AR
W Durham

University
Durham E-Theses

Contact interactions for point particles and strings

JAMES PAUL EDWARDS

How to cite:

EDWARDS, JAMES PAUL (2015) Contact interactions for point particles and strings. Doctoral thesis,
Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/11139/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/11139/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

Contact interactions for point
particles and strings

James P. Edwards

A Thesis presented for the degree of
Doctor of Philosophy

2B
W Durham

University

Centre for Particle Theory
Department of Mathematical Sciences
University of Durham
England

March 2015



Dedicated to

my Grandfather, Harry Edwards, and Grandmother, Jean Fishwick. Although you
will not see this thesis you are at its heart.
Also to
Teresa Edwards, whose strength is inspiring, and John Fishwick, my own mad

scientist.



Contact interactions for point particles and
strings

James P. Edwards

Submitted for the degree of Doctor of Philosophy
March 2015

Abstract

We investigate d-function contact interactions for theories of point particles and of
strings. These interactions are introduced to reformulate the conventional theory of
classical electrodynamics in terms of particles and strings which interact when they
intersect. Upon quantisation we find that the tensionless limit of the spinning string
theory generates well-known gauge invariant quantities in the worldline formulation
of quantum field theory. Despite the off-shell nature of the interaction we find
that the string theory does not encounter the expected break-down of conformal
invariance. We further develop worldline techniques for non-Abelian theories and
consider first quantised versions of some grand unified theories. This work can be
seen as initiating the construction of a first-quantised version of the quantum field

theory describing the standard model.
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Chapter 1

Introduction

String theory has provided much insight into modern physics, in particular to the
dynamics of quantum fields. There are a great many examples of close relationships
between the physics of field theory and some form of string theory [1-3]. Despite
string theory being a first quantised theory its one-dimensional extended nature
provides sufficiently large degrees of freedom to be applicable to problems in second
quantised field theory [4—6]. One of the most prominent and popular examples of
this has to be gauge / gravity duality and the AdS/CFT correspondence [7-9], where
certain string theories on a curved space-time are related to conformal field theories
on its spatial boundary. It is interesting, however, to return to the foundations
of string theory and consider modifying it for application to the real world. One
context where this is especially relevant is the consideration of interactions.

It is of course true that interactions of a sort are accommodated into string the-
ory by summing over the topologies of worldsheets [10]. Furthermore the scattering
of strings can be represented by introducing vertex operators to excite the required
asymptotic states (via the state-operator correspondence) so that a typical picture
of string theory interactions is a sum over an infinite set of physically distinct world-
sheets with a puncture for each state taking part in the scattering. Physically this
can be viewed as a smooth splitting and joining of strings which, for reasons we
shall discuss, are on mass shell. The spectra of quantised string theories also con-
tain states such as the photon, graviton, Kalb-Ramond tensor and dilaton and it

is possible to consider propagation of a string coupled to background fields which
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Chapter 1. Introduction 2

take any of these forms [11,12]. If this is done then by demanding the conformal
invariance we shall discuss later it is possible to derive field theories which describe
the long-wavelength limit of the interactions of these modes of the string.

It is not these types of interaction which we shall consider in this thesis. Instead
we shall introduce interactions between fundamental strings by modifying the string
action to include a contact term. We shall motivate the introduction of such an
unconventional interaction by appealing to a recent demonstration that the electro-
magnetic field at a given space-time point of a pair of equal and opposite charges
can be determined by carrying out a statistical average over string configurations in
Polyakov’s approach to string theory [13]. Only those string configurations whose
end-points are fixed to the worldlines of the charges and which intersect that space-
time point contribute to this average. We will determine the effect of this contact
interaction by calculating the tree-level partition function for the new string theory
to all orders of a perturbative expansion in the strength of the inter-string interac-
tion. As a warm up we shall first consider an analogous contact interaction for point
particles.

As we shall review below, requiring that the classical conformal invariance of
the string is preserved upon quantisation places constraints on the spectrum of the
theory and on the dimension of the target space in which the string propagates.
Modification of the action faces the danger of altering these constraints, the intro-
duction of further conditions or may even lead to an inconsistent theory. Remarkably
the interacting string theory will be seen to evade the usual mass-shell constraints
on the string spectra and will not encounter any change to the well-known Weyl
anomaly, which in any case will decouple from the physical content the theory de-
scribes. For this reason the consistency of the inter-string interaction represents an
important development in fundamental string theory.

This thesis aims to further advance this novel string theory by relating it to
the physical observables which appear in quantum electrodynamics (QED). Sec-
ond quantised field theory is an extremely powerful framework in which to consider
processes which involve multi-particle states but having an equivalent quantum me-

chanical theory offers new conceptual understanding and calculational tools to ad-
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dress long standing problems. Experiment has verified the predictions of QED to
extraordinary accuracy so it may seem unnecessary to consider a new approach.
However, it is a low energy effective field theory which arises out of the standard
model so eventually we shall seek to apply the proposed string theory to reformulate
the non-Abelian field theories believed to describe fundamental interactions. The
Abelian theory is somewhat simpler and supplies an ideal setting to develop new
approaches to the full standard model.

The crucial stepping stone between field theory and first quantised theory will
be the so-called worldline formalism of quantum field theory. This approach has its
roots in the work of Feynman [14] but was revived and developed by Strassler [15,16]
and is steadily growing in popularity. Briefly, a typical field theory is described by an
action which consists of matter coupled to gauge fields. Integrating over the matter
content leads to an effective action for the gauge field which involves the functional
determinant and propagators of the kinetic term describing the dynamics of the free
theory. The worldline formalism re-expresses the determinant and the propagators in
terms of an ensemble of first quantised theories defined on closed and open worldlines
respectively. These worldline theories take the form of point particles coupled to
the gauge field via the Wilson line — the path ordered exponential of the gauge
connection transported along the worldline. The connection to string theory will
then be found by identifying these worldlines as the boundaries of fundamental
interacting strings which serve to produce the interaction of the worldline theory
with the gauge field.

Within this framework the quantum field theory describing the low energy inter-
action of spinor matter with the electromagnetic field will be reformulated in terms
of a quantum theory of strings which interact on contact; their boundaries will be
fixed to the Wilson lines which emerge in the worldline formalism of the field theory.
The standard model, however, contains far more information than this. In order to
go on to describe the known matter content of the universe it is therefore imper-
ative to develop worldline techniques for non-Abelian interactions and to describe
the intrinsic chirality of spin 1/2 particles. Furthermore, whilst the standard model

is hugely successful, there have been many attempts to unify the electro-weak and
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strong forces into a single theory to address problems such as the unification of
their coupling strengths. It is consequently of significant interest that such unified
theories are considered in the first quantised framework that we propose.

With these aims in sight this thesis is laid out as follows. We form the context
for the proposed reformulation of QED in the remainder of this chapter by briefly
reviewing the worldline formalism of quantum field theory and the quantisation of
conventional string theory. Throughout the thesis we shall make use of functional
methods so we will present this material using Polyakov’s approach to quantisation.
We will also demonstrate the passage from quantum field theory to quantum me-
chanics on the worldline and describe the application of this formalism to simple
one-loop scattering amplitudes. We also revise the functional integration over string
worldsheet geometries and how the recovery of conformal invariance leads to the
critical dimension of space-time and the mass-shell conditions.

In Chapter 2 the contact interaction will be considered in the context of point
particle theories. We shall first re-derive a previous result showing how the functional
averaging over worldlines passing through a spatial point provides the electric field
at that point. That calculation was for bosonic particles but this will be generalised
to a supersymmetric model applicable to fermionic particles. We shall then turn to
developing a quantum theory of a set of point particles which interact when their
worldlines intersect. The limitations of this model will provide sufficient motivation
to turn instead to a theory of interacting strings.

Chapter 3 forms the backbone of the thesis and contains the reformulation of
spinor QED in terms of spinning strings which interact upon contact. Specifically
we shall propose that the partition function of the string theory coincides with
the expectation value of the product of Wilson lines defined by the boundaries
of the strings. First the case of scalar QED is considered which is postulated to
be equivalent to an interacting bosonic string theory. Calculation will show that
potential divergences spoil this claim which will motivate us to consider spinor QED.
Here we will see that the extra structure of supersymmetry that the spinning string
enjoys is sufficient to ensure that these problems are no longer encountered. By

regulating the ultra violet divergences on the string worldsheet we will demonstrate
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that super-conformal invariance can be restored and that the familiar expression for
exponentiated line integrals in QED arises naturally out of the model.

