields in position space [1, 2]. The analytic structure of these expectations has been discussed
recently in Refs. [3, 4], which trace the origin in coordinate space of their imaginary parts. In general, of course,
the singularities of Green functions are of interest, and in [5, 6] we analyzed position-space singularities in Green
functions with massless lines at configurations related to physical scattering processes, finding a close correspondence
to momentum-space results in terms of Landau equations [7] and their corresponding physical interpretations [8, 9].

Here we continue these investigations by developing a coordinate version of light-cone-ordered perturbation theory
(LCOPT), long familiar from its use in momentum space. Our aim is to provide another tool to illustrate all-orders
properties of the generic weak-coupling expansion of Green functions in coordinate space. Historically, coordinate-
space formulations of operator products and Green functions led to the operator product expansion and Wilsonian
formulations of the renormalization group. While most current interest in these methods is their nonperturbative
applications, coordinate analysis at weak coupling also finds applications to theories beyond Minkowski space [10, 11].

The use of light-cone coordinates for perturbative integrals in momentum space has a long history and many
applications [12, 13]. One of these is the representation of diagrams in light-cone-ordered form after the integration
over (for example) the minus components of all loop momenta [14, 15]. In this paper, we find an analogous construction
for Green functions in coordinate space, with important similarities and interesting differences compared to the
momentum-space formalism. In particular, our results will enable us to interpret the relationship between coordinate-
space propagator poles and imaginary parts found for the expectations of Wilson lines in Refs. [3, 4]. We will find
that in coordinate amplitudes, imaginary parts are associated with particular paths through diagrams, sequences of
propagators that connect external points by a set of light-cone vectors. This is dual to the picture of momentum-
space imaginary parts, which are associated with on-shell states of particles. Most of our discussion is specific to four
dimensions with massless lines, but the generalizations to dimensional regularization and massive fields are sketched
as well.

To set the stage, we begin Sec. IT with a brief review of basic formulas for LCOPT in momentum space, and their
relation to unitarity, as a preface for the main analysis of the paper. Turning to coordinate space, we propose general
formulas for light-cone integrals over the positions of internal vertices, illustrated by an example that shows the role of
paths. In Sec. IIT we show that a construction involving paths that always flow forward in light-cone time is applicable
to arbitrary diagrams and confirm the generality of the results of Sec. II. We go on to applications in Sec. IV, deriving
the eikonal approximation for the scalar QED vertex, and relating our formalism to Wilson lines. In Sec. V we study
discontinuities in coordinate-space integrals, and rederive and reinterpret the results of Refs. [3, 4]. Finally, a brief
discussion of the extension to dimensional regularization and massive fields is given as Sec. VI, followed by a summary.
In an appendix, we offer an alternate derivation of the coordinate path expressions of Sec. III.



II. COORDINATE LIGHT-CONE ORDERING AND PATHS

To set the context, we summarize the rules of light-front perturbation theory in momentum space [14, 15] in a brief
subsection, emphasizing the roles of states and their connection to unitarity. In the subsequent discussion, we show
how similar expressions can be derived from coordinate-space integrals, and how paths occur as the basic organizing
principle. Working from a specific example, we identify ordered paths, and describe the basic construction. The
demonstration that this construction applies to arbitrary diagrams and orders is the subject of the following section.

A. Light-cone-ordered perturbation theory in momentum space

We imagine a momentum-space Green function, G ({l4}, {k.}) with m incoming momenta k. and n outgoing mo-
menta g, so that E = m + n is the number of external lines. For any covariant (Feynman) diagram corresponding to
this Green function, we can integrate over the minus components of all loop momenta. The result is a perturbative
expansion in terms of plus-momentum deficits, which has many fewer terms than the time-ordered form that results
from energy integrals. A diagram G can be written as a sum of terms corresponding to orderings, P of its vertices, in
which the plus momentum flows forward on every line. The diagram then describes a set of states, s =1,...,V — 1,
where V is the number of vertices in the diagram including external vertices, so that V = E + N, with N the order.
Each state corresponds to a cut of the ordered diagram between any two of its vertices. The ordering of vertices
determines the list of possible states.

Schematically, for a scalar diagram with lines of mass m, each such ordered diagram is of the form [14, 15]
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where Pe;t(s) is the total external minus momentum flowing into the diagram before state s. The overall factor of —i
on the left produces a contribution to the T' matrix after reduction, ensuring that below all thresholds the diagrams
are real. We suppress additional overall constants, including symmetry factors.

One of the convenient features of expressions like Eq. (1) is their close relation to unitarity. In particular, the
vanishing of any denominator corresponds to an on-shell state, often referred to as a cut of the (light-cone-ordered)

diagram, which for state J we denote by
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By repeated use of the identity 2i7d(z) = (v —ie)~* — (x +ie) ™!, we derive that the sum over all states J of a given
ordered diagram produces the imaginary part of the same ordered diagram, [9]

V-1
2i Im [~iGp ({la}. (kD] = D G ({la}, {ke}) - (3)
J=1

This is a realization of unitarity on a point-by-point basis in the phase space of particles in the theory, which is helpful
in a variety of physical situations. For momentum space, this form applies to particles of any mass, and can easily be
continued away from four dimensions.

B. Light-cone-ordered perturbation theory in coordinate space

It is natural ask whether there is a useful “dual” formalism for coordinate-space Green functions, which are a
fundamental element in quantum field theory, and which also occur naturally in the evaluation of expectation values
of Wilson lines [3, 4]. We will see that a program of perturbative light-cone integrals can indeed be carried out in
coordinate space, following a pattern similar to that in momentum space.
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FIG. 1: Scalar triangle with external lines discussed in text.

For the massless case in four dimensions, we will show how to write an arbitrary diagram as a sum of products
of simple denominators. Each denominator is associated with a path between external vertices rather than with a
multiparticle state found by cutting the diagram. In this case, the denominators represent an “excess” of distance
between a particular path relating vertices and the path length for a particle moving on the light cone. Unlike the
case of momentum space, massless lines in four dimensions lead to qualitatively simpler results than we will find with
massive lines and/or dimensional regularization, but we will see that the formalism can be extended both to massive
and dimensionally-regulated theories. Most of our discussion will be for scalar theories, but we will comment on
including spin, and give applications to gauge theories in later sections.

We begin, then, with all massless scalar lines and in four dimensions. To illustrate our method, we will use the
scalar triangle with three external lines, shown in Fig. 1. In Fig. 1(a) we label the vertices of the diagram and in
Fig. 1(b) the lines, in a notation that we will use below.

For any diagram, the massless scalar propagator (A = iAp here) is given by
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We analyze the general expression for an arbitrary connected scalar diagram with F fixed external points in coordinate
representation
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where the z,, a = 1,..., E denote external points and the y;, ¢ = 1,..., N, internal vertices, and the vectors Z;L are
defined by
ZJH = (jiyi + n;axa)“. (6)

Each n;; takes the value +1 (—1) when z; is defined to end (begin) at vertex ¢, and is zero otherwise, and similarly
for n;-a in terms of external vertices x,. Fach 2]2 then gives an invariant separation between the vertices connected by
line j. Inserting the identity into the integrand for the minus component of each line difference, we write
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where in the second equality we reexpress each delta function as an integral over a conjugate light-cone momentum,
which we denote by Ej and refer to as a light-cone energy. Here and below, we will use the notation N, E,V, L to
denote the sets of internal vertices, of external vertices, of internal plus external vertices, and of lines of the diagram,
and also the numbers of elements in each of these sets. For the example in Fig. 1, N = FE =3, L =V = 6 and, for
example, 117 = 1, nj; = —1, while n43 = 1, n4o = —1, so that in particular, z4 = y3 — ys, as indicated by the arrows
in the figure.
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The z; contours in Eq. (7) can be closed in the upper (lower) half plane for Ef positive (negative), where they

encounter poles only when zj has the same sign as Ej+7 a result familiar from light-cone-ordered perturbation theory

in momentum space. We can express this general result as
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where in the second equality, we have integrated over the minus components of all internal vertices to obtain a
momentum-conservation delta function for each internal vertex. Many of the basic features of light-cone ordering are
already exhibited in Eq. (8).

The step functions in Eq. (8) show that each light-cone energy E;r flows in the same direction as the corresponding
m
5
although here, of course, the positions of vertices are the integration variables. At fixed y;-r, the Ej flow only

plus component of line vector z. This is just as in light-cone-ordered perturbation theory in momentum space,

“forward” in any diagram once we have ordered its vertices from smallest to largest values of y;r , and they are
conserved at each vertex. Consequently, there are no contributions whenever any y;r is either earlier or later than all
vertices to which it is connected (internal or external). That is, as in the momentum light-cone formalism, no sets of
lines “emerge from or disappear into the vacuum”.

As a result, every internal vertex must have momentum flowing in from smaller y*, and flowing out toward larger
y+. All light-cone energies then flow in through a set of “initial” external vertices x4, and out through another set
of “final” external vertices. Initial vertices x. are those that connect to internal vertices with y;* > xf, and final
vertices x4 are those which connect to internal vertices with y;" < .133_. Clearly, there must be at least one initial and
at least one final vertex. Every diagram is a sum over nonempty and distinguishable choices of sets for these vertices,
determined by the E step functions in Eq. (8) for lines z; that are connected to external vertices. We may represent
this sum as
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with n +m = E. Each term G, ) is of the form
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where we have adopted the notation that E is the momentum flowing out of initial vertex z. and E; is the momentum
flowing into final vertex x4.

