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Epstein-Glaser’s ideas for the formulation of a distributional well-defined perturbative causal field
theory are developed in light-front dynamics over the invariant null-plane coordinates introduced
by Rohrlich. Explicitly, the causality theorems which warrant the method are adapted to that
dynamics, and the causal distribution splitting formulae are re-derived in accordance with it, ex-
hibiting important differences with respect to its instant dynamics version. Application of these
splitting formulae to the (anti)commutation relations of the fermion and radiation fields natu-
rally leads to the well known instantaneous terms of their Feynman propagators, while the scalar
field’s one retains its form from instant dynamics. Additionally, the developed method is ap-
plied to Scalar QED (SQED) at second order, taking for the first order distribution the product of
the radiation field with only the linear in the coupling constant part of the current. We analyse
Moeller scattering, for which the equivalence with instant dynamics is established, and Compton
scattering, for which the vertex coming from the second order term in the current is automatically
generated in the normalization procedure once the residual gauge invariance which remains from

the imposition of the null-plane gauge condition is exploited.
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1. Introduction

The S-operator, as a map between asymptotically free incoming particles and outgoing ones,
must be constructed with the well defined free fields, as realized by Stiickelberg and Rivier [1],
who were the first to consider a causality axiom, then simplified by Bogoliubov and Shirkov [2] by
the introduction of a switching function regulating the intensity of the interaction. In 1973, Epstein
and Glaser [3] constructed a finite perturbative theory in which UV divergences do not appear; they
used translation invariance and a causality condition, then the S-operator is constructed inductively,
order by order. Currently, this theory is called: Causal Perturbation Theory (CPT) [4]. Moreover,
although since Dirac’s paper [5] the development of light-front field theories has proven to be useful
in many models, the singular character of instantaneous terms has been an intricate problem. In
view of the successful CPT applications, this approach could resolve this problem. Nonetheless,
the passage from the instant dynamics version of CPT to the light-front dynamics one is not trivial:
CPT has to be reconstructed, because the causality condition, which is at the base of the theory,
must be reformulated. Show how to do it and the application of the resulting theory to scattering
processes on SQED is the purpose of this paper (for a detailed exposition see [0]).

2. Null Plane Causal Perturbation Theory

The S(g) operator connects asymptotically free initial and final states for an interaction whose
intensity is regulated by the switching function g € .7 (R*). We formally express it as the series:

=
S(g):=1+Y, - /d4x1 cedbx, Ty (xrs ix)g(xn) - g(xn) (2.1)
“on!.

Here the product g(x;)---g(x,) is symmetric, so do the 7,, distributions. Defining the set X :=
{xjeM:j=1,---,n}, we denote: T, = T,(X),g(X) = g(x1)---g(xn), dX = d*x;---d*x,, so:

oo oo .
S(g) =1+ ¥ L [dXT,(X)g(X). The inverse operator is: S(g) ' =1+ ¥ 1 [dXT,(X)g(X).
n=1" n=1"
For X,Y C M define:! X <Y :oVxeX,yeY :x) <yt and X ~Y :oVxeX,ye

Y : (x—y)? < 0. Causality is implemented as follows: (1) For g1,g> € .7 (R*) with supp(g1) <

supp(g2): S(g1+g2) = S(g2)S(g1); (2) for g1,82 € .7 (R*) with supp(g1) ~ supp(g2), the same
decomposition is valid, but S(g;) and S(g2) commute. Now, suppose that we know all T;,, T,, for

m=1,---,n—1 and we want to find the next order 7, distribution. Define the distributions:
A;(X) = ZT’H X)Ly (X2 U{xa}) R;(X) = ZTn—m(XZU{xn})Tnl(Xl) ) (2.2)
P P

with P, a partition of X \ {x,} in the disjoint subsets X;, X, such that X; # 0. Also, we define the
advanced and retarded distributions of order n by:

An(X) =Y T (X)) T, (X0 U{x}) . Ru(X):=Y T CQU{x DT (X)) . (23)

P2<0) P2(0)