The application of the worldline approach to non-Abelian theories and chiral
fermions is considered in Chapter 4. We build upon a worldline approach to the
standard model to consider unified theories in the same context. There we will
show that the familiar SU (5) unified theory arises quite naturally in this formalism;
the chiral projection operators, path ordering and group representations of non-
Abelian field theories can be represented by introducing further worldline degrees of
freedom and we show that the well-known Georgi-Glashow model can be extracted
by considering a functional determinant associated to these new fields. We also
discuss some of the other well-known unified theories such as that with gauge group
SO(10). We shall then discuss the consequences of the work in this thesis and
state our conclusions. Further detailed calculations and subsidiary arguments will

be provided in the appendices.

1.0.1 The worldline approach to quantum field theory

The world-line formulation of Strassler (which has been elaborated by a number of
authors [17-19]) will play a crucial role in this thesis. Strassler was motivated by the
well-known fact that the infinite tension limit of various string theories reduces to
familiar field theories describing the massless states of the string. Bern and Kosower
analysed the scattering of strings in this limit [20,21] and derived a series of rules
which enabled the systematic calculation of one-loop scattering amplitudes in cor-
responding field theories [22]. Although derived from string theory, calculations do
not depend in any way on the underlying string model. They also represent a non-
trivial reorganisation of the physical content of the theory and do not resemble the
usual perturbative expansion which Feynman diagrams provide. Strassler’s achieve-
ment was to uncover the same rules directly from field theory, without any reference
to strings. More recently this approach has been studied in the context of pair

production [23], on curved backgrounds [24] and in a non-commutative setting [25].
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Scalar matter

We begin with scalar electrodynamics with a single complex scalar field ¢ coupled

to the electromagnetic field which has Euclidean action

S, 0] = /d‘*mﬁ(—ﬁ +m?) ¢, (1.0.1)

where D = 0+1iA is the usual covariant derivative (we absorb the coupling constant
into A). The generating functional for Green functions is written by introducing

sources J and J as follows
Z1J,J) = / D(A, ¢, ¢) eSS dle Joro) (1.0.2)

where S [A] describes the dynamics of the gauge field. We integrate over the matter

content for

= 1 4, 7 2,2\ 7!
Z11,0) = | 24 S f dte (D2 m) 1.0.3

1/, J] / det(—D2+m2)e ( )
Strassler noted that the logarithm of the functional determinant can be represented

by using the Schwinger proper time trick [26]:
< dT !
—log [det (—D* + m?)] = / ?Tr e~ 2T (=D m?) (1.0.4)
0

In this equation e is an arbitrary constant. Strassler interpreted this exponent as
specifying a Hamiltonian for quantum mechanical evolution and therefore gave a
path integral representation for the trace by introducing a fictitious particle w*.
The trace requires the one dimensional worldline of this particle to be closed (so
identifying the initial and final positions) and we must functionally integrate over

all such closed loops. Strassler originally gave the worldline action

T w? e
S = / — 4+ -m?+id- Alw(7)] dr (1.0.5)
0o 2e 2
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but we prefer to give reparameterisation invariant expressions by recognising that
the constant e plays the role of the square root of the one dimensional metric (or

einbein): (1.0.4) can be expressed as

_ 7{ 2(h,w) (Zﬂ W) sl (1.0.6)

where we integrate over closed curves and ascribe the following action to each world-

line [27]

S[w,h]:So[w,h]—l—z’/dw-A; Solw, h]:%/ol <h‘1(§) (d‘;—f)>2+m2> Vh(€) dg

(1.0.7)
This form of the action was first given by Brink, di Vecchia and Howe and contains
w(§), 0 < & < 1, a parametrisation of a world-line depending on the arbitrary
parameter &, and h(£) > 0, an intrinsic metric on the worldline. The dimensions
of h will be taken as [length]* so that the action is dimensionless. This action is
invariant under diffeomorphisms & — £ that preserve the parameter interval if under

such reparameterisations h(€) transforms as a metric and w (§) as a scalar:

hE)dE? = h(&)des; (€)= w(&) (1.0.8)

In our discussion of functional quantisation below we shall show that upon gauge
fixing the reparameterisation invariance by choosing h = T? the integral over metrics
becomes Zh < L. In this gauge (1.0.6) becomes equivalent to Strassler’s expression.

In a similar fashion the Green function can also be represented as

w(1)=b
<b‘ (-D* + m2)_1 ‘a> = — /(o) @(Z’ “) e~ Sl (1.0.9)

where now we integrate over open worldlines whose endpoints are fixed to the space-

time points a and b. This time the gauge fixing leads to Zh o dT so we find

? Car / @we Jo $r+EmrirAlw(r)] dr (1.0.10)
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This is the version given by Strassler; integrating over w gives exp (—% (=D + m2))
which is the heat-kernel of the kinetic operator in the exponent. Hence integrating
with respect to T yields the Green function. Note that both expressions take on a
very similar form, differing only by the boundary conditions on the worldlines, and

that the expressions are recognisable as expectation values of Wilson lines of the

gauge field (and are hence manifestly gauge invariant with respect to this field).

Spinor matter

This procedure can be generalised to spin 1/2 fields. Given the structure of the
worldline theories encountered above we might anticipate that we again find an
ensemble of worldlines, this time corresponding to quantum theories consisting of
spin 1/2 particles which are coupled to the gauge field through super-Wilson lines to
represent the spinor nature of the matter. Indeed this is the case and is made explicit
as follows. For a Dirac spinor coupled to the electromagnetic field the generating

functional is
ZplK, K] = / D(A, T, W) ¢ SWYI=SIAH] dle KU+ UK (1.0.11)

where

S, V] = /d4x\11(7-7)—|—@'m)\11. (1.0.12)

is the usual action and we have introduced anti-commuting (Grassman) sources K

and K. We again integrate over the matter field to produce
Zp|K, K] = /@A det (= (7 - D)? + m?)e S da Ky Dim) =LK (1.0.13)

As in the scalar case Strassler represented the logarithm of the functional deter-
minant in terms of a series of closed worldline theories and gave the inverse of the
kinetic operator as open worldlines, but the quantum theories on these worldlines
must be modified to represent the extra content of spinor matter.

We again use reparametrisation invariant expressions by following Brink, di Vec-

chia and Howe and for simplicity will restrict the discussion to massless particles.



Chapter 1. Introduction 9

We introduce Grassmann numbers ¢* that will play the role of Dirac y-matrices
and the gravitino y that is the super-partner to v/h. The action on the worldlines
consists of the bosonic part Sy [w, k] of (1.0.7), to which we add a piece representing

the spin degrees of freedom

R A Ld_w.)
Sp = 2/0 (1/1 TR V) de (1.0.14)

and the super-Wilson line coupling to the gauge field
. dw 1
This is reparametrisation invariant provided @* transforms as a world-line scalar

(like w*) and y transform like v/h and the complete action is also invariant under

the local supersymmetry transformations:

oa (dw 1 déa
Sow =0ath, Soth = —— —= . 0.Vh=day, Ouyx=2——.
G (G NG ( i ZW) X X

In Appendix C of [28] we showed that for closed world-lines and anti-periodic

boundary conditions on

/Q(h,w, X, ) e %0751 — _In Det ((v - D)Q) (1.0.17)

which is in agreement with our goal. For open world-lines running from w; to w; we
must attach spinor indices which correspond to boundary conditions of the v fields.

We found

[ othwxwye S| =gl (D) (1.0.18)

Furthermore, upon gauge fixing the reparameterisation invariance by setting h = T2
and the local supersymmetry by choosing x = xo, a constant Grassman number, we
find that our equations reduce precisely to those given by Strassler.

We finish this brief review of the worldline formalism by highlighting its compu-

tational efficiency. For simplicity we state the results for the one-loop two photon
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scattering amplitudes in scalar QED (the techniques are very similar for spinor QED
but involve rather more algebra). We have chosen to avoid introducing a source for
the gauge field because rather than determining the generating functional by in-
tegrating over the gauge field we take a shortcut by noting [29] that the N-point
functions can be calculated from the effective action by specialising the background

gauge field to a sum of N plane waves

N
D (1.0.19)
i=1

and extracting the part which contains every polarisation ¢; exactly once. So using

Strassler’s version of the worldline theory we expand to order N

N
Ly [e1, k1, en, k] :/ dT}(@we Jy drépameT U i (/ dTZw € €
(1.0.20)
We take those terms which involve all N different polarisations and momenta which
provides
/ dr (47T~ f@we I d72T+m2T N
0 T

X /dﬁ €1-w(m) gtkrw(m) /dTN en - w(TN) gthnw(Tn) (1.0.21)

The integral over w can be carried out by exponentiating the €; - w (7;) with the
understanding that the result should be expanded to multi-linear order in each

polarisation vector! and for N = 2 yields

0

o) T 1 1

FQ [617 kl, €9, k?g] = i2 (271')4 (54 (k’l —+ kQ) / d? (47TT)_2 €_m2T/ dT1 / dTQ
0 0

>>i| ekl-kQG(Tl,Tg).