For Fig. 1, there are six nonvanishing choices for the sets of incoming and outgoing vertices. We will consider one
of these, with one incoming and two outgoing vertices, corresponding to the term
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As the next step in the general case, we insert unity in the form of all possible signs for each of the z;f, je{L},
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where P = P+ U P~ is the set of all z;’s. Note that in each G, m) ({Za}out {Zc}in) only one step function can
contribute for the external lines, whose directions have been fixed by the choice of incoming and outgoing external
vertices. Then every term in Eq. (10) itself becomes a sum,

G(n m) ({xd}outa {xc 1n Z G(n m)P {xd}outu {xc}ln) ) (]-3)

where
G {zatou, {zetn) = (20)N (_ig)N 1T »({ dE} He (E)) He (EH)
(n,m)P \(1\Td Jouts 1LcSin = U (47T2 Yi ZJ
i€EN jEL
—iB] (n;a J*Z“i%)
e 22].
T 0 (= E) [16 iy - (14)
2|Zj ‘ iEN

For each choice of P we may now change variables to redefine the z;’s so that all of them are positive. This requires
us to also change the sign of those E;“’s whose z;.”s were negative. We keep the same notation for all the integrals,
but observe that the effect of these changes can be absorbed entirely into the incidence matrix elements 7;; and 773‘@7
which simply change sign whenever E;r changes sign. Note that E; does not change sign when n;.aa # 0, but the
original integration variable for that line, E;z may change sign. The choice of partition P then, is encoded entirely in

the new incidence matrices, which we denote by nj(-f) and n}i(p). We may thus write
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For our example, Eq. (11), with the choice of z! as in Fig. 1, we consider two terms from the sum in Eq. (12) that we
label P =41 and P = 4, given by 0(22)0(23)0(24) and 0(22)0(23)0(—2z4). In fact, these turn out to give the complete
answer in this case. After making all the z;’s positive, we have for P = 4" and P = 4~ forms that differ only in the
signs of energy E4+ in the light-cone energy conserving delta functions,
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These results correspond to the two orderings of vertices shown in Fig. 2. In these expressions, zj = i(yg+ —y3),
with the minus referring to G2 1)4--
Our aim now is to perform the integrals over light-cone energies in Eq. (15), with a given choice of initial and final

vertices, to derive an expression in terms of integrals over the coordinates {y:r ,¥i1 } only. For an arbitrary diagram,



FIG. 2: Ordered diagrams discussed in text.

this will require several steps, but we can get a good idea of the procedure by evaluating the special cases of Eq. (16),
first for P = 47,
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We now integrate over the remaining light-cone energies and obtain an expression in terms of denominators corre-

sponding to each path from the initial external vertex to a final external vertex. For P = 4%, the result is given
by
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where each denominator corresponds to a different path going forward from the initial vertex to either of the final
vertices, and where we have defined the cumulative “light-cone distance” for each line traversed on a path,
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Similarly, for P =47, we find
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In the next section, we will construct an algorithm to perform the integrals over light-cone-energy variables, gener-
alizing these results to generic Green functions. We will find that any diagram can be expressed as a sum of terms
involving the same path denominators found in our examples,
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where each P((b )) € 7 denotes a path extending from some initial vertex x, € {z.}in to some final vertex x, € {z4}out,
and the union of all these paths, UP(b )) = 7 covers the diagram. As we shall see, the choice of paths is not unique,

but can be made well defined. The terms DEb )) are the “light-cone distances” associated with a path from z, to zp,
defined by the plus and transverse components of the intermediate vertices,
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where zf ,_1 is the distance between the i — 1st and 7th vertices in the path, ordered by plus component, with z, the

earliest vertex and z;, and the latest vertex. For the examples above, each ordering has one such set consisting of
three paths that extend from x; to x5 or x3, and DEZ;{E) are given by D; ; in Eq. (20). In the following section, we
will derive the generalization of this result in terms of paths and distances at arbitrary order.

ITITI. PATH DENOMINATORS TO ALL ORDERS
A. Energy integrals in the general case

As a first step in the general case, we use the light-cone-energy delta functions in Eq. (15) to obtain an integral
over the remaining L — N light-cone energies. The restrictions on the light-cone energies in (15) are then that they
combine to flow forward on every line, they are conserved at vertices, and that the total momentum flowing through
initial and final vertices are equal. We can always choose these independent momenta to flow through the diagram
from the initial external points to the final points. They can be thought of as a set of independent loops for the
vacuum bubble diagram found by combing all external vertices into a single vertex. When G is a tree diagram, in
particular, L — N = E — 1 =m +n — 1, where again L is the total number of lines and m (n) the number of initial
(final) vertices. Each internal loop of G simply adds one additional integral.

To begin, we choose the integration variables as the light-cone energies carried by the lines connected to the external
vertices, denoted k;, i = 1,...,m for the lines connected to initial vertices and I;, 7 = m +1,...,m + n for the lines
connected to final vertices. Applied to these external lines, the presence of a step function for every line in Eq. (15)
coupled with energy conservation implies that the light-cone energy E;“ carried by any line j always flows forward

from smaller values of yT to larger values. Then, every internal vertex, at yj , say, must connect to at least one vertex
yf > yf , and at least one vertex y; with yj, < yf . For simplicity, we assume that every external vertex is connected
to an internal vertex by a single line, that is, that the diagram represents a perturbative contribution to a time-ordered
product of single fields. Each external vertex is then connected to a single internal vertex by a single line. Note that
the S-matrix elements that describe m — n scattering are found from the Fourier transforms of G, ).

For tree diagrams, the light-cone energies of external lines determine the light-cone energies of all internal lines.
Contributions to products of composite operators can be found by identifying two or more external vertices. Diagrams
with loops require more light-cone energies.



In summary, from the step functions in Eq. (15), positive energy variables l;-r always flow out of the diagram into

final vertices, X; while positive energies kf flow out of the initial vertices z; into the diagram. For any such relative
orderings between internal and external vertices, the full space of external light-cone energies is then given by

kX > 0,i =1,....,m,

(2

IF > 0,j=m+1,...,m+n, (24)

subject to overall momentum conservation, requiring (only) that
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We denote the remaining (loop) momenta as ps. In these terms, we may rewrite the general integral Eq. (15), assuming
K loops, as
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with o) the incidence matrix for light-cone energies [;, k; and ps, collectively denoted g} here, along lines w for this

ordere(li7 diagram, Gy, ym)p. Overall momentum conservation is taken into account through the explicit delta function.

Note that the loop momenta in Eq. (26) are not yet constrained to be positive. In the following section, we use the
step functions of this expression to derive a set of light-cone variables whose integration regions are all positive and
independent. The price will be a sum over terms. In each of these terms, however, we will be able to perform the
integrals and derive a closed form with products of denominators that are determined by paths from initial to final
vertices, as in the examples of Sec. II B.

B. Partial ordering of vertices

The structure of the diagram after minus component integrals, Eq. (26) is clarified by a discussion of paths between
initial and final vertices. This is based on a natural partial ordering of internal and external vertices based on the
plus components of their positions. The relevance of partially-ordered sets (“posets”) to diagrammatic calculations
for Wilson lines particularly has been emphasized in Refs. [16, 17].

Suppose that line zf. = yy — ye connects vertices yy and y.. We will say that y; is a “descendent” of y., denoted
Yr > Ye, if z;{e > 0. Equivalently, if y; > y., vertex e is a “precursor” of vertex f. The same terminology can be
extended to lines. More generally, we say that external or internal vertex yy, is a descendent of another vertex y, if it
is connected by a path all of whose intermediate vertices are descendants of y,. From the product of step functions
in the integral (26), we have a set of easy and useful properties, listed here.

1. Light-cone energies flow only from precursor vertices or lines to their descendants.

2. Every internal vertex is descended from one or more other (initial or internal) vertices and has at least one
descendant.

. Every final vertex has no descendants.
. Every final vertex is a descendant of at least one initial vertex.

. Every initial vertex is the precursor of at least one final vertex.

S Ot = W

. The light-cone energy carried by any initial line, k;r is less than or equal to the sum of all momenta carried by
its final-state descendents, k:z+ <X X, >as l;f.



We will identify sets of new, positive semi-definite integration variables, each of which follows a path that starts at
an initial vertex and ends at one of its descendent final vertices. These paths will include every line of the diagram,
and we will call each such set a “positive covering” of the diagram, denoted 7;. FEach positive covering corresponds
to a disjoint subspace of the integrations in Eq. (26). Taken together, we will term the group of all positive coverings
a “covering class”, denoted C = Umy for the diagram. For a given ordered diagram Gp, the union of the disjoint
momentum ranges of the elements 7; of the covering class C is the full space in (26),

Gp ({zatout- {zc}in) = Y. G ({za}out: {zchn) - (27)
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As already observed, we aren’t yet able to do the energy integrals as expressed in the form of (26) explicitly for the
general case, because the step functions for each line determine the lower limits of each of the integrals in a manner
that depends on the details of each diagram and the choice of loops. We will show below, however, that we can
write this expression as a sum of terms in which m 4+ n — 1 4+ K integrals are freely integrated from zero to infinity,
resulting in a set of denominators that correspond to “distance deficits”, the coordinate analog of the energy deficits
of momentum-space time-ordered perturbation theory. We will provide a construction that produces what we referred
to above as a sum over sets of paths, 7y that cover the diagram. Like the choice of loop momenta in momentum space,
this construction involves some freedom, which we will describe. For this purpose, we will use the ordering properties
of the vertices listed above.

C. Choice of light-cone variables

We begin with tree diagrams (K = 0 in Eq. (26)). Our aim is to change variables from the m k; and the n I, to a
new set of n +m — 1 energies ¢y;, each of which is associated with a path (from initial vertex ¢ to final vertex f). As
above, the set of paths determined by each change of variables will be denoted 7y, and their union referred to as C.
These new energies are linearly related to the original set by

kc = Z)‘((,Tc”)qbca
b
la = > i qua, (28)

where the coefficients /\l():’ ) and ,ug;I ) equal either 1 or 0. When /\l():’ ) = 1, light-cone energy gy flows into the diagram

through initial vertex z. and out through final vertex z;, and when s’ ) = 1, q4q flows into the diagram through
initial vertex a and out through final vertex x4. Every ¢y; will flow in through exactly one vertex and out through
exactly one vertex, flowing forward in plus coordinate along a set of lines to a unique final vertex, so that for fixed
initial index a and final index d,

A = i (29)

In a tree diagram, the path between any pair of vertices is determined uniquely by the ordering of vertices, P. In a
loop diagram, there may be more than one path between a given initial and final vertex, and it may be necessary to
introduce more than one g¢; between a given pair of vertices. In fact, this is already the case for the one-loop example
described in Sec. 11 B.