"We use Rohrlich’s invariant null-plane coordinates [7]: Light-front dynamics is introduced by the definition of the
null-plane tetrad basis: (1) = (é(o) + é(3)) V2, e(1) = &(1).€(2) = &(2)- Then every vector A has invariant components:
A@ .= A.el@ with which it can be expressed as: A = A<”>e<a). The scalar product of the vectors A and Bis: A-B =
ANB) 4 AC)BH) — AL B, Finally, we choose x(*) as the invariant NP-time.
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Here, PZ(O) means that now it is allowed that X; = 0. Then 7, can be found as: 7,(X) = R,(X) —
R (X). Deﬁne the causal distribution: D (X ):=R, (X )—Au(X) =R, (X)—A/(X). Also, de-
note: V*(x) := {y e M: (y —x)? > 0;(+ BV (x):={yeM: (y—x)? > 0;yH) <x(H},
and the sets of n points in V*(x): F,jf( ) Theorem 1 For n > 3: supp (D, (x1;---3x4)) C
[} (x,) UL, (x,). OFor n = 2, the causal support of D, (X ) must be proved explicitly. This theorem
tells us that D,(X) can be split into R, and A, with supp(R,) C I’} (x,) and supp(A,) C T, (x,).
Also, Theorem 2: The constructed distribution 7,(X) satisfies the causality conditions. [J Now,
the causal distribution has the form: D, (X) = Y, d*(X) :Ci(y?):, with d*(X) a numerical distri-
bution determining supp(D,) and :Ci(w*): a normal product of the free field operators y*. De-
fine the distribution d € .7 (R*'~*) as: d(X) := d¥(x; —Xn; -+ ;%0—1 — %3 0),supp(d) C T, (0)U
I ,(0). For the splitting of d as: d = r —a, with supp(r) C '} ,(0) and supp(a) C T, ,(0),
we must take into account its behaviour in the neighbourhood of the intersection of the sur-
face X(*) = 0 and supp(d), i.e., the X(")-axis. Definition 1: Let d € .7/(R™). If the limit
lim,_o+ 5@ 57"/4d (sX(JF);sX(L);X(_)) =d_(X) exists in .#/(R™) and is non-zero, then d_ is the
quasi-asymptote of d at the X (")-axis, which then has singular order _. O For the splitting, con-
sider a continuous non-decreasing monotonous function  (¢) such that: y () =0forz <0, x(z) <1
forO0<r <1, x(t) =1fort > 1. Then, define the retarded and advanced distributions by:

r(X):li_r)%x(X(”/s)d(X) . alx ):—hmx( +>/s)d(x) . 2.4)

s—0
This definition is satisfactory only if these limits do exist. Cauchy’s convergence condition implies
its existence if w_ < 0, but it could not exist for @w_ > 0. Accordingly, for w_ < O the splitting
is trivial: 7(X) = limy_ox (X*)/5)d(X) = © (X(*)) d(X). For w_ > 0, we must project the test
function onto the space of functions for which the limit exists; this is done with an operator W. Then
the retarded distribution is defined as: (r; ) := (lim,_ox (X)/s) d(X); (Wo)(X)) = (d;0W ¢).
In momentum space the splitting formulae are (we show only the case n = 2), for w_ < O:

T d(ipeyp)

J o 1—t+sgn(p(y,))i0t

. i
#(p) = 5-sen (p(1) dr 2.5)
and for w_ > 0 we have the central solution:

b

A i dg | ‘& (ps1) ,
fo(p) = 2n/q_i_ioJr {d(P(+) —q:p)— Y, 27!1)1@“”61 (=¢:001y:p0)) ¢ - (26)

b=0

Finally, if (r;a) and (7;@) are two solutions of the splitting problem, d = r —a = 7 — a, then
r—F7=a—a. Itis only possible if r and 7 differ, at most, by normalization terms: r(X) — F(X) =

Lo
Y G, (X (_)) D‘(l + L)5 (X Hvl)), with C, (X (_)) some distributions which must be fixed by physi-
a=0 ’
o]

cal conditions besides causality. In momentum space those terms are: ), C, (P(_)) P(“Jr e

3. Field Propagators

Scalar field: Fourier transform of the commutation function for the scalar field is D(p) =
#sgn (p(,)) 8(p? —m?), which is of singular order @ = —2 < 0. We find its retarded part by
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using Eq. (2.5) and get: D™ (p) = —(27) 72 p27m2+sg11(p(_))i0+' Feynman propagator is:
1

ﬁF — Dret _D(—) - —(2 -2~
(p) (p) (p)=—(2m) 0T

Fermion field: The anticommutation function of the fermion field in momentum space is:
S(p) = ﬁ(;ﬁ+m)sgn (p(~)) 8(p* —m?), and has singular order @_ = —1 < 0. Its retarded part is

found to be: " (p) = —(27) > < 7 m2+f;1rgp yior 272:)) > Feynman propagator is then:
- ) -