G(7'177'2)2 €1 ko€ -k — € - €2é(7'1’7'2

(1.0.22)

In the above equation G (7, 72) is the one dimensional Green function for the kinetic

IThis trick is borrowed from similar calculations in string theory [30].
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operator _Tlcgd—; defined on [0,1]. The zero mode of this operator leads to the mo-
mentum conserving d—function and in the reduced space orthogonal to this mode

the Green function takes the form
G(Tl,TQ):T(’Tl—TQ‘—(Tl—T2)2). (1023)

The calculation is completed by integrating the second term in square brackets by
parts and applying momentum conservation k1 = k = —ks. This turns the integrand
into

e [F'k” — 6" k) &G (11, m)° e FG(mm) (1.0.24)

so the transverse projector already appears at this stage. The integrand has trans-
lational invariance which makes one of the integrals trivial and it is straightforward

to arrive at

1 dT !
FQ [617 kl? €2, kz] = 267 [kﬂkl’ - (5“yk2:| Elf / —€m2T/ du (1 — 2u)2 eiT“(lfu)kz'
(471') 0 T 0
(1.0.25)
Integrating over T' we arrive at the Feynman parameterised expression for the one-

loop two photon scattering amplitude in scalar QED

1 D o 1 (1—2u)’
— =) [krR — u . 0.
(M)gr(z 2) [k"k k]/g d AEETRL (1.0.26)

where we have given the result for arbitrary space-time dimension D because the
expression requires renormalisation. We shall not address such issues in this intro-
duction.

The purpose of this brief demonstration of the worldline approach to quantum
field theory is to highlight the reorganisation of the various contributions to the
amplitude. Firstly we note that we arrived directly at the Feynman parameterised
expression for the scattering. In conventional perturbation theory of scalar QED
this arises out of the sum of two Feynman diagrams (see figure 1.1) and several
algebraic manipulations. Secondly we found the transverse projector appearing at

the level of the integrand when we carried out an integration by parts. In fact this
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is motivated by the calculations of Bern and Kosower, where a systematic removal
of second derivatives of the Green function removes problems associated with the

pinching of vertices about the worldline. This concludes our review of the worldline

ki+p

v_umﬂQﬁ.m +
g & R K

1
(a) The single diagram in the (b) The two contributions to the amplitude in second quan-
worldline formalism tised perturbation theory

Figure 1.1: A comparison of the worldline formalism with perturbative field theory. One diagram in
the worldline formalism can represent two or more in second quantised theory. This simplification
becomes increasingly apparent at higher loop order.

formalism of quantum field theory. We shall build upon this in Chapter 3 where it
will form the basis of a reformulation of QED in terms of interacting strings. We
now turn as promised to the issue of functional quantisation where we will justify

some of the claims we have made in this section.

1.0.2 Functional quantisation

Feynman developed the path integral approach to quantum mechanics as an alter-
native to canonical quantisation. In this formalism transition amplitudes from one
state to another are formally given by summing over all possible evolutions from
the initial to the final state, with each such evolution weighted by the exponential
of minus the action corresponding to that transition. We shall consider theories
of point particles and strings but, as we have seen already for the former case, we
can express these in an equivalent manner by introducing an intrinsic metric on
the domain. The question then becomes one of how to carry out the sum over the
configurations of the particles or strings and integrate over the possible geometries
of the domain.

Before we proceed to address this question we pause to consider why such an
approach is desired at all. Indeed, canonical quantisation is a sufficient tool to

investigate the quantisation of both point particles and strings. The point is that by
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applying functional methods to string theory we learn something about the geometry
of the theory and gain insight into the physical reason for mass-shell conditions and
the critical dimension of target space. It is also rather difficult to compute string
scattering processes beyond one loop using operator methods alone; the functional
approach provides an easier way of determining these amplitudes because it is more

closely aligned with the underlying geometry of the strings.

Point particles

The natural invariant action for a point particle in space-time is simply the length

of the worldline w

S =m [ dey /i (€)@ (© (1.0.27)

where £ is an arbitrary parameter and m is the mass of the particle. This action
suffers from the obvious pitfall of being unsuitable for massless particles and were
we to exponentiate this and integrate over configurations, w, we would find great
difficulty in dealing with the square root. Finally we need to take into account the
vast gauge symmetry under reparameterisations w (§) — w (5 (& )) (which does not
change the path) and ensure that we count only those paths that are not related
by such a gauge transformation — in other words to integrate only over physically
distinct paths. Although it may sound counter productive the answer is to introduce
a further degree of freedom, h (£), which transforms as a (0,2) tensor and use the
action [27] Sy [w, h| defined above. h is interpreted as an intrinsic metric on the
particle worldline. This has the advantage of removing the square root and also
gives a sensible m — 0 limit. At a classical level, the equation of motion for A can
be used to eliminate it from the action, in which case we find (1.0.27) above.

The reparameterisation invariance can be used to fix the metric to our advantage.
For example, setting h = m~2 in S; leads to a canonical momentum p* = mw* and
the equation of motion & = 0. The equation of motion for h, however, imposes the
mass-shell constraint p?> = m? which will have to hold as an operator equation in

the quantum theory. The quantum commutation relations are given by

[pH, "] = int (1.0.28)
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and the physical states are those that satisfy the constraint (p* — m?) |wpnys) = 0.
Let us consider the functional quantisation of this theory by calculating the
elementary objects introduced in the previous section (as we wish only to illustrate
the techniques we shall discard a coupling to the gauge field)
with appropriate boundary conditions on the integration over w depending on whether
the worldline is open or closed. We have divided through by the volume of the dif-
feomorphism group which takes care of the over-counting of equivalent states. The
functional integration over metrics can be defined in analogy to finite dimensional
integration [31]: supposing that the space of metrics is parameterised by local coor-

dinates (; we define

Ph = \/det (S—Z, %) E[dg‘k (1.0.30)

where (-, -) denotes an inner product on variations in the metric that must be chosen.

Following Appendix C of [28] we take the reparameterisation invariant inner product
1
(81h, 03h); = / h=26,h 6,hV/h d€ (1.0.31)
0

Variations in the metric can be divided into those corresponding to a reparameteri-
sation and orthogonal, physical changes. For one dimensional metrics these physical
changes correspond to global scalings. Under an infinitsesimal diffeomorphism pa-

rameterised by a “vector,” V (§), we have £ — £ + V (&) and

Svh(€) = — v<g)%+ %25) h(€) = —2DV . (10.32)

Under an infinitesimal global scaling parameterised by a constant, ¢, the metric
changes as h (€) — h(€)(1+c¢) and (J.,6.), = (dc) fol Vhd¢ so the integration

measure factorises into

Dh = dc DV \/(/01 \/Ed5> <Det(DTD)> (1.0.33)
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We use the reparameterisation invariance of the action to expand the metric about
a constant value h (§) = T?, whereby dc = 29 and fol Vhd¢ = T. In this gauge the
eigenvalues of DD can be (—function regularised (see the appendix of Chapter 2)

and we find

V/det (DID) & VT (1.0.34)

for open worldlines and

Vdet (DID) « T (1.0.35)

for closed worldlines. Due to the diffeomorphism invariance the integration with
respect to V is trivial and provides the volume of the reparameterisation group?,
cancelling the denominator of the functional integration and allowing us to correctly
account for the overcounting caused by the gauge symmetry. In total we can replace
the functional integration over the metric degree of freedom by Zh o d1' for open
worldlines and by Zh dTT for closed worldlines.

The measure for the integration over the matter field, Yw, can be defined by
expanding about the classical solution in Fourier modes of the kinetic operator.
Integration over the Fourier modes produces the functional determinant of this op-
erator which can be calculated by (—function techniques. It is straightforward to
verify that this produces the same expressions for both the partition function and
the propagator as are found in the canonical operator approach to quantisation. For
brevity we do not pursue that here since no substantial problems are encountered,
unlike when it comes to the quantisation of the string (see however a brief calcu-
lation of the functional determinant in the appendix of Chapter 2). For spin 1/2
matter a similar construction works for y and ¢ introduced in the previous section.

We postpone a discussion of this until chapter 2.

2 Actually care must be taken with closed worldlines because the constant zero mode of DT D
. . . 3 .
does not change the metric. Excluding this zero mode leaves behind a further factor of T2 which
must be taken into consideration — see [28] for further details
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String theory

String theory is just the generalisation of the above considerations to a one di-
mensionally extended object. Rather than a point particle tracing out a path in
space-time we consider an extended string (which may be open or a closed loop)
which traces out a worldsheet in D dimensional space-time. We will limit our dis-
cussion to the bosonic string in this introduction, waiting until Chapter 3 to discuss
the construction of the spinning string. The natural invariant action is the area of

the string worldsheet which leads us to consider the Nambu-Goto action [32]

1

2mao!