The construction of the new variables gy; is a rather general problem, which, however, is simple to state. We
imagine two sets of positive variables, whose sums are equal: wi +wg + -+ + wy, = 21 + 22 + - - - + 25, which we wish
to integrate from zero to infinity. We would like to replace this constrained integral over these n 4+ m variables with a
sum of integrals over n+m — 1 variables that are integrated freely from zero to infinity. It turns out that this requires
us to sum over a number of terms, each with different changes of variables to cover the full space, and we will give
below a prescription for constructing acceptable sets of new variables. For us, each new variable will correspond to a
path.

The motivation for changing variables in Eq. (26) to the ¢y; according to (28) is that every element in the sum over
covering sets m; provides a term in which each energy integral gy; is independently integrated from zero to infinity,
giving, as in the examples above and Eq. (22), a denominator in the form of a light-cone deficit.
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FIG. 3: (a) An ordered tree diagram with a single initial vertex. (b) An ordered tree diagram with a single final vertex. .

D. Example

For some orderings, the choice of light-cone energies, gy; is quite straightforward. Simple (but completely represen-
tative) examples that illustrate such cases are shown in Fig. 3. Figure 3(a), for example, shows a tree subdiagram for
which all final vertices are descendents of only a single initial vertex, x;. In this case, we can choose one integration
variable as qq4; = kg, the light-cone energy on the line connected to each final vertex, x4, which flows into the ordered
diagram from x; and to z4. In the notation of of Eq. (28), this corresponds to )\517;) = /LS;) = 1. There is only a
single path between vertex x; and each x4, so the choice of momentum flow is unique, and each of the energies qq; is
independent, taking on any value between zero and infinity. Here, there is only a single covering set, .

The choice of energy flows in a diagram like Fig. 3(b), where a single final vertex, ¢ is the only descendant of a set
of one or more initial vertices is essentially identical, with only a single covering set of paths, w. There is one light-cone
momentum, ¢y for each initial vertex xp, which flows along a determined path to the final vertex . Again, these
momenta are freely integrated from zero to infinity. The situation is more complex, however, whenever a set of final
vertices has more than one predecessor, so that several final vertices are descendants of a set of initial vertices.

The simplest example that illustrates the ambiguity associated with the ordering among final and initial vertices
within a single diagram is the four-point function with a single four-point internal vertex, y, as in Fig. 4. This
example is by itself completely trivial as an expression, but still serves to introduce the general case. We start with
four integration variables, which we integrate over all positive values subject to the constraint ki + ko =I5 + l4. We
wish to replace these four variables by three variables that can be integrated from zero to infinity independently, as
in Eq. (28).

In Eq. (26), we have for Fig. 4,

G(2,2)p ({z4, 23} out, {22, 21}im) = (27) ((47T2 /d3yH0 (=) H/ dl; H/ dk;

5(l3+l4—k1—k2)

4 )
, _ (mjL—yu) e
il - _
XEISQ eXp( ”(zﬁ 2(zf —yt)
2 .
(ki) ) _ (mi—yu)?+ 16>>
ik (—p — AL YL TR (30
X H2y+—x exp( i ( x; 2(a:f—y+) (30)

We denote the three independent integration variables that we seek as gq., and to cover the full integration space
of the light-cone energy conserving k; and I, we need two sets of corresponding variables and paths. One complete
choice C = {my, m2} for the sets of paths (dc), and equivalently the light-cone energies gq4., which cover the constrained
space of k; and l; integrals is given by

m = {(31),(32),(42)}
m = {(31),(41),(42)} . (31)

These sets correspond simply to the two possibilities: I3 > k; and I3 < k1, respectively. In Eq. (28), the coverings m;
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(a) (b)

FIG. 4: Light-cone-energy flows, given in Eq. (32) for the lowest-order four-point vertex.

and 7o are defined by the integration variables

T ki = g Ty k1 =g31+qau
ko = g2+ qa ko = quo
I3 = 31+ g32 I3 =q3
ls = quo, ly = qa1 + qa2, (32)

with each of the g4, integrated from zero in infinity in both cases. The integrals are now trivial, leading to three
path denominators, as in the examples developed above, but now resulting directly from the ¢4, integrals. We note,
however, that we have made a choice in partitioning the integration space according to Eq. (31). We could equally
well have reversed the roles of the final vertices x3 and x4, or equivalently the light-cone energies I3 and I,.

Naturally, these two choices must give the same answer, because they are related by a change of variables, but only
after adding together the terms associated with the two paths in each case. Explicitly, we have

o0
i3/ dgs1 dgsa dqus o431 (w5 —xy —Da1—ie) j—iqa1 (25 —o) —Daz—ie) ,~iqaz (25 —x5 —Daz—ie)
0

oo
+ i3/ dgs1 dasy dgus o431 (w5 —2y —Da1—ie) ;—iqa1 (2} —ay —Dar—ie) ,~iqaz (w5 —x5 —Daz—ic)
0

1 1 1
T3 —x; — D31 —iexy —xy — D3y —texy, — x5 — Dyo —ic
1 1 1
+ — — —— — — = -
rg —x] — D3y —iexy —ax7 — Dy —iex; — x5 — Dyo — i€
1 1 1
x;—xf—D41—iexZ—x;—D42—iem§—x5—D32—ie
1 1 1
_|_

T, —x] — Dy —iexg —x] — D31 —texy — x5 — D3o —ic

o0
i3/ dqa1 dgas dgss e—iqa1 (23 —zy —Da1—ie) ,~iqaz (2} —wy —Daz—ie) ,~igs2 (w5 —x5 —Daz—ie)
0

+ Z‘S /oo dq41 dq31 dq32 efiq“(xzfszD“fie)efiqgl(z; 7{1}177D317’L-6)€7Z-Q32(I;*I;*Dgz*ié) ,
0
(33)

with the Dy, defined as in (23). The equality, as represented in the middle of (33), is confirmed algebraically, directly
from the identity, D41 — D4o = D31 — D3o. This is the pattern we will find for any ordered diagram, and at any order
in perturbation theory. We now turn to the general construction.

E. The construction

We are ready to prove that any ordered diagram G|, ,n)p can be written as a sum of terms with initial-to-final paths,
Eq. (22). For a general diagram, the choice of integration variables that produce paths from initial to final vertices is
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not unique. Even for a tree diagram, we may have many choices, just as there are many choices of loop momenta. We
will see, however, that all consistent choices have the same qualitative features. In the following, we use the notation
of Eq. (24), and all light-cone energies flowing from initial to final vertices are positive. We begin by specifying all
light-cone energies [;, k;, and we want to show how to cover the entire space of these light-cone energies, subject only
to overall conservation. This will provide a change of variables in Eq. (26) that can be integrated trivially to give
path denominators like those in Eq. (22). We begin with tree diagrams, and afterwards show that the construction
can be extended to loop diagrams.

1. Partitions of momentum flow

As we have seen, in the general expression, Eq. (26), for an ordered diagram, light-cone momenta can flow only from
precedent to descendent vertices. We can define, then, sets, T of initial vertices xz(-] ), consisting of all the predecessors
of each final vertex, which we label X;. Following our notation above, the indices labelling final vertices run from

j=m+1,...,m+n. We provide an arbitrary ordering to the elements of this set,
T; = {x&j),xéj),...,x,g) | X; > xgj)} , (34)

where k; is the number of elements in the set. In the general case each initial vertex x; will appear in several such
sets, 1. We will identify every covering set of paths 7; as a map from the n sets T} to another group of n sets, Sj,

mr AT} — {S;}. (35)

As amap, 7; defines a set of m+n—1 integration variables that specify the change of variables in Eq. (28). Specifically,
if xgj ) is an element of S, then a light-cone-energy variable g;; that flows from initial vertex xgj ) to final vertex X j
will be chosen as an independent integration variable as in Eq. (28), to be integrated from zero to infinity. If we
denote the number of elements in set S; by v;, then we will find that Z;nzt:-u v; = m+n—1, where v; < kj.
We will give a prescription for producing the S;’s out of the T}’s for connected diagrams. This construction will be
unique, once we have identified the sets 7}, j = m +1,...,m + n, provided each with an ordering, and have assigned
values to all incoming and outgoing momenta k; and ;. In essence the construction will consist of a prescription for
discarding elements of the T}’s in a manner that depends on the values of the k’s and I’s.

The covering sets, m; are generated by a simple set of steps, the nature of which assures that the partition is
exhaustive in I;/k; space, and that the subspaces corresponding to these partitions are nonoverlapping. The method
is a straightforward extension of the motivation used to identify the sets m; and 79 in the analysis of the covering set
for the trivial diagram, Eq. (32).

We start with set T,,+1, dealing first with light-cone energy l,,,+1, the momentum associated with final vertex
Ximt1, and kq, the light-cone energy flowing out of vertex $§m+1) §m+1) is a
predecessor of final vertex X, 1.

For the pair [,,4+1 and k1, we have, of course, either l,,,4+1 > k1 or l,,+1 < k1. The equality may be associated with
either case. We then proceed as follows.