§ 3 & m +)
§°(p) 1= 5(p) =5 (p) = (2m) 2 <p2 e zﬁm)

Radiation field in the NP-gauge: The commutation function for this field is: ﬁ(a)(b) (k) =

ﬁsgn (k(_)) 5(k?) (n(a)(b) — W) Some terms of this distribution have singular order

@_ = —2, and others have @_ = —1. In any case, the singular order is negative. The retarded part
o P — (2m)2 koMo ke | &2 .
is: D(Z’)(b) (k) = " Ersen(k )0 {n(a)(h) I TE— + gn(a)n(b) } Therefore:

5F — fye 5 oy (2m)72 kM) + ke | *
Dtayn ()= Dy (0 = Digyin) (0) = =g | M) = = — g Mo

4. Scalar QED

We start with the one-point distribution: 7j(x) = —i 4 (x): A@(x); with the current:
<
) (x) = ie 10" (x) 0 (@) @(x): . Being that way, Ti(x) is a truly first order in e distribution.

Moeller Scattering: Considering the scattering of two scalar particles, the causal distribution
for this process is: DY (x1;x2) = —iDyy(y) :j*(x1)j"(x2): with y =x; —x,. The corresponding
retarded distribution is: RY (x;x2) = —iDiy(y) :j*(x1)j¥(x2):, so that:

T (xi3%2) = RS (x1332) = Ry (xi3x2) = =il (v) + #(x0) " (x2) (4.1)

Accordingly: SY = —£(27m)72 [ d*kd*xid*x e~ (Dﬁv(k)+é(k(,))) M ()Y (). If we
choose C (k(,)) = (2n)*2n#nv /k(2_>, this normalization term cancels the instantaneous part in
Feynman propagator (locality condition). Also, choosing the initial and final states b (q,)b" (p,)Q
and b'(g,)b"(p,)Q, respectively, the terms in ﬁiv(k) linear in the momentum do not contribute
because of the on-mass-shell condition. We conclude that the final result is the same as taking

—(2m)2 kﬁlivo — as the photon propagator, proving the equivalence with instant dynamics.

Compton Scattering: Now consider the scattering of a scalar particle with a photon. Perform-
ing the splitting of the causal distribution of second order and writing the allowed normalization
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terms, we find the two-points distribution as being:

T (x1530) = ie* AW (x1)AP) (x,) : {—(“P(xl)(PT( 2): 4 10 (x1)9(x2) ) 9a) 9 D" ()
(9()90( DO () + 1900 (x1)e(x2):) I ()—(3<P(X1)3(b)(PT(X2)3
10" (x1)9p) @ (x2) ) Iy D ( )+ (100 @(x1)dp) @  (x2): + 9@  (x1)dp) @ (x2): ) DF (v) }

)
A®(x)A (ﬁ)( SEE { ( ) co(x) ot ) —i—C’( (7)> 0T (x1)@(x2) }5<y<+,m> '

Imposing charge conjugation invariance, i.e. (U(p ® UA) MESEERRRS M (U(p ® UA)T =Tu(x15- - 5x0),
we obtain: C (y(7)) =’ (y(7)). Also, imposing the invariance of SS under the residual gauge free-
dom remaining from the choice of the NP gauge A = 0, we arrive at: C (y(~)) = & (y(-)). The
contribution of this normalization terms is, in the adiabatic limit g — 1:

% / d*xid* Ty (xi;x0) = - — i / dx AP AP () cef)e(x): . 4.2)

We see that the ¢? term which arises from the minimal coupling prescription in the conventional
theory, appears as a normalization term required for invariance under residual gauge transforma-
tions in the second order perturbation term in the causal approach.

5. Conclusions

We have reformulated CPT in a way compatible with LF dynamics. Particularly, we have
shown that when the causality axiom is referred to the x(*) coordinate, causality theorems allow
the retarded and advanced distributions to be non-null on the entire x(_)—axis, so that the normal-
ization terms are defined on it. In the applications to SQED, these normalization distributions can
always be chosen in such a way that locality is preserved, cancelling the instantaneous terms of the
propagators which arise in the splitting procedure of the commutation distributions of the fields;
those normalization distributions are identified with the non-local terms in the Lagrangian density
in the usual approach.
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