Sna =

/dQO' \/e“b(’?aX“ (0) Oy XY (0) Ny (1.0.36)

Here X* (o) is the embedding of the worldsheet into space-time which is param-
eterised by ¢* = (7,0) and we have introduced the string tension 7' = (27w¢/ )
This form of the action has the same unfortunate square root as we initially wrote
down for the point particle and has an analogous two dimensional reparameterisa-
tion symmetry. We solve these problems in the same way by introducing a metric

ha () on the worldsheet. Then the Polyakov action [33] is

1
So = / Po VR (0) 0,X" (0) XY () T (1.0.37)
To
where we take h = |det hgy|. Classically hy, is an auxiliary field and its equation

of motion can be solved in terms of the coordinates X* — substituting this solution
back into the action provides the Nambu-Goto action.

Polyakov’s action enjoys reparameterisation invariance and also has conformal
invariance under a scaling of the metric hy, — €®?@hy, [34]. If we restrict our
attention to genus zero worldsheets we can fix these gauge symmetries by choosing

co-ordinates in which

Vhh® =5, (1.0.38)

Such a choice breaks the manifest reparameterisation symmetry but has the ad-
vantage of maintaining explicit Weyl invariance, so long as quantisation does not

reintroduce some dependence on the worldsheet scale. In this conformal gauge the
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action is independent of the metric and leads to a free conformal theory for the

worldsheet coordinates

1

4ol

S / d?0 9, X" (0) "X, (o). (1.0.39)

However, as for the point particle we must impose the constraint which arises out
of the equation of motion for hy,. This is just the vanishing of the two dimensional
energy momentum tensor T,, = 0 evaluated in the conformal gauge. Upon quanti-
sation this must be imposed as an operator statement and determines the physical
states of the system. If T, is Fourier expanded then we find the familiar Virasoro

constraints L,, = 0 where

o0
L, = %RZZ:OO Qe * Ol (1.0.40)
which is defined in terms of the Fourier modes of the string coordinates «;,,. Sim-
ilarly to Gupta-Bleuler quantisation of electrodynamics these constraints become
the weaker conditions that L, Iphys) = 0 for m > 0 when the «, are promoted
to creation and annihilation operators. This quantisation procedure is well known
and we only state the consequences. The physical spectrum of the string is easily
determined by acting on the vacuum with creation operators subject to the Virasoro
constraints (the mass of the states is determined by Lg). The negative norm modes
associated to ag“ can be decoupled by the Virasoro constraints only in D = 26
space-time dimensions. Scattering is described from the point of view of the world-
sheet conformal theory by introducing vertex operators that correspond to a given
string state. The requirement that these operators transform correctly under the
conformal symmetry (and so map physical states into physical states) likewise con-
strains their form and ensures that only the physical states of the string can take
part in scattering. This is really just another manifestation of the state-operator
correspondence.
We turn now to the functional quantisation of the string. The discussion in

this section follows that of Polyakov [35] and [36] (see also [37]). In the canonical

approach the reparamaterisation invariance is broken at the outset. Polyakov’s
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suggestion was to keep the reparameterisation invariance intact during quantisation.
So all functional measures and any regularisation required during quantisation must
be defined to respect this symmetry. The simplest calculation we can consider is

the tree level partition function

DhIX
z - —5p[h,X] 1.0.41
/ Vol (Diff x Weyl) ‘ (1.0.41)

into which we could place various insertions to represent scattering amplitudes if
desired. For open strings the worldsheet has the topology of a disk and for closed
strings has the topology of a sphere. An arbitrary variation of the metric takes the
form

Ohgp = 0hgy + V(a 5Vb) (1.0.42)

which is just a Weyl scaling and a reparameterisation parameterised by V. Although
not Weyl invariant, there is a unique ultra-local diffeomorphism invariant inner

product on such variations given by
(01h,62h) = /d%\/ﬁ 01 hap (Ah‘“"hbs + Bh“bh’"s) dohs (1.0.43)

for constants A and B. Unfortunately (5¢hab, V(aVb)) # 0 so the determinant in
the definition of Zh will not be block diagonal. Physically the reason for this is the
existence of the conformal Killing vectors which generate reparameterisations that
act as Weyl scalings [38]. However, the determinant is not changed by elementary
row operations so we may shift this part of the variation into a redefinition of ¢. Then
defining P(V)ap = V(a0Vs) — gV V¢, which takes vectors into traceless covariant
tensors, we have

Ohay = 0phay, + P (V)ab . (1.0.44)

Now we find that the two changes are orthogonal to one another and

Dh x DpPV+/det' (P P). (1.0.45)

We have written det’ to denote that the zero modes of PTP — which are the confor-
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mal Killing vectors — should not be included in the determinant. We will preserve
the reparameterisation invariance of the action and nothing in PTP makes any ref-
erence to a specific coordinate system. Therefore the integral over V' provides the
volume of the diffeomorphism group, except for the volume corresponding to the
conformal Killing vectors which are excluded. In this way we almost take care of
the overcounting caused by the diffeomorphism symmetry, only needing to worry
about the remaining symmetry generated by the conformal Killing vectors when we
consider scattering amplitudes.

Were the determinant independent of ¢ and the classical conformal invariance of
the action preserved when we integrate over X we would be able to carry out the ¢
integral and cancel the result off against the volume of the Weyl group. However,
the inner product (1.0.43) is not classically Weyl invariant so we can not expect
the determinant to be independent of ¢ (in fact it also requires regularisation).
Furthermore, we must also define the functional integral with respect to X* which
will be found to depend on the conformal scale. To see this, write the Polyakov

action (up to possible classical contributions) as

1 2
Sp=— /d ovVh XFAX, (1.0.46)
where we’ve introduced the worldsheet Laplacian AX* = —\/LEOQ (ﬂh“babX “>.

We can define a reparameterisation invariant inner product on variations in X as
(01X,0,X) = /d%ﬁélX.aQX (1.0.47)

with respect to which the Laplacian is Hermitian. Decomposing X into a linear
combination of orthogonal eigenfunctions of A the volume element simply becomes
an infinite product of ordinary integrals over the coefficients appearing in this ex-
pansion. The action becomes quadratic in these coefficients so the integrals are
Gaussian. The integral over the coefficients not associated to zero eigenvalues pro-
vides det’ (A) but the Worldslheet and boundary conditions may allow a constant
zero mode ug = < i d%\/ﬁ)ii. The integral over this mode diverges but it can be

written in terms of the mean position of the string, which we denote by X{'. The
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/ PX e SpIX] — (%) / dP X,. (1.0.48)

The integral over X then gives the infinite volume of target space which factors out

result is

S]]

of the physical content of the theory. The determinant of the Laplacian depends
on ¢ and also requires regularisation. Until we have determined the ¢-dependence
of the two determinants which have entered the calculation we cannot attempt to
complete the functional dependence over this conformal scale.

The fact that the determinants require regularisation is important because it
must be done in a reparameterisation invariant way. This requires the introduction of
a short distance regulator which therefore introduces further dependence on the scale
of the worldsheet metric. This quantum break-down of the classical scale invariance
is called the Weyl anomaly. We have seen that it arises out of the requirement to
define the integration over all geometries and string configurations (Zh and 2X)
and the necessity to regulate the divergences that are then encountered.

The explicit calculations which derive the dependence of the determinants on
the conformal scale are well-known and we do not repeat them here. Instead we
argue that since the regulator’s role is to cut off short-distance divergences and
the integration measures have both been defined to be ultra-local the anomalous
dependence of the determinants on ¢ must depend locally on the worldsheet metric.
Now the contributions that diverge as the regulator is removed can be compensated
for by a renormalisation of the string action (or absorbed by the introduction of
a cosmological term) so we need only construct the finite part. On dimensional
grounds the anomaly must be made up out of the worldsheet scalar curvature, @R,
and ¢ itself. Indeed, explicit calculation [31] shows that under an infinitesimal

variation of the conformal scale dh,, = dPhap,

det’ (PTP) ( det’ (A) )3 D—2

_ 2 /T @ o). (L0,
VI (CKV) \ [ o = /d Vh @OR6¢ (o). (1.0.49)

51
t A7

This variation cannot be written as the infinitesimal change of some local and repa-
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rameterisation invariant object. It can be integrated to give the Liouville action
S = / / o vVh PR (0) G (0,0") PR (0") Vhd*o, (1.0.50)

where G (0,0") = A~ (0,0’) is the worldsheet Green function, for which we must
now try to carry out the functional integral over ¢. The measure on variations in ¢

is induced from (1.0.43) and takes the form

(6¢,60) = /d%\/ﬁ (60)° (1.0.51)

This is rather unusual, since if we consider it in a gauge conformally related to some

reference metric, h, we do not find a familiar linear measure but

160> = (69, 6¢) = /d% he?@) (5¢)°. (1.0.52)

and we would like to define functional integration by

/% e 19 =1, (1.0.53)

It is not yet known how to carry out this integral, nor how this measure should be
interpreted. So we are faced with an inability to complete the string quantisation
unless we arrange for the Liouville theory to vanish. Obviously this can be done
by setting D = 26, in which case the Weyl anomaly disappears and the integral
over ¢ directly cancels the volume of the Weyl group. This can be compared to the
canonical approach in which the negative norm (ghost) states can only be decoupled
by the Virasoro constraints when D = 26. We learn that the scale of the worldsheet
metric is the degree of freedom which prohibits the quantisation of strings outside of
the critical dimension. In canonical quantisation we restrict the physical state space
but in the functional approach we integrate over all string coordinates (including
X?) and the integration over worldsheet metrics cancels — in the critical dimension
— the effect of having included the negative norm states.