€ Ty+1. By construction, initial vertex x

e In the range l,,11 > k1, we define ¢, 111 = k1 to flow from initial vertex ximH) to final vertex X, 11, and then
consider the momentum flow in the remaining diagram. By definition there is a forward-moving path between

vertex xﬁ’”“) and X,,+1, and ¢m+11 is chosen to flow along that path. In a tree diagram, the path is unique,
since two paths would define a loop. The flow of light-cone energy through the diagram from vertex x&mH) is

now fixed. This effectively eliminates one initial vertex from the problem, which is recast with m — 1 initial
vertices and n final vertices, with the same momentum flow as previously, except that now light-cone energy

Is1 = b1 = @my11 >0 (36)

flows into the final vertex X,,;1 in the modified flow. For the example of Fig. 4(a), this possibility corresponds
to the momentum flow 71 in Eq. (32), and gs; is integrated freely from zero to infinity. In the general expression,
Eq. (26), the k1(= @m+11) integral can be performed to give the denominator corresponding to the path from

xgmﬂ) to X,n+1, while the remaining m+mn —1 integrals are unchanged, except that [,,+1 is everywhere replaced
by I;,,1, including in the argument of the light-cone-energy conservation delta function.

Note that, in general, if l,,41 > ki, vertex X,, 11 must be a descendant of at least one other initial vertex.
Among these initial vertices, at least one must be the source of the additional light-cone energy that appears
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on l,4+1. We pick the second initial vertex xgmﬂ) in the ordering of T,,+1, which by construction is also a

. m+1
predecessor of X, 1. Because vertex X,, 11 also receives energy from (at least) vertex x(Qer )

becomes

, our map (35)

Tm+1 N Sm+1 _ {xgm—i-l)’x;m—‘rl)

o (37)
For the example of Fig. 4(a), T5 = Ty = {x1, 22}, while S3 = {z1,22} and S4 = {z2}.

e For the second, case, l,,1+1 < k1, we define

dm+11 = lm+17
k{ = ki — ln+1, (38)

where again, in a tree diagram there is a unique light-cone energy flow from initial vertex x(1m+1) to final vertex
Xm+1- This procedure effectively removes final vertex X, 11 from the problem, which is recast as n—1 final and
m initial vertices, with the same light-cone energy flows as previously, except that now k; is replaced by k7. In
the general expression, Eq. (26), it is now the I (= ¢n+11) integral that can be performed to give a denominator
corresponding to the path from zgmﬂ) to Xyn+1, while the remaining m +n — 1 integrals are unchanged, except
that now k; is everywhere replaced by ki, including in the argument of the light-cone-energy conservation delta
function. For this case, the first step defines

Tt = Spir = {a™), (39)

The relevant example above is Fig. 4(b), with momentum flow 72 in Eq. (32), and I3 = ¢3;. Thus, for the
example of Fig. 4(b), S5 = {z1} and Sy = {z1, z2}.

Repeating this process, at each step we eliminate either one final or one initial vertex from the problem, identifying a
single momentum integral from zero to infinity, while uniquely assigning light-cone energies for the remaining external
vertices. Eventually, we will arrive at an energy flow with only one initial and/or one final vertex. At this point
there is only a single free integral left, leading to a total of m + n — 1 free integrals in place of the original set of
m + n integrals constrained by momentum conservation. Note that if there is only one initial vertex (m = 1) and any
number of final vertices, then the identity k; > I; will hold for all final state {;, j = 2,...,1+ n, and the number of
final vertices will be decreased at each step in the process. Similarly, if there is only a single final vertex and some
number of initial vertices, the number of initial vertices decreases at each step. In the last step, the delta function
of Eq. (26) will reduce the final two remaining integrals to a single integral, which flows between the remaining two
vertices, providing the last path denominator. The total number of identified integrals and denominators is then
m + n — 1. The result of this process is a list C, a class of maps 7, covering sets that map the sets of predecessor
initial and descendant final vertices into pairs, as in Eq. (39). As we have seen in an example and shown above, these
pairings are determined once an arbitrary ordering has been imposed on the initial and final vertices at the start of
the construction.

As an illustration slightly beyond the simple example of the previous subsection, we consider the momentum flows
for a diagram with five external lines attached by a single vertex, for the relative ordering illustrated in Fig. 5. Each of
the two final vertices is a descendent of all three initial vertices, so that here T; = {x1, z2, 23}, j = 4,5. Following our
construction, we find three coverings, which can be identified from the value of the final light-cone energy I, relative
to the initial light-cone energies, ki, k2, and k3. We will always find four light-cone momenta g¢; to replace the five
constrained integrals over the k’s and [’s.

qa3 + @53

(©)

FIG. 5: An example of light-cone-energy flows for a three-to-two process, discussed in the text.
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Applying the construction above, the coverings are identified through inequalities, in this case involving 4. Covering
w1 corresponds to Iy < ki, so that Sy = {z1} and S5 = {x1,z2,23}. In the notation of Eq. (28), covering m; has
integration variables q41, ¢51, g52, and gs3. Covering m is represented by Fig. 5(a). The next covering, ms, is defined
by k1 < ly < k1 + ko, with integration variables q41, q42, ¢s2, ¢s53, corresponding to Sy = {1, 22} and S5 = {z2, 23},
Fig. 5(b). In the remaining region, ly > k1 + ko, with variables g1, qa2, q43, 53, With Sy = {x1, z2, 23} and S5 = {x3},
Fig. 5(c). As in the example of Eqs. (32) and (33) above, permutations of the initial or final vertices lead to equivalent
results.

In summary, because the construction described here exists for any choice of light-cone energies flowing through
the initial and final vertices, and because it proceeds at each step through inequalities in the energy flow of individual
initial and final vertices, the terms that are generated by the maps m; provide a complete, disjoint covering of the
full constrained k;/l; space, replacing it with a sum of terms in which each integral is associated uniquely with an
initial-to-final path and is freely integrated from zero to infinity.

2. Including loops

For tree diagrams, the construction above determines the light-cone energy of each line. For ordered diagrams with
loops, on the other hand, we cannot depend on having a unique path between pairs of initial and final vertices, and
our procedure does not yet fix the light-cone energy of every line. We can, however, use the same construction to
treat loop diagrams, by analyzing tree diagrams that are produced by cutting lines within one loop diagrams, and
then proceeding inductively.

We assume that up to K — 1 loops, we have shown that any ordered diagram can be written as a sum of terms, each
with F + K — 1 independent integrals over forward-moving, positive light-cone energies. For a y*-ordered diagram
with E external lines and K loops, we begin by cutting any line that reduces the loop diagram to K —1 loops. Because
the light-cone energy flow in any line must be toward larger yT, we may treat the cut line as a pair of external lines,
one of which flows into the diagram from a new initial vertex, and one of which flows out of the diagram to a new
final vertex, treating them as two additional light-cone energies. Now the diagram has F + 2 external lines.

The generic form is illustrated by Fig. 6, where p = kp = l4 is the momentum of the cut line. Momentum kg
is to be treated as one of the initial momenta of the diagram cut in this way, and [ as one of the final momenta.
Performing the same analysis as above for the resulting diagram, we derive a sum of terms in which each of these
(E 4+ K — 1) + 2 energies is given as a linear combination of a new set of E + K positive incoming and outgoing
light-cone energies, as in Eq. (28). Because we assume the result at K — 1 loops, kg and l4 can be expressed in the

form
kp = Z%B,
la = > aqaj, (40)
J

where ¢;p and g4; make up a subset of the complete set of light-cone energies for the cut diagram with kg and l4
treated as independent (note that each of these sums might have only one term). The original diagram is found by
integrating over kp and [4 with an energy constraint, which in the new variables becomes

H /dqu dqa; 0 Z%’B - Zqu . (41)
i J

{iB},{Aj}

We recognize here the same problem of constrained integration, with the same solution in terms of a sum over changes
to variables that can be integrated freely from zero to infinity. We may therefore treat this constraint by the same
method as above to the n, independent energies that flow into kg and out of [4. As above, this produces a sum of
terms in which the number of independent, positive external light-cone energies is reduced to n, — 1,

Hanh daatt = {ahmar} - (42)

where the new variables q}( BA)i have unconstrained integrals from zero to infinity. By construction, they all flow from
initial vertices of the original diagram, through the cut line, p, to final vertices through forward-moving paths.

The final result is a sum of terms in which the number of independent positive energies is reduced by one, from
F+ K to E+ K — 1, leaving us with the number of integrations for a K-loop diagram with E external lines. By
construction, each of these momenta will flow from an initial to a final vertex.
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FIG. 6: A general diagram with a cut line, discussed in connection with light-cone energy flow through loop diagrams. In this
argument, kp is treated as an initial energy and g as a final energy, subject to the constraint l4 = kp.

F. Summary: the general result

For any ordered diagram Gp, the construction above provides a “covering class”, that is, a set C = {7}, each
element of which is a covering set of paths that include every line in the diagram, the sum of whose allowed values of
light-cone energies covers the entire integration region in the corresponding integral, Eq. (26). As we have seen, the
choices of these sets of paths are not unique, because the construction involves an arbitrary ordering of initial and
final vertices, but any class generated in this way is equivalent. The integral in terms of any specific covering class C
is then

G(n,?n)'P ({xd}out; {xc}in) = Z EZI,L ({xd}outa {xc}m) ; (43)

wr€C

where the term associated with each covering 7y is

—ig)N m+n+K 1
Gl (adlow {zcdin) = (2m)N (<47£§L it [ (H dy) |

eV
L )9 (q(ﬁ) (7’,#1)) 5 .
i T (m1) ((Pymr) 1 (P) 2wl T €
X e ) T, — ——— , (44
El 22w Xp ( 4; Oy (nwa a QZLJE ( )

where the incidence matrix U(P ™) +1 if light-cone energy q](-ﬁ ) flows on line w, or is zero otherwise. The theta

functions are therefore all unity over the entire integration region, and we can now do the integrals over the new
variables q(m )

Our ﬁnal result, as proposed in Eq. (22) but now specifically for each covering set 7, is given by

(o) 52 T e @

J

1 (mr)

i€V all j J Py T, — Ta — D,y —i€
(ba

GEn ’r)n)P ({za}outs {Tetin) = (2m)N

where each P((bTr I)) denotes a path in the covering set 7y, extending from some initial vertex x, € {x.}in to some final

vertex zp € {Zg}out, and where DE )) is the “light-cone distance” associated with the path, defined by the plus and

transverse components of the intermediate vertices, as in Eq. (23),

™ Z2 L —
nga’; = > Tl_j . (46)
iepirn) T
Together, Eqgs. (45) and (46) specify the expression of an arbitrary diagram with massless scalar propagators in terms
of path denominators. This is the coordinate analog of the momentum-space expression, Eq. (1). In the appendix, we
provide an alternate proof of this result, based on the direct evaluation of integrals over minus components of internal
vertices in ordered diagrams.