The story is essentially the same for the spinning string, where we introduce
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Grassman worldsheet fields W (o) and x (¢) which are the super-partners to the
bosonic fields [39]. Then the classical theory enjoys super-conformal invariance and
the requirement that this is preserved upon quantisation translates to a critical
dimension of D = 10 [40]. To determine the spectrum of the bosonic or spinning
string we must go beyond the partition function and consider string amplitudes.
Accordingly vertex operators are inserted into the functional integral to represent
the states taking part in the scattering process. We shall delay our discussion of
exactly how this works until Chapter 3 and will simply state that the requirement
of not reintroducing unwanted dependence on the conformal scale (as occurs during
the regularisation of UV divergences in the worldsheet Green function) leads to
precisely the mass-shell and transversality conditions that are found in the canonical
approach. In Chapter 3 we shall have cause to consider the effects of such insertions
in great detail, since in order to quantise the interacting string theory we will need to
ensure that the conformal invariance of the string is not broken by our modifications.

There are many further facets of this approach to quantisation which we have
not considered here. The topology of the worldsheet is of particular importance
since for higher genus surfaces the geometry is also described by some number of
modular parameters. These too must be integrated over to cover the space of distinct
geometries. Even at tree level the amplitude calculations must confront the residual
gauge symmetry which is left over when expanding about the conformal gauge. We
may consider coupling the string to background fields where the functional approach
can readily be generalised and we gain an important tool to complement canonical
quantisation. For this thesis we will restrict ourselves to relatively simple tree level
calculations without such complications.

In the following two chapters we apply these techniques to theories of interacting
point particles and strings respectively. A few further details are developed on the
way but the aim of both models is to provide a complementary approach to the
determination of well-known quantities in theoretical physics with new machinery

and an alternative perspective.



Chapter 2

Contact interactions for point

particle theories

2.1 Introduction

(Classical electromagnetism is conventionally described by Maxwell’s field theory
and their seems to be little room for debate about its formulation. In [41], however,
building upon [13] it was shown that an alternative approach to determining the
field strength tensor for a pair of charged particles led directly to a novel interacting
string theory. This theory contained contact interactions on the worldsheet which
served to produce well-known quantities in Abelian gauge theory and will be the
subject of the next chapter. In the case of electrostatics, the description given in [13]
was of point particles whose paths have endpoints fixed to the charged particles.
The physical picture which motivated this approach is of Faraday’s lines of force as
fundamental objects.

Before we consider contact interactions in string theory it seems appropriate
to return to this idea and explore the consequences of allowing point particles to
interact upon contact. This chapter revisits and extends the results of [13] and also
generalises that work to the case of fermionic particles. It then goes beyond leading
order to demonstrate that in fact the full quantum theory of a set of interacting point
particles is consistent and free of unwanted divergences. We develop the functional

approach to one dimensional field theory for consistency with [28,41] and for the

23
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generalisation to fermionic particles we will find it most natural to form the theory
in superspace. This chapter proceeds by first reviewing the bosonic theory presented
at lowest order in [13] before generalising it to the fermionic case. Following this a

full interacting theory is described in section 2.5 and quantised.

2.2 Bosonic particles — the classical electric field

We work in D spatial dimensions and consider a static charged particle at position
a and an oppositely charged particle at the point b. An expression satisfying Gauss’
law! was given in [13]:

B (x) = q/CdT Cil‘fa?’ (w (1) — x) (2.2.1)

where the integral is taken over any curve C with endpoints at a and b. The form
of this field is reminiscent of the form of the Dirac string which was introduced to
describe the field of a magnetic monopole [42,43] but we shall use it here in the
context of electrostatics. The expression for E' does not satisfy V x E' = 0 but
we shall see that its statistical average does. The average is over all curves with

endpoints fixed at a and b and is defined in reparameterisation invariant form as

1 re@)=b 1 L2
(Q (w)}z—/ DeDw ) (w)o (/ edr — T) e Sl Glw,e] = / —dr
z w(0)=a 0 0 2e
(2.2.2)
where ) is any reparameterisation invariant functional of the path (we work in
Euclidean space). The action is that of Brink, diVecchia and Howe we met in the
introduction (we take the particle to have zero mass?) and here we use their notation

for the einbein, e, which is related to h by €* = h. The d-function in (2.2.2) picks

out paths of fixed intrinsic length 7" and the Coulomb field for the pair of particles

'We put €g = 1 and denote the electric charge by ¢ so V- E' = ¢0% (x — a) — ¢d% (x — b)

2A mass term could have been included in the action defined in (2.2.2) via the inclusion of a
cosmological term %mg fol edr. Usually it is necessary to do so in order to remove a divergence in
the functional determinant from the integral over w by a renormalisation of this bare mass mg to
a physical mass m. In this case the divergence is cancelled by Z and since E’ does not involve the
einbein the effect of including m would be also be cancelled by the normalisation.
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is arrived at by taking the average of E' in the limit as 7" — oo. The normalisation
constant is defined by (1) = 1.

In [13] this was shown using techniques derived from canonical quantisation. We
demonstrate the result using the functional methods we will use for the fermionic
generalisation of this claim. To do so we must address the overcounting caused by
the reparameterisation symmetry. Following the introduction we recall that for open

curves the measure on the space of metrics can be written

De = dc@V\/(/ dr e) Det (DiD): DV = dilT (Ve) (2.2.3)

where ¢ represents a scaling of the einbein and V' an infinitesimal reparameterisa-
tion. This volume element follows because any metric can be written as a combined
scaling, generated by ¢, plus reparameterisation, generated by V', about some ref-
erence metric. We expand about e = T, a constant, whereby the volume element

becomes

De =dTIV (2.2.4)

and the constraint becomes 0 (T — 7). Since the components of the functional
average are taken to be invariant under reparameterisations the functional integral
with respect to V' just gives the volume of the reparameterisation group, which
cancels with the corresponding contribution from the normalisation constant. So

for the average of E' (x) we must determine

d°’k [t d . -

where Z’ is what remains after the volume of the reparameterisation group has been
cancelled from Z and we have used the Fourier decomposition of the J-function.
The insertion that arises has a familiar form — it is the one dimensional version
of the vertex operator used in bosonic string theory and it frequently appears in

calculations in the worldline formalism:

VI (1) = @t (1) e, (2.2.6)
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Unlike in string theory we integrate this operator over all momenta. From the point
of view of the one dimensional quantum theory (2.2.5) is the amplitude for the path
from a to b to pass through the point x. Before calculating this expectation value we
note that the structure of the insertion allows us to constrain its dependence on mo-
mentum — if we contract (2.2.6) with k, and integrate over 7 we find a contribution

only from the endpoints of the domain
/ dr k, Vi (1) = —i (e*e) — ehe() (2.2.7)

which we shall refer to as the generalised Gauss’ Law.

The insertion can be generated by introducing a source, j(7), and defining

J (1) = —q% — iké (7 — 71). Then the above equation becomes
D 1 .2
i/ / @w/ d kD / dm e_ik'x,ie_ Jo Sp+w-ddr ) (2.2.8)
Z 2m)” Jo dj (1) =0

We split w into its classical part in the absence of a source and a piece which absorbs
the source and accounts for the quantum fluctuations w (7) = w, (7) + @ (7). Here
w satisfies the source-free classical equation of motion fT“; = 0 with endpoints at

a and b:

w(r)=a+(b—a)T. (2.2.9)

@ (7) is required to vanish at the endpoints and can be split into a classical piece,

~ . . —1 d2&
w,, satisfying ?ldd:’;

= J (7) and a quantum fluctuation, w (7). Integrating over @
leads to a functional determinant (which we evaluate with (-function regularisation

in Appendix A) and because the path is open there are also boundary contributions.
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We find
Ry
()% et / = / L ikx O
; D drie FTWIEY
z (2m)” Jo 0j (1)
1 ! d
exp <—§k2G (11,71) — iq/ drk-j(1) d—G (11, 7)
0 T

2 1 gl
@ e L
+ 5 /0 /0 drdr'j (1) J(T)dT dT,G(T,T))

exp <—q /O Cdri () %wc () + ik - w, (@) (2.2.10)

j=0
In the above equation G (71, 72) is the Green function on the interval [0, 1] with
Dirichlet boundary conditions G (0,72) =0 = G (1, 72). Its explicit form is

1 d*G

—Td—7_12:5(7'1—7'2).

(2.2.11)

T
G (1, 1) = ) (I — 7| — (m + 72) +27170) ;

and G (1, 11) is the coincident limit, which in one dimension is finite. The numerator
of (2.2.10) contains the heat-kernel for the free particle and this cancels exactly
with Z’. Carrying out the functional differentiation and setting j = 0 yields for the
average in momentum representation

1
1 d 1 ,
(LK) = —¢ / dn [w (10) = ik =G ()| Bk (221

Since we will eventually take the limit T" — oo it is useful at this point to extract
the T dependence in order to make an expansion in powers of % Define then

G(m,m) = +G (11, 72) and note that

G(r,m)=-n(n-1). (2.2.13)

This function vanishes on the boundary and is increasing (decreasing) for 7 < 1/2

(1 > 1/2). In this parameterisation (2.2.12) becomes

1

T d ~ )

(I (k)> = _q/ dm |:djc (71) — Eik_dTlG (7-1’71) 6—%k2TG(leTl)6’Lk~wc(Tl). (2_2_14)
0
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In the large T' limit the suppression caused by the exponent exp (—%kQT G (11, 7'1))
causes the contributions to the integrand to arise primarily when 7, — 0 and 73 — 1
(where the coincident Green function vanishes). We therefore expand the field w
about these points and integrate a small distance, h, along the worldline. At lowest

order in % we have:

" : T, d.: LE2Té K. (0
_ Q/ drm, |:wc (O) — —ik—G (7‘177—1):| e 3 (71,71) gik-we(0)
0

2 d7'1
1 . T d ~ 1k2Té ik 1
- qfl An {%(1) - gzkd—ﬁ%,ﬁ)] emat et (2.2.15)

and damping caused by the form of the coincident Green function in the exponent

allows the integration regions to be extended by setting h = % Each integral has

two terms, the second of which provides the leading order contribution:

Tik [z d -~ |2 iK [ _1p20a(11
—5 | an Gy e b = 2[R
'k
_>_2_2 (2.2.16)

where the last line holds as kT — oo. Noting that for 0 < 7 < 1/2 we have
G (7,7) > % the first term can be bounded

1 1
2 1,274 2 152
/ d7'1 e sk*TG(T1,m1) < / dTl e 7k°TT

0 0

- % [e*%sz - 1} (2.2.17)

which is O (ﬁ) Putting this together with the contribution from the other end of

the path we arrive at the momentum space expression

<I (k)> _ ﬁ (eik.a . eikb) + 0 <%) (2.2.18)

We check our answer by compatibility with the generalised Gauss’ law: dotting with

k produces the expected contribution (2.2.7). Taking the limit 7" — oo and setting
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D = 3 this can be written in position space as

_q _ 1 1
(I(x)) = 47TV ( x—al + I — b|> (2.2.19)

which is indeed the classical dipole electric field. This average therefore determines
Fy,; for static oppositely charged particles. In [13] the case of magnetostatics was also
considered for a fixed closed current carrying wire, and the time varying situation
was also examined. These cases require treating the curve C' as dynamical so that
the natural weight becomes not the action of a point particle but that of extended
objects, naturally leading to the use of string theory. This picture was explored
further in [28,41] and forms the basis of Chapter 3 of this thesis.

The calculation presented above provides an interesting method of determining
the classical static dipole electric field, albeit somewhat unconventional. The utility
of the functional approach is the ease with which it can be extended. Before gen-
eralising to fermionic particles we show that a simple change can instead generate
the classical electric field due to a static point particle. This is desirable since it
is presumably more useful to deal with a single particle rather than be constrained
to dealing with oppositely charged pairs (except when considering the worldlines of
virtual particle / anti-particle pairs). For a single particle at the point a we proceed
as above with the exception that we constrain only one end of the worldlines. This
is a simple change of the boundary condition at the upper end of the interval; the
variation of the action shows that the only other consistent choice we can make is
the Neumann condition w (1) = 0.

There are two effects of this change. Firstly the determinant of the kinetic
operator %1;_722 becomes independent of T' (see Appendix A). This has no relevance

because it is cancelled by the same change in Z’. Of more importance is the change

in the Green function. With the new boundary conditions we find
!/ T !/
G (11, 12) = 5 (Im —m|—(n+m)); G (r,m)=Tmn. (2.2.20)

Note that the coincident Green function now only vanishes at 7, = 0, the end of

the curve tied to the particle at a. Finally the classical solution must clearly differ;
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now w, = a satisfies the equation of motion and boundary conditions. In particular
w = 0 and there are no boundary contributions from the classical action so that

(2.2.14) becomes

I(k)) =q /01 dﬁ%ikd%(;’ (11, 71) 2K C () gikea, (2.2.21)
Defining G’ (11, 73) = TG’ (11, 71) we could again consider the above equation for
large T' whereby the integrand is suppressed by the exponent exp (—%kQT@’ (11, T1)>
except for 71 = 0. The integrand is a total derivative however so we can determine
the exact answer. We obtain

(1(09) = T (1 o ber) e (22.22)

which in the limit 7" — oo has inverse Fourier transform equal to the electric field

qg x—a

(I(x)) =

= ——. 2.2.23

It is interesting to note that (2.2.22) gives the exact average at finite 7. We will
explore corrections to the classical fields for both of the above configurations of par-
ticles below. We have already commented on the calculation of the static magnetic
field of a closed loop of current carrying wire given in [13]. This required a functional
average over surfaces with boundary fixed to the wire and already invoked the use of
string theory. There the two dimensional worldsheet Green function was required to
vanish at both ends of the string since the endpoints were constrained to lie on the
boundary. The analogous method of applying Dirichlet boundary conditions to only
one end corresponds to opening up the wire into a small segment and ensures that
the only contribution to the average comes from a strip close to the end of the string
fixed to the wire. The average then yields the Biot-Savart law for that segment of
wire. Mixed boundary conditions are discussed further in the full interacting string
theory in Appendix A of [28] where it is shown to provide propagators written in
the worldline formalism.

For the most part we took D to be arbitrary, only specialising to D = 3 spatial
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dimensions for the sake of compatibility with [13] and an illustration of some of the
physical content of the average. In a four dimensional space-time we will have to
deal with 4 bosonic coordinates so we append w’ to the three fields w considered

above. The Euclidean average is then constructed over all paths which intersect the

0 0

spatial point x* = (2, x) whose endpoints are fixed to the particles at a* = (a’, a)

and b* = (1°, b). The average takes the form

(I (z)) = <q/dTCZU—TM64 (w () — x)>. (2.2.24)

If we restrict to the latter case of a single point particle at position a* discussed
above the generalisation of (2.2.22) provides the Euclidean space average
n igk —12TY ik-a
(1" (k) = (1 e )e . (2.2.25)
We can interpret this in Minkowski space by treating the boundary data a* as some

fixed point on the worldline of the particle and Wick rotating the above result. In

the T — oo limit then

(I (z)) = 4q ) ! (2.2.26)

Mz — al® + e
where we use the 7e procedure to specify the positions of the poles. The physical
interpretation of this result is less obvious because it relies on the choice of a* (also
b* had we included a second particle). If we return to a static picture then consider
an observer at x* in the rest frame of the charged particle. The calculation in
D = 3 spatial dimensions was an average over all possible particle paths starting at
a and passing through x but in four dimensional space-time they are also required
to pass though x at the time 2% = ¢, say. We are restricting our attention to a static
configuration and suppose that we ought to integrate over all possible starting points
on the worldline a* at which the path w* could begin whilst still passing through
x#. In section 4 of [13] an argument was given based on the construction of thermal
Green functions that the retarded solutions to Maxwell’s equations are inherited
from the Feynman propagator if the calculation is seen as a finite temperature

quantum expectation value. Application of this procedure to the current problem



2.2. Bosonic particles — the classical electric field 32

provides
§ (2% —a® —|x — al)

[x —al

(1 (@) = =0,

(2.2.27)
so that the only contribution comes from paths whose endpoints are joined along
the causal light-cone. In the rest frame of the particle its worldline has constant a
and integrating (2.2.27) with respect to a° yields the static electric field expected at
20 =t

g x—a

Foo = (Lo (2)) = 0; Foi = (I; (x)) =

= —— 2.2.28

The same result could be arrived at by integrating (2.2.26) over a®

immediately if
the contour for the k° integral is chosen to fall above the poles at + |k| on the real
axis; the discussion of the thermal average in [13] can thus be seen as justification
for this choice of contour.