In the next sections, we discuss some of the properties of these expressions, including how imaginary parts and
discontinuities arise, and how to derive the eikonal approximation in coordinate space. We will then be ready to apply
our analysis to expectations of Wilson lines, and derive some of the interesting results found in Refs. [3, 4] from our
general viewpoint. We go on to discuss how to treat factors associated with spin, and finally how to use dimensional
regularization and incorporate masses.
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IV. THE COORDINATE EIKONAL APPROXIMATION AND WILSON LINES

So far, our discussion has treated purely scalar theories. In the following, we show that many of the qualitative
features of scalar theories extend to arbitrary perturbative expansions with numerator factors, including gauge theories.
This becomes evident by returning to the triangle diagram, this time in the context of scalar quantum electrodynamics.
We will see that the basic light-cone coordinate integrals lead to results that are equivalent to those found in the
scalar case, but supplemented by derivatives for certain terms. We will also show that such terms lead to the eikonal
approximation in the limit that external lines approach the light cone. The eikonal approximation then leads us
naturally to the coordinate representation for Wilson lines.

A. Vertex for scalar QED

We now discuss in some detail the example of the ordered diagrams in Fig. 7, the charged scalar vertex correction
in coordinate space,

1\° 1 1 1 1
r = | — ) (—ie)? [ d*y; d* oM — o
(1, 72) <47T2> (=ie) / POV "y — o) tic) —yf tic (w2 —y2)? tie \ 2y 1 ic
g 1 1 1 1
x |: & 2 y ] {(831111 2 ; ) 2 T 2 ; (8371 2 . >}
—(y2 — y1)? + i€ —(x1—y)?+ie) —yi +ie  —(z1—y1)? +ie —yi + e
1)’ (y2 — z2)# 1 1 yh
_ - 462/d4 d4 { : — i 2 i
<47r2) PO @y — ) Tie2 —B +ie  —(x2— y2)® + i€ |—12 + i€]?

Guv (y1 — 21)” 1 1 y1
X 24 4 2 1 .2 2, . 2 2, .12 : (47)
—(y2 —y1)? +ie | [—(x1 —y1)? + i€ —yi +ie  —(x1 —y1)? + i€ [—y? + i€]

Compared to the diagrams in Fig. 2, we fix the vertex that creates a pair of charged scalars at the origin as the
earliest vertex (with xf’Q > 0 for the other external vertices), and evaluate the resulting diagram. We now show how
to modify the analysis above, to obtain the QED analog of the “path denominator” forms, Egs. (19) and (21) for the
two orderings in Fig. 2, in the presence of the numerator factors. To carry this out, we will show that the numerators
can be taken into account entirely in terms of plus and transverse integration variables.

For an arbitrary line with coordinate distance w*, we introduce a lightlike auxiliary vector,

YT ol ~2
W wh, g WL w*=0. (48)

We now follow the steps leading from the first to second lines of Eq. (7) to rewrite propagtors with numerator factors,
as in Eq. (47), in integral form as

w“ 1 (9 o0 ’L b — — . +
_ A dET O(Etw™ BT (0™ —w ™ +ie/2w™T)
(—w? + ie)? 2wt O~ [w /,OO {2w+ (ETwT)e
1 0 — w
T 2wt O [—2w+ (w= — w—)ﬂJ ' (49)

where by (48) the vector @* is lightlike but shares plus and transverse components with w*. This result is easy to
check by direct evaluation of either right-hand side. The partial derivative with respect to w™ is carried out at fixed
w, and w™, and in a general expression acts only on the propagator of a specific line. With this result, quite generally,
all integrals in theories with spin and momentum factors at vertices can be written in terms of scalar integrands acted
on by operations that commute with the minus integrations. Thus, we may use results of scalar integrals first.

In these terms, we write the vertex function as

5
1 1 9 1 8 1 9 1 8
[(z1,22) = [ — 462/d3 a3 311 %99 + — ———— %1 - %
(w1, 22) <47r2> VO | 95m, 228, 055, T T 9% 0ap, 225 025

1 o0 1 0 . 1 0 1 0
221 057 22, 025,

£+ 2 + — %1 - 2 scalar\%Zis Zii) » 50
Lo 221+8£f2z2+82271271( ) (50)
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0 0

FIG. 7: Two orderings for a charged scalar vertex with mi"’Q > 0.

where we have defined

Zi = Y
Zig = Ti — Yi
Zi2 = U1~ Y2 (51)

The function Yscalar in Eq. (50) includes integrals over the y; variables, using the same steps as in the scalar case,
introducing light-cone energy variables, which may themselves be integrated to give path denominators.
As in the scalar case, we choose xi", as;' > 0, so that there are only two possible partial orderings, corresponding to

the results of Eq. (19) and (21). We show explicitly the case y" > y3, which we identify by a superscript,

(2m)d(EY, — B — B

a2 _ i1\ 0 () /OO dEY dEF dE;, dES, dEY,
Tscalar 211, 21 o 2T 2m 27 27 2n

+ + + iE i, +iE L (A7 —a 7 )FiES, (oy—ag V+HiE] 27 +iES 25
X (27T)(5(E2 - E3, _E12) x e12%12 11211 =7 22222 =T 121 2 22

. r(12) 0o
_ [ I1; 76 (=) / dBy dBY, dBg, BB +B) (Gry—a7)
2511, z;r o 2m 2w 27

x i (Ba—ay ) HiBEY &7 +i(ESH+ D)2y

= 3 <_i HSH) 0 (Z;r)> 1 1 1 ) (52)
Ty

5 + — o= 2= = = = = o= = -
2511, 27 R11 TR Tg T Rop T Ry Ty T R T R12 T 22

Note that here we have fixed one vertex at the origin, and there is no “incoming” line, so that there is one less term
in the denominators. The superscript on the product over step functions indicates that it includes H(yfr — y; ).

B. The eikonal approximation

We now seek the most singular part of T', Eq. (50) as x/' and z} approach the light cone, which we will identify with
the eikonal approximation to the vertex function. The singularities will arise in the integral from the regions where
y* is proportional to !, i = 1,2 [5, 6]. The most singular contributions are found by acting with the derivatives
of Eq. (50) on the denominators in Eq. (52) that vanish on the light cone, rather than on the numerators or on the
denominator that includes 221, which does not vanish in this limit. This gives an intermediate approximation, which

we will identify by a superscript,

5 ~ ~
. 1 2r- 2 0o 0
F(e1k(12)) — 4e2 / d3 d3 L= scalar

(21, 2) 13 e y1 d’ys L 11}2 . 2T 2.t 25 027 e ({z1})

1 ° 402 o dut = du 0(yT + 42 42 E 212y <_1)
= e J—
<47T2> /0 yl /0 y2 (yl y2 ) / Y11 Ya1 22; 224}, (25 HI Z;)
1

I={1,11},J={2,22}

1 1
X —— — G — . (53)

(y =210 — 21 )2 (Tg — 290 — 23 )2 Ty — 21q — 219 — 25 — i€
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As the points y; and yo approach the light cone, we can do the transverse integrals explicitly, by changing variables.
We replace yj' and y; by variables that more closely represent paths between the origin and the points z! on the
light cone,

Ys = ATy, Yoi = AoZol 7o,
yr o= Nzl oyl = Mmoo (54)

For the denominator in Eq. (53) that depends on y1, for example, this gives

. e _ (!Eu - yu_)2 yi
Ty —21— % = X — 7 — ——F
! 202 —yi) 2y

_ L (e n
= Qxf (371 (1 _)\1))\1 . (55)

For simplicity, we take the light-cone limit from spacelike #? < 0. The 7; integrals are then real,

J & ( 1 - TG (56)

2 2 -
22— n? e —x7] + 1€
1 (17)\1))\1

and similarly for 7o. The leading term is found by setting n? = n3 = 0 everywhere else in the integrand of (53).
The last denominator in Eq. (53) is then approximated by

Ty — B — B, — 3, = z] — [ (L= M) —m]®  (Mzis — Aozt +m —1m2)®  (Aamar + 1)
1 711 T F12 T A2 1 227 (1— \p) 2(\12f — Aoz 2Xo13

(/\1131 - /\2$2)2

20\ z] — Aowy) (57)
We now define “velocity” vectors,
o - & 68)
Then in the eikonal limit, all factors involving the inner product of zy, I = 1,11 and zy, J = 2,22, become
Zr- 2y 1
927 221 1 B Ba (59)

and we find the coordinate-space eikonal approximation for the ordering in question,

F(Cik(u))(ajl Ty) = i ! i / ! dy+ / : dy+ 9(y+ _y—i-) i1 - B2 ) (60)
’ 472 3% Jo ! 0 ? ! 2 (ﬂlyf— — ﬂzy;)Q + i€

The companion ordering, with y; > y1+, is of the same form, and, up to a prefactor involving only the 22, their sum
is just the eikonal approximation in coordinate space, as generated by products of Wilson lines [2, 5, 18, 19].

C. Expectations of Wilson lines

For single-gluon exchange diagrams of Wilson lines, the relation between the coordinate light-cone ordered formalism
and the coordinate-space analysis of [3, 4] is particularly close. As in the example given above, in the eikonal
approximation, or equivalently directly from the Wilson line definition, the ends of each gluon on a Wilson line must
be treated as an “external” vertex in the analysis above. For gluon exchange diagrams without internal vertices,
then, the steps between the invariant and light-cone forms collapse to simply factoring out the plus component of the
distance between the two lines. The result separates into two terms for each gluon, which order the plus components
of the vertices to which the gluon connects. To be specific, consider a gluon attached between two vertices at points



19

y; = Nifi, © = 1,2. The light-cone form of the propagator is found by reexpressing it in a manner that reflects the
relative values of the plus coordinates of the vertices to which it connects,

1 1
—(y2 — y1)2+ie  —(Aafo — AMiP1)? +ie
0 (X2 — MBY) 1

2 (X5 —nB7) | = (A2By —\iBT) + % + i€
0 (MBI —XaBy) 1

+ + _ - - 2
2B~ %) | = (BT —hafy) + Gl i

(61)

The second equality is precisely the light-cone ordered form.

This simple example generalizes in a straightforward method to arbitrary combinations of ladder diagrams [20],
which are related to covariant expressions algebraically, since there are no internal light-cone coordinates to be
integrated. We will encounter an example with an internal vertex and corresponding integration in our discussion of
discontinuities in Green functions and expectations of Wilson lines, to which we now turn.

V. DISCONTINUITIES

As for its momentum-space analog, Eq. (1), discontinuities in coordinate amplitudes given by Eq. (45) can be
treated in some generality, both for Green functions and Wilson line expectations. We can use the very general
considerations above to give insight into the results of Refs. [3, 4], which studied specifically how imaginary parts
arise in the vacuum expectation values of products of Wilson lines evaluated in coordinate space. This study resulted
in a prescription for the imaginary parts of ladder diagrams that may be summarized as setting odd numbers of lines
on the light cone. We will see how these prescriptions arise in the formalism we have developed above, treating the
very simplest case of massless exchange for two Wilson lines joined at a singlet cusp, and also a diagram with an
internal vertex connected to three massless Wilson lines.

A. The imaginary part in four dimensions

Imaginary parts, or more specifically discontinuities, can arise in coordinate-space amplitudes only from the van-
ishing of denominators in Eq. (45), through a cancellation between differences in external vertex minus positions and

the corresponding path light-cone distance, D(”i), defined in Eq. (46). Each light-cone distance D'™) has a extremal
(ba) (ba)

value, which is determined by the four-vectors z} and z#, and by the ordering of the yj along each path,
T T S (62)
(7s)

It is relatively easy to use the ordering of the y;r to show that for given values of z, and xp, the extremum of D(;r[i)
is given by

yl'—at = i (zy, — )", p=L, +, (63)

for all 0 < a; < ;41 < 1, that is, for all the yf placed along the direction between x, and x,. These configurations
actually correspond to pinch singularities of coordinate-space amplitudes when (z, — )2 = 0 and a set of internal
vertices are lightlike separated. Nonetheless, no singularity is present even if internal vertices align along the direction
between the external vertices unless the latter are relatively on the light cone [5, 6].

From these considerations, we can study the denominators of (45), denoted as

(@01 — 7a1)® + (23— 20)° _ ptm) (64)

(r1) — - - (rr) _
A =T, — Ty — D(ba) = Q(xj—x;f) (ba)

(ba)

For spacelike separations (x, — a:a)2 < 0, this quantity is negative when the identities of (63) are satisfied, and
remains negative for all other values of y;r and y;, . We encounter imaginary parts, then, only when external vertices
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are lightlike- or timelike-separated. The A’s, can be thought of as “light-cone distance deficits”, analogous to the
“light-cone energy deficits” of light-cone ordered perturbation theory in momentum space.
As noted above, there are a number of equivalent prescriptions for computing the imaginary parts of the individual

terms Gg”). We order the paths P((l:”)) in Eq. (45) arbitrarily, denoting them as P4, A = 1,..., Ng, where Ng =
L—N=m+n—1+ K, and where as above, L, N and K are the number of lines, internal vertices and loops in
the ordered diagram G, which has m initial external vertices and n final external vertices. In this notation, Eq. (45)

becomes

0(z) ﬁ -1
AS”) — i€

In analogy to the discussion in momentum space, we define “path-cut” coordinate diagrams for each covering set by

(7r) _ 3 (Z;r)
GP,B ({xd}outa{xc}in) = (27T) / Hd Yi H 22t

GS ({zatours {Ttin) = (27r>N : (65)

o [ () IO

eV all j

eV all j J
Ng 1 B-1 1
x . (—278(Ap) . (66)
H Agl)—i—ie H A(Xf)—ie

(P} c=B+1 Py A=1

where one light-cone path deficit is set to zero by the delta function, and other paths in the ordered set are assigned
positive or negative imaginary parts. Unlike momentum space, however, the “light-cone paths” do not separate the
diagram into disjoint parts in general, unless the diagram is planar. Nevertheless, as in momentum space, using the
identity 1/(xz —ie) — 1/(x + i) = 2mid(x) we find an identity relating the imaginary part of the diagram to the sum
over its path cuts for a given ordering,

2 ImG(ﬂI) ({xd}outa {xc m Z G(WI) {xd}ouh {xC}in) . (67)

Notice that this relation holds for any choice of ordering for the paths. This may seem surprising at first, since in
momentum space time ordering appears to determine the ordering implemented in the unitarity identity in Eq. (3)
uniquely. Nevertheless, permutations of momentum-space denominators in the cut diagrams, Eq. (2) leave the form
of the identity unchanged, at least for scalar theories, where we do not need to specify how the permutations act on
Dirac products or other numerator factors. In fact, this should be expected, because the unitarity will hold for any
hermitian interaction Lagrangian, which can in principle directly mix states of arbitrary particle content.

Equations (65)—(67) are quite general and apply to any diagram. An alternative expression for the imaginary part
of Wilson line diagrams has been identified in Refs. [3, 4], and illustrated in a large class of diagrams. We now turn
to a comparison of the two prescriptions, which are in fact consistent.

B. Discontinuities in Wilson lines: ladders

While on a diagram-by-diagram basis, the equivalence of the light-cone ordered with the invariant form is clear for
ladder diagrams in Eq. (61), it remains for us to verify that the expression derived above for the imaginary part of
an arbitrary diagram is consistent with the rules found in Refs. [3, 4]. This is indeed the case, as may be seen by
identifying light-cone ordered and covariant denominators for this class of diagrams, and by combining Eqgs. (66) and
(67) to get

(m1) Y 3 K (ZJF)
i IGE ({2aYous {wch) = (2m)Y WL > / 1% | 1T 5+
all 7 J

eV

Ng B—-1

< I e G I - 69

(m1) | —
(P} c=B+1 Ao’ tie (P} a=1 —A e
Following Ref. [3], we expand each denominator into a principle value plus a delta function

1 1
PV F ind(Ap). (69)
AT + e Al
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The imaginary part in Eq. (68) is given by the sum over all terms with products of odd numbers of delta functions.
Suppose we identify any set Dy of M such terms, corresponding to path denominators {Ag}, k = 1,..., M, including
the explicit delta function §(Ap), with the index following the (arbitrary) ordering in Eq. (68). Because the remaining
denominators are all principle values, the contribution of Dj; is imaginary when M is an odd number. For even M,
the contribution should vanish. We can write the full sum in (68) as a sum over sets Dy, and for each such set
a sum over how many of the ordered delta function terms appear with +im, arising from Fie in the corresponding
denominator. The result of this expansion can be written as

N Nga z+
iImGg”) ({za}outs {zc}in) = (27T 47.{.2 (4-2\L Z / <H d3yz> 2( ]+)
1 5 -7

eV

M

Ng ] M )
x Yy 11 PV— IT o) x @im lZ(—w] . (70)

A(ﬂz
M=1Cce{P("1}/Dun C €Dy =1 i=1

The final factor equals —1 for M odd, and zero for M even. For ladder exchanges between Wilson lines, this result
for the imaginary part is equivalent to the prescription of Ref. [3, 4], in which the imaginary part is the sum of all
terms with an odd number of exchanged gluons with propagators replaced by im times a delta function.

C. Discontinuities in Wilson lines: the 3-gluon vertex

We now proceed with a representative example of gluon exchange with interactions, also discussed in Refs. [3, 4],
where an internal 3-gluon vertex connects three Wilson lines in different directions v; as shown in Fig. 8. We will
compute this diagram in coordinate space following our prescription. We choose A\;v!" as a position along the ith line
and y* as the position of the internal vertex, and then write the diagram as an integral over y* and the A;s,

3 00
FO @ e) = /dDy H/ d\i V (vi,0y) , (71)
i=170

where the integrand V' (v;, 9,) involves the directions v; and the derivative operator at the internal vertex that acts
on the three propagators. Suppressing overall color and other constant factors, the integrand can be written as [21]

1 1 _— 1
— )2 +ie—(yuy —y)?+ie © =k —y)? i€

3
V(’l)i,ay) = 72‘94 Z gijk (/s ’Uj —(/\-1} (72)

ij,k=1

We fix the points along the Wilson lines and choose a specific ordering of the xj = )\iv;r and y*. Using the general
result of Eq. (49), we write the 3-gluon vertex as a differential operator acting on the y~ integral of the scalar 3-point
diagram, just as we did for the scalar vertex function in Eq. (50),

FO (@, e) /dSy H/ AV (2, 27,0:) A2 (20 (73)

with z; = x; —y. The operator V, which involves derivatives and factors of coordinates, does not change the reality
properties of the scalar function. Here as above, the y~ integral is absorbed into a scalar function, which, using the
second form on the right-hand side of Eq. (49), we may express as