It should be stressed that this procedure yields the correct static field but is
not applicable for the general time dependent problem. This has been dealt with
in [13] and [41] and will be considered in the next chapter. It requires string theory
to correctly describe the dynamics of extended curves whose boundaries are fixed
to the worldlines of the charged particles. The static problem considered above is
an unusual way to arrive at the electric field but is nonetheless of interest because
of its straightforward generalisation. In the following sections we first include spin
degrees of freedom before returning to an analysis of the result when the parameter
T is taken to be finite. We then generalise the work to form a full quantum theory
of point particles with contact interactions.

Following on from the bosonic theory we wish to provide an extension to the
theory in [13]. The following sections comprise the new contribution in this thesis.
We have three aims in sight. The first is to extend the work to fermionic fields and
the second is to determine the corrections to both results which are present at finite
T. We finally ask whether the interaction exponentiates as in [28,41] — we shall

address this issue in section 2.5.
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2.3 Fermionic particles

In this section we consider a theory of spin 1/2 particles and generalise the theory
above for application to this case. We continue to work with massless particles
for simplicity and it will also prove most convenient to work in four dimensional
Euclidean space (this is more natural for fermionic theories — we discuss how we
may relate this to the three dimensional case below). To deal with fermions it
is most useful to construct the theory in superspace. We therefore introduce the
Grassmann variable 6 to extend the parameter domain 7 — (7,60). We further

introduce the scalar superfield?
X (7,0) = w () + fe (1) (7) (2.3.29)

and the supereinbein

E(7,0) = e (1) + bez (7) x (1), (2.3.30)

where 1 is the superpartner to w and y is the gravitino. We also define the su-

perderivative

D = 0y + 00,. (2.3.31)

Under the local supersymmetry transformations parameterised by V (1), the gen-
erator of reparameterisations, and 7 (7), a Grassmann function generating pure su-

persymmetry transformations,
1 .
T=T7+V(T)+60n(r); 0 —0+n(r)+ EQV (1) (2.3.32)
the superderivative transforms homogeneously

DX — A(r,0) DX (2.3.33)

3The strange looking factors of e? are necessary for the action given in the text to reduce to the
familiar action of Brink, Di-Veccia and Howe. Another convention for the superfields exist where
we scale ¢ — 67%1,0 and xy — eéx.
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and the supereinbein transforms as
E— A (1,0)E (2.3.34)

where A (7,0) = 1+ %V (1) 467 (7). Requiring the integration measure to transform

as drdf — A1 (7,0) drdf the following action is invariant:
1
S[E,X] = 5/dnle E'D*X - DX. (2.3.35)

Integrating over @ allows this to be cast in the more familiar component form?

1

: / drei? +9 4 - Koy, (2.3.36)

Under canonical quantisation the equations of motion for the auxiliary fields x and
e lead to the first class constraints p - ¢ = 0 and then p? = 0 respectively. Here
p* = w'/e is the momentum corresponding to the field w. On the state space
the former constraint enforces the Dirac equation on physical states and the latter
informs us the particle has zero mass. Below we shall pursue again the functional
quantisation of this action.

We also require the supersymmetric generalisation of the interaction and the
constraints on the intrinsic length of the path. The natural invariant interaction
term is

I(z) = q/deQ DX §* (X — ) (2.3.37)

Fourier decomposing the d—function and integrating over § puts this into the form

d4k . . ik-(w—2x
Q/W/dT(w—ewzk-w)ek( ) (2.3.38)

which is analogous to the supersymmetric vertex operator familiar in the context of

4The supersymmetry transformations of the component fields follow from those of the superfields
and (in the absence of reparameterisations) are: d,w = m); dy1p = I (o.} — %Xw) ; Ope =nX; OnX =
2n. Under reparameterisations, 1 is also a worldline scalar whilst y transforms as e.
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the spinning string:
VI () = (@ (1) — e (r) * (r) ik - () e*D) (2.3.39)

Such an expression was examined in a string setting in [28,41] but for now we
continue to explore the point particle theory. We contend that the generalisation of
the electric field part of the field strength tensor should be generated by a functional
average of (2.3.38) with an appropriate weight. This weight will be of course that
corresponding to the action in (2.3.36). Note also that the anti-commuting nature
of 1 ensures that the generalised Gauss’ law (2.2.7) still holds for this interaction.
The final element we need is the supersymmetric version of the constraint on
path lengths. Previously we inserted ¢ ( [edr — T) into the functional average but
this changes under supersymmetry transformations. Introducing an arbitrary Grass-

mann number =, the natural invariant quantity is

5(/ﬁnwE%—%E) (2.3.40)

which imposes a Grassmannian constraint on x rather than on the metric. In the
massless case considered here it is not possible to construct a local function of e and
X which is supersymmetric. Instead we follow Polyakov [44] and give a superspace

version of the non-local and invariant quantity he termed the superlength:

) (—% // drdb E: (71,61) D1DyG (11, 013 72, 02) E: (72, 02) dTadOy — T) ’
(2.3.41)
where G (11,01;72,02) = |11 — 7o — 6105 is a superinvariant Green function and D;
is the super-derivative acting on the parameters (7;,6;). In components the first of

these constraints takes the form

5 (% /dTX (r) — %E) (2.3.42)
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whilst the latter can be written

5 (/ dre(r) — é// drx (1) sg (71 — 1) x (72) drs — T) (2.3.43)

with sg (1) = 77 equal to the sign of its argument. We shall require the superlength
constraint in the functional average because it will be seen to provide the appropriate
fixing of the einbein and will also impose the complementary constraint (2.3.42)
which will similarly fix .

To continue the calculation it is necessary to determine the measure on the space
of the gravitino and 1 and also to specify the boundary conditions we will use. It
is well known that the purpose of the fields 1 is to represent the v matrices, which
is why it is desirable to work in a four dimensional space-time. Integrating over
yields an object with spinor indices and certain boundary conditions on the integral
allow us to extract each component of the answer. Specifically in Appendix C of [28]

we have shown that, for example,

o =—ith1;9a=1)3 Y
:9(6*%f T“) . (2.3.44)

11

/ D e~ S A (30v+¢0)

Ya=11;a=—13

We also showed that the volume element for x can be written

,% ) 2
Dx = dxo9n (/ e_ldT) Det™2 (— (li) > (2.3.45)
edr

where x( is the constant piece of x required for consistency with the boundary
conditions. This volume elements follows because x can be expressed as a super-
symmetry transformation, generated by 7, plus a change proportional to e about
some reference. We gauge fix by expanding about e = T — a constant — and y = xo.

These are consistent choices which cover the physically distinct configurations
and on this gauge slice the action becomes

1 w? . X0 .
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whilst the interaction vertex is given by
(W (1) — TYH (1) ik - (1)) ), (2.3.47)
Similarly the volume elements become
DeDx =dTdxo2PV Dn. (2.3.48)
The super-length constraint reduces to
§(T=T) (2.3.49)
and the analogous version for xy becomes
d(xo—E). (2.3.50)

which can be used to carry out the integrals over T and yx,. We shall again even-
tually take T to infinity so we can expand in powers of % and we shall take the
dimensionful Grassman parameter = to vanish. The action and insertions are lo-
cally supersymmetric so that integrals with respect to V' and n evaluate the the
volumes of the reparameterisation group and supersymmetry group respectively.
These constants are cancelled by their counterparts if we normalise against the bare
partition function.

We pause here to derive an important result using (2.3.44). We consider the
expectation value over the fermionic fields (* (1) " (7)) ‘a 5 Where we have attached
the spinor indices o and 3 to the beginning and end of the worldline respectively®.

The insertions can be generated by introducing a fermionic source 7 and carrying

out functional differentiation, after which we set n = ; f}%Tw to produce the linear

SWe have written the fields at equal times but there is of course a time-ordering issue. We take
the convention that the field to the left is understood to be evaluated at an infinitesimally greater
time, €, than that on the right, after which we take the limit ¢ — 0.
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term in the action. Then (2.3.44) gives

W ()0 (Vs = 55 | 0d (0 = B) st (e 007

af |, _ xow
77*2\/§T

(2.3.51)
where the constant Z is determined in the appendix. If we impose = = 0 the result

of the functional differentiation and the integral over xj is

(W (1) 4 (7)) = 5 (6" = 7") (2352)

which crucially is independent of the field w, since by setting = = 0 we have decou-
pled the fields w and v in the action. This result is consistent with the symmetry
properties of the Grassman fields and will play a key role in the forthcoming calcu-
lations.