(3) (Z) _ /d _ 1 1 1
Tscalar %1 Y —(Nivi —y)? +ie —(A\ju; —y)? +ie —(A\gop —y)? +ie’

(74)

and from which we have factored all overall constants.
The integral in Eq. (74) depends on the relative orderings among y* and the plus coordinates of the vertices along
the Wilson lines, )\iv;r. To be specific, let’s choose the region

+

R3y21 = )\3’U3 x

> y+ > )\21}2 > )\111;_. (75)

Other regions are treated in the same fashion. At fixed values of y, and y™, we can apply the rules developed above to
find the light-cone-ordered form for the scalar function in this region of plus ordering. In the terminology of Sec. III,
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FIG. 8: The diagram with an internal 3-gluon vertex joining three Wilson lines.

there are two paths in the covering set from the “initial” vertices, at \jv; and Asvs to the final vertex at Azvs, both
passing through the internal vertex at y. There are, therefore, two denominators given by

s —2mi 1 1

x| Rayo1] = 76
fyscalar[ 3y21] ?’_ 2 )\11+ —yt )\3’07 - D32 — )\21}7 — i€ )\31)7 — D31 — )\11}7 — i€ ’ ( )
i=1 410 —Y 3 2 3 1
where the D;; are “light-cone distances” defined as in Eq. (46),
Aivis —y1)’ — A1)’
Dy — Aivie —y1)® | (Yo — Ajuju) (77)

20vf —yt) 20yt = Ny

This is particularly simple, and can also be understood in terms of a direct evaluation of the y~ integral. The ordering
of plus components specifies that the y~ pole in the (A3vs — 3)? denominator in the integrand of Eq. (74) is in the
lower half plane, while the poles from the other two propagators are in the upper half plane. Closing the y~ contour
in the lower half plane gives the result in Eq. (76) immediately. Closing in the upper half plane gives an alternate
expression with two terms, which, of course, is equal to the first expression. Other orderings of plus components of
the vertices will give alternate, but equally simple, expressions.

To compare with the results of Ref. [3], we can identify the real part of the product of denominators in (76) by
expanding each of them into a real principal value and imaginary delta function. The imaginary part can be found
from replacing either of the two remaining denominators with a delta function, which would correspond to vanishing
light-cone deficits between the light-cone distances computed along a (two-gluon) path between two of the “external”
vertices along the Wilson lines. We must observe, however, that the principal value prescription is completely well
defined only if the A integrals are done first, before the integrals over the internal vertices, just as presented in Ref. [3].
As a practical matter in our case, evaluating the y~— integral at one of the denominator poles, as we do here, can
shift the sign of the imaginary part in the other denominators. Applying a principal value prescription in (76) can be
expected to agree term by term with the results of [3] only when its remaining denominators are finite. When carried
out consistently, of course, our method and that of Ref. [3] must give the same complete answer.

In fact, we readily verify that if we identify the denominators of the light-cone result (76) with principal values of
propagators, the result is equivalent to the contribution to the imaginary part of Fig. 8 found in Ref. [3], that comes
from adding the three single-gluon poles for this range of plus coordinates. For us, however, away from the poles in
the remaining denominators, this is a contribution to the relatively real part of the diagram. This difference is simply
due to the overall normalization. Equation (76), in fact has both real and imaginary parts. Independently of the
normalization, however, the discontinuity of the diagram in Fig. 8 is found by applying Eq. (67) to Eq. (76),

1 1
2i Disc =,

(3) —271 |:
scalar H?:l 2|)\11)1+ - y+| /\3’U3— - /\2’[)2_ — D32 — i€ )\31)3_ — )\11}1_ - D31 — i€

1 1
_)\3’03_ — )\21}2_ — D35 + 1€ /\3113_ — )\11}1_ — D31 + i€:|
272 { 1
H;}:l 2|)\11)1+ — y+| )\3’03_ — /\2’[)2_ — D32 + 7€

) ()\311; — )\11); — Dgl)

_ _ 1
0 (Asvg — Aoy — Da) Azvg — Av; — D3 — ie] ' (78)

For Fig. 8, the discontinuity sets two lines to the light cone, corresponding to vanishing light-cone deficits for a path
between the diagram’s external vertices. For the diagram with an internal vertex, as in diagrams with ladder exchange,
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physical discontinuities are thus produced from coordinate configurations in which a full path of gluon lines on the
light cone connects external vertices. For the ordering we have shown here, there are two such paths, corresponding
to the two terms in (78). An additional contribution, real here and imaginary in [3], comes when both denominators
are replaced by delta functions in Eq. (76).

VI. MASSIVE LINES AND DIMENSIONAL CONTINUATION

So far, our discussion has treated massless scalar theories in four dimensions. We have used the four-dimensional
form of the coordinate-space propagator in an essential way, in particular, that it has two simple poles on the light
cone, and no branch cuts. This enables us to derive Eq. (8) from Eq. (7), in terms of residues of poles in the z~
coordinates for each line. The analysis must clearly change for massive fields, for which the propagators are given
in terms of Bessel functions even in four dimensions, and also for massless fields in 4 — 2¢ dimensions, where the
propagator is

I'(1—¢) 1

47T2—6 (_22 + 216)176,

A(z2,m=0) = (79)

which has a branch cut from 0 < 22 < oo. These essential complications in coordinate space are to be contrasted
with the generality of light-cone perturbation theory results in momentum space, where masses and dimensional
continuation can be implemented directly in the integrand, and in the definition of transverse integrations, respectively.
Here we briefly sketch the necessary generalization for coordinate space.

This generalization requires the introduction of extra dispersive integrals that replace the simple poles above, while
respecting the basic structure of the light-cone results. Both for masses, m and dimensions ¢ # 0, the analog of Eq.
(5) for Green functions in coordinate representation, but now with scalar lines of mass m, can be constructed from
propagators written in dispersive form,

 d12 ImA(z’2+ie m)
A(Z2 = ! . 80
(2%, m) /0 T =2zt + 22 + 224 e (80)

To be specific, the imaginary parts for the massless and massive scalar propagators in 4 — 2¢ dimensions are given by
[23]

ImA(z%,m) = 6 (%) n . H{Q_)s (m@)

ImA(2%,0) = —o— ——, (81)

with Hi_. a Bessel function.
In place of the generic form in Eq. (5) for a Green function with massless lines, we now have

—_ia\V dz/z
Y
Cp{ra)) = ((ML 10 / 2 mA (g i
lines j=1
< 1
g i — - 82
/Vertilc_e[si—l g lin(gzl _ij(yia'ra) + Z;-2+’L€ ( )

In this form, the full reasoning leading to Eq. (45) can be applied to the integrals over the y;’s, leading to the same
result for fixed values of the variables zj2. The effect of the dispersion form for each propagator is to change the

function D by the addition of the variable 23-2 to the dependence on transverse coordinates,

D(”I) —

(yir — yi,u)2 + ngi_lﬂ
(ba) > 5 : (83)

. (y+ - yt1)
iep(y T
Here zéii_lﬂ_ is the dispersive variable corresponding to the line z(; ;_1) = y; — y;—1 along this path. As the mass
vanishes, and as the number of dimensions approaches four, the discontinuity of A vanishes away from the light cone
and approaches a delta function, reproducing the massless result.
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VII. CONCLUSIONS

We have developed a coordinate-space analog of the venerable light-cone-ordered perturbation theory in momentum
space, finding that the central role of states in momentum space is taken in coordinate space by paths between external
operators. Discontinuities in amplitudes can arise when these points are separated by lightlike distances, corresponding
to discontinuities in momentum space associated with states that satisfy energy conservation. This principle sheds
light on the discontinuities of expectation values of Wilson lines, which can be evaluated in momentum or coordinate
space. We anticipate applications as well to the interpretation of infrared singularities of cross sections and their
cancellation, which are also accessible in a coordinate formulation [22].

The detailed prescriptions developed above require the identification of “covering sets” of paths between “incoming”
and “outgoing” vertices, for each partially ordered sets of internal and external vertices. The possibility of a geometrical
generalization of these results applied to high orders is intriguing, and we hope to take it up in future work.
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Appendix A: Paths from direct evaluation

In this appendix, we provide an alternative proof of Eq. (45) for all massless lines, by the direct evaluation of y~
integrals. As in Sec. IITE, this argument is iterative in nature, this time in the order of the diagram, for arbitrary
numbers of initial and final vertices. It applies equally to tree and loop diagrams.

At zeroth order in the interaction, an arbitrary diagram is simply a set of n lines, each connecting an initial and a
final vertex. For fixed values of the m;’ of these 2n vertices, Eq. (45) applies immediately with no integrations over
internal vertices. We then assume the result for all diagrams of some fixed order NV > 0. We consider an arbitrary
ordered diagram of order N +1, for any ordering of its N +1 internal vertices, which we label as yjf, 11> y;{, > > yf
In this diagram, the vertex at yn41 is connected to dy1 predecessor lines (which can arise from internal or initial
predecessor vertices) and is a predecessor of another set py11 of descendant vertices, which by construction are final
vertices. In this ordering, dyy1 + py+1 is the number of lines that are attached to the vertex yyi1. We refer to this
diagram as G VY ({X1, ., X bouts {215+ Zm bin)-

We can express our N + 1st order diagram, Q((Z’mj\)[; Y in terms of an Nth order diagram, g(;” ’;VNtll) Sy 1m)P by

identifying dx 1 final vertices of the Nth order diagram at point yy41, and multiplying by py41 propagators that
connect the new vertex at yy;1 with new external vertices at points X, . ,+1,..., Xy, all with Xj+ > yj\r,ﬂ.
Schematically, the relation can be written as

n

1
g’”’N+1 X1, X v X Youts {21, -y 2m b :/d4 :
(n, ({ 1 n—pn+1+1 n}out { 1 m}m) YN+1 j=”_1;1\|;+1+1 *(Xj *yN+1)2 T e

X g((:;pr+l+dN+hm)'P ({X17 e YNHLy e YNFL - 7Xn—pN+1+dN+1}0ut7 {Zla ey Zm}in) ) (Al)

where dy 41 of the external vertices are set to yny41. As usual, the subscript P indicates that the plus coordinates of

each dlagram are (partially) ordered, with the partial ordering of g (mz ]\)[; 2 being determined by the partial ordering

of (](:L” ’pNH tdnsam)P along with the relative orderings of yN 41 and of its descendant vertices, which are all final

vertices. An example of the relationship in Eq. (A1) is shown in Fig. 9, where dy+1 = py41 = 2.

Our aim is to do the yy ., integral in Eq. (A1), and to show that if g(:“;VN)HerN%m)P is of the form of Eq. (45),
(7\'[ ,N—‘rl)
(n,m)P
the yy,, poles in this expression, because all y_ ;-dependence is either in the explicit propagators in (A1), or in the

wr,IN .
(("I—pl\3+1+d1v+1,m)77’ which Obeys (45)

. . . . . N
By our iterative assumption, in function g((jjpr)HHNH myp> Y

paths from the initial vertices of the diagrams, to the set of dyyi final state vertices that have been fused into

with paths that extend from its initial to its final vertices, so is G . This result will follow by keeping track of

denominators of the Nth order diagram G

~ appears in denominators that are specified by
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G — 8k

FIG. 9: Diagram representing the addition of an interaction vertex.

the new interaction vertex at yh; +1- We denote the number of yy_ -dependent denominators by mg. We always
(mr,N)

have mg > dny1. The other denominators of g(n_pN+1+dN+1 m)P

argument.

are independent of ¥y~ and do not enter into the

(TrlvN)
(n—pNt1+dN41,m)P

The general form of y_ -dependent denominators in function G is given by Eq. (45) and (46) as

_ _ (yu_ — yiflj_)2 .o .
YNyt = Za T Z 20yF — yF ) — i€ = yyyy — O — i€, (A2)
K3 11—

vertices iGP(yN+1a)
where the right-hand side serves as a definition of ¢,, and where {P(, . )} is the relevant set of paths from initial
vertices at points z, to the final vertex at point yy41. The poles of all these denominators are in the upper yy,; =y
half-plane. Their number, and the real values of the locations of their poles depend on the details of the diagram,
but we shall only need to assume that there is a finite number of them, which we denote m¢g. The explicit poles
of the new propagators in (A1) at points we label &, in contrast, are all in the yy_, lower half plane, because by

construction every X;‘ > yj\', +1- Suppressing all overall factors, the general yy_ , integral is therefore of the form

1 PN+1 mag 1

7 1 A3

PN+1,MG i [ dy H & — y — e Hy — 0 — i€’ (43)
=1

with the normalization chosen for convenience. In the following, we further simplify the notation by suppressing the
infinitesimal imaginary parts of the denominators, which are all negative.

We confirm below that the result of the yy, , integral can be written as a product of denominators of the same form,
which depend on paths leading from the same set of initial vertices {z,} to the “new” pni1 vertices X ]“ connected to
Yy by the explicit propagators in Eq. (A1). For renormalizable theories we would need to show that this holds for
pn+1 from one to three, but in fact it holds for any value of pny1.

The result is immediate for py11 = 1, because when we close in the lower half plane, the value of yy_ ; at the pole
adds precisely the extra “length” to the path from each initial vertex z, to yny11 to produce the denominator for the
path from z, to the single new vertex X,,. The cases starting py+1 = 2 require algebraic manipulation.

1. mg to 2 Identity

The y integral when there are two descendent vertices for the additional interaction is found from Eq. (A3) with
PN+1 = 27

1 [ 1 1 o1
Ly = — d . A4
BT 2w o y<§2_y§1_y)il:[1y_5i (A4)

Closing the y contour in the lower half-plane for this integral (recalling that the denominators all have negative
imaginary parts), we pick up the poles of the propagators connecting yx41 and its descendant vertices to find,

mag

1 1 o1
Lame = &—& (}:[1 £a—0; E §1—5i> ' (45)

This, of course, is not yet the desired result. To derive an expression with only forward-moving paths, we add zero to
this expression, in the form,

1 mg—1 mg mg—1 mgag

&1 — & Z H 52—5 Hfl * Z H

=1 j=l+1 =1 j=Il+1

= H e (A0
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From these sums, we isolate the [ = 1 term from the first sum, and I = mg — 1 from the second, and group them with
the & product and the &; product in Eq. (A5) respectively. This gives

I B 1 ﬁ I ﬁ 1
Zme & -8\ §2 — 05 & -0 i & =4

L1 1 mﬁl ”ﬁ 1
§1—& \&—0me 3 & —6; 1 &0

1 mg—1 mg mg—2 mg
. (A
teTg lX; 7111 {2_5 H 51 - ; IL 52_ H 51_5 (A7)

We next combine the first pairs of terms, which cancels the £; — & denominators in these expressions. Also, we relabel
the indices of the first summation (by ! — [ + 1). Then, both sums run from [ = 1 to mg — 2, so that they can be
grouped into a single summation,

I = I] - ﬁ :
2,ma o & — 5]. & — 01 & — 5mG it & — 0;

1 mag—2 mg
tate & ]rL & - 5 T U as + 1 52—6 e U s

mag

i 1 L, 1 ’ﬁ 1 +"‘§:2"ﬁ 1 1 li[ 1
a i BRS al VRS B IR RO &1 —6; 52—5 §o — 0141 &1 — e SIS

1)
me 2y =1 j=it2 4100

(A8)

where in the second equality we combine the final two terms under the remaining summation. This can be reorganized
as

mag mgag

Io e = Z H [ 5 H €1 (A9)

=1 5=l

In this expression every denominator reflects a path from an initial vertex, through the vertex at yny1 to one of its
descendant vertices, X7 or Xa. This is the result we were after. We note that, as in the construction of Sec. III E, the
procedure leading from Eq. (A6) to (A9) introduces an arbitrary ordering for the paths.

2. mg to 3 identity

In this case, we start with the result we wish to prove, which generalizes the pyy; = 2 relation, Eq. (A9). As in
the previous case, this involves an arbitrary ordering of the paths that arrive at vertex yyy1,

o = X I oty }J = H§1_5 (A10)

m>l2>112>1 k=l>

Working backward, we recognize that the right pair of products is I5,, in the form of Eq. (A9), and then apply the
equivalent expression for this quantity, Eq. (A5),

mg 1 2
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This expression is a single sum over a combination of two products. Factoring out the common 1/(£; — &3), we can
again apply the py41 = 2 identity that relates (A9) to (A5),

1 mag mag mag mgag

§1— & ZH &3 — 5k H 52* ZH 53*5k II 51*5

lo=1k=l3 j= lo=1k=l3

I3,mg

mag mag
1 1

mg 1 mg 1
L—& | &L -6 H§3*5k _j1;[1§2*5j &1 — 53 lH§35k _113151*51'

1 1 1 1 1 1
= . A
-6 &6-& iI:Il &1 —0; - G —& &G lell §2 — 4, N & — & & —& klzll §3 — 0k (A12)

where the three terms of the final expression correspond to the fourth, second, and the sum of the first and third
terms of the foregoing expression, respectively. We recognize this expression as the integral

1 o0 1 1 1 T
sime 2m/,oo y(@—y@—y&—y),ﬂy—éi (A13)

=1

which is exactly Eq. (A3) with px11 = 3. The third line of Eq. (A12) is found by closing the y = yy_, contour in
the lower half-plane, recalling that all denominators are understood to include —ie.

3. Generalization for mg to n identity

We can generalize the method for py41 = 3 to arbitrary py1 = n outgoing lines. We first write the “mg to n”
identity for I, ., and then, as in Eq. (A11), identify factors of I,_1 m in each of its terms,

ma 1 ln_1 1

Inme = > Hm‘n [N N XH

mG2lp—12lp—22>20121 ip=lp_1 i1=1

51—5

in—1=ln_2

nl 1
- X I fn—znlz I O % ng—é H 51—5

ln—1=1 in=ln_1 n—2=1 ipn_1=lpn_2 l1=1 4=l

= Z H 6%5 X In,17ln71. (A14)

We assume that this result holds for all integrals I,,_1 ,, defined by Eq. (A3) for arbitrary mq, and seek to prove
that I,, . defined as in this expression is equal to the corresponding integral with py41 = n.

Proceeding as in Eq. (A11), our inductive assumption for I,,_1;, , implies that it can be replaced in (A14) by the
form that results directly from closing the y contour of Eq. (A3) in the lower half-plane,

n—1n—1 ln—1
Ln_1i, . . (A15)
o ;]H#@ & Hf—ak

We want to show that I, ., has the same form,
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Inserting Eq. (A15) into the third equality of (A14), we get

mg mag 1 n—1n—1 ln—1 1
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i= 1]751

where in the second equality, we have changed the order of the two summations and factored out the products of
1/(¢; — &;). The sum over index I,,—1 is now of the form of Eq. (A9) with &, and §; replacing & and &, respectively.
We may therefore apply Eq. (A5) to get to the third equality.

Taking into account the relative sign, the denominator (&, — &;) extends the product over j up to n in the second
term of the third equality of (A17). For the first term in the third equality, we only need to use the identity, which
can be obtained by closing the contour either in the lower or upper half plane, respectively, for the following integral,

1 s |
% dzfgnfze}—[é.z*z*%:zgz gn};[z gz
[

In this form, we can add the first term to the other n — 1 terms so that the summation index ¢ in (A17) runs up to n
now. As a result, we obtain the complete result for I,, ,,,, given in Eq. (A16) starting from Eq. (A14).
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