To return to (2.3.38) we carry out the integral over T and are left with the gauge

fixed Fourier space expectation value

! 22 s X0 -
(I* (k)) :% /@w.@@bdmé (xo — Z) / dry (6 =Tt ik - 1) k@ = Jo dr Gt bhp— Ko
0

! Tq . 1, o2
= % / _@w/ dn (w“ — 71 (k* — A"k - 7)) ekwe=Jo drsr
0
(2.3.53)

where for the last line we have integrated over v to produce the gamma matrices and
integrated over x( before putting = = 0. It remains to determine the expectation
values of these integrands and carry out the integral over 7. The integral over w

can be found to give

1 . Ti 1,0 —1K2G(r,m) ikwe(1)
q | dn(wt(r)— = (k' —~*k-vy) — ik —G (11, 71) | e 2 LT gt welT
0 2 2 87’1
(2.3.54)
Making further use of the redefinition G (11, 72) = TG (71, 72) this can be cast in the
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form

Q/Ol i (W (n) - % (K ="k ) = Lk“aia (n,n)> e H TG m) gikwe(n)

(2.3.55)
From the exponent exp (—%WTC;’ (71,7'1)) it is easy to understand that the latter
two terms in brackets will contribute at leading order in % and that the first term
will once again be sub-leading. In the limit of large T" we can follow the calculation
in the bosonic theory and approximate the integral by evaluating the classical path
w. on each boundary and then integrating a short distance, h, along the worldline.
We calculate

h .

T T 0 ~ .

Q/ drm (wéj' (0) — 71 (K — APk ) — —zk:“a G(7'177'1>> ¢~ 3R TC(rm) gik-we(0)
0 T1

! Ti T .0 = 2 .
+q/ dr (wh (1) — - (K" — A"k - vy) — =ikt —G (11, 71) e~ 3R TC(rm) gik-we(1)
1—h 2 2 On

(2.3.56)

and as before the suppression caused by the exponent at large T" allows us to extend

the integrands by setting h = 1/2. Carrying out the integrals leads to
1R-a (2 1
(1" (k) =q kﬂ“k v (e**—e*?) + 0 (k@ﬂ (2.3.57)
In the limit 7" — oo only the first term contributes and so we have determined
iq ika _ ik
(I(k)}zﬁfyk-fy(ek — ™. (2.3.58)

We may double check our work by contracting with &, to verify against (2.2.7) that

the index structure is correct. In position space the expression above becomes

W) = 1179 (- ) (2.3.50)

o —al* |z 0|

We conclude this section by commenting on how this approach could be applied
to a three dimensional space. The main obstacle to this case is the structure of

(2.3.44) which imposes boundary conditions relating pairs of the . Furthermore
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the proof of this equation presented in [28] does not hold for the three dimensional
version of the Clifford algebra because the chirality operator does not anti-commute
with the other matrices so the trace of a product of an odd number of gamma
matrices does not in general vanish. We present two alternatives to address this
issue. The first is to use the symmetry of the problem to choose a coordinate
system such that the two charges are placed on the z = 0 plane and to restrict
our attention to determine the field only on this plane. Then we need consider a
super-field, w, which consists of only two components and the fields ¢ essentially

become the o-matrices o; and os:

! .2 . o -
<[1 (k)> = %/@W@@Ddxo/ d7-1 (OJZ o Twllk . w) eik.we— fo dr = +app+ 20 Gp
0

1 .
q i Lo ikw — [ dri
:E/.@w/o d7'1<w—?(k—ak-a)>e e~ Jodrir

(2.3.60)

where i € {1,2}. Carrying out the integral over the two-dimensional field w and
following the same steps as the four dimensional case leads to
I(k)) = Yok o (e'2 — e'kP) (2.3.61)
12 ) 3.
It is more satisfactory to instead modify the four dimensional theory in such a
way that statements can be made for the three dimensional case. This can be done

in two equivalent ways. The three dimensional version of the vertex operator is
V. = (@ — etpik - ) e, (2.3.62)

We could use this as an insertion in the four dimensional theory by defining in
some inertial frame I* = (0,I) where the 3-vector I is constructed out of the three
dimensional vertex operator above. Then (2.3.44) continues to hold except that the

part of the expectation value which does not cancel with Z contains only a three
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dimensional source so the right hand side of that equation becomes
7 (e‘% deC"’). (2.3.63)

This is equivalent to beginning with an entirely three dimensional theory but intro-
ducing a further pair of fields wy, ¥y. Into the integral of some functional of the three
dimensional fields we introduce a supersymmetric invariant factor in the numerator

and denominator as follows:

— (Y ar ©0 4 Lo apg— X0 &g
[ ar £+1¢.¢_L0‘,;,.¢f Do Dipoe Jo dr 5% +5 00— 5% w010
0 8T 21713 2T

f DwoDpye~ Jo dr %+%’j’0"/’0*%w0-¢0 .
(2.3.64)

1 _
Z /@w@z/)dx(ﬂ (w,)e

We then combine the denominator of the fraction with the three dimensional nor-

malisation Z5; to form
/ DwPpdTy € o AT IRV sRe v oy (2.3.65)

where the integration is now over four bosonic and four fermionic fields. We apply
the boundary conditions for open paths to both the numerator and denominator of
(2.3.64). The integration in (2.3.65) produces an expression dependent on X, which
feeds back into (2.3.64). Carrying out the integral over xo and the four integrations

with respect to ¢ produces two terms which conspire to yield
1 — fl dTﬁ
Z Dw Q(w,~y)e Jo T (2.3.66)

where the normalisation Z’ is precisely the correct factor to ensure that (1) = 1.
This is what we would calculate if we were to take the expectation of I* = (0,I) as
defined above in a theory with four pairs of fields. It is easy to modify (2.3.58) to
respect this change:

(I(k) = /%71{ oy <6ik-a _ eikb) (2.3.67)

which is to be integrated with respect to the three-vector k. We may choose the
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representation

v=1 : (2.3.68)

to show that this approach involves the Pauli matrices in a similar way to (2.3.61),
but now we need four-index spinors. With this representation « k-~ is block diagonal
with the two blocks taking the same form as (2.3.61), differing from one another by

a sign.

2.4 Analysis at finite T

The classical fields were found in the limit that the dimensionful parameter 17" was
taken to be large compared to momenta. An interesting question is to ask about
the form of the statistical average for finite T'. In this section we give the subleading
correction to the fields at large T" and also consider the opposing limit 7" — 0. We

shall do so for the lowest order interaction which generates the classical fields.

2.4.1 Corrections in the bosonic case

We first analyse the bosonic particle with mixed boundary conditions whose high T’
limit produced the classical electric field of a point particle (2.2.22). That equation
was exact in T and its position space form is found by carrying out the inverse
Fourier transform. We shall specialise here to the three physical spatial dimensions.
Aligning the z-axis parallel to the spatial separation x — a the angular integrals of

(2.2.22) can be carried out to produce

1o =¥ [ i (o)

1 x — al?
=—qV——— | 1 - Ertf
1 47t |x — a ' 2T

(2.4.69)
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At large T this can be expanded in powers of % and we find

\X—a!

A& ==V <\x—a| 2er 27rT T Tg)) (24.70)

valid for |x — a|* /T << 1. The leading order correction arises from the third term

in brackets:

[N

g X—a q lx—a 5
1 = =\ = T 2.4.71
(T x))r 47 ]x—a\g 6m V27 T3 +O< > (2.4.71)

giving the finite T deviation from the inverse square law.
The other limit of interest is at small T so we consider an expansion of (2.4.69)

about T"= 0. The change in functional form is more dramatic because we find

(LX) = ——V

VT : 5
\/_ (IX _7;| ‘Xi O <T2>> (2.4.72)

which carries a different power of the spatial separation. Carrying out the differen-

tiation we acquire

1))y — Q\/—<2\/_(x—a) 4T§(X—a)+O<Tg>> (2.473)

x—a  |x-a
in the limit that |x — a|* /T >> 1.
The corrections to the dipole field are less trivial to determine because of the

time dependence in w,. For large T" the integrand is still dominated by contributions

at either end of the curve. We first expand about 7 = 0:
ik-we (1) ik-a . k? 2 _2
e welm) — ¢ 1+Zk-(b—a)7'1—?(k-(b—a)) i (2.4.74)

When integrated against exp (—%kQTG (11, 7'1)) each extra power of 71 results in a

further power of ﬁ The first term in the square brackets of (2.2.14) is already
1

subleading in = so its contribution to the leading order correction comes form the
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first term in (2.4.74). Integrating this from the boundary to 71 =  gives

_2q (b _ a) 6z'k~a

3T +0(T7?) (2.4.75)

plus corrections exponentially suppressed at large k*T. At first order the second
term of (2.2.14) provided the classical dipole field and its leading order correction
arises from the O (71) term in (2.4.74). Straightforward integration of this evaluates

to
2¢kk-(b—a) ;.
e
kAT

+0(T7?) (2.4.76)

up to further terms which are again exponentially suppressed. It is instructive to

combine these two terms as follows: the ith component is given by

2q [09 Kk —
-7 [ﬁ -0 } (b—a) e* (2.4.77)

which highlights the transverse nature of the correction. The index structure of

(2.4.76) means the integral with respect to k has the form

Pk KR, 5 (a—2) (a—a)
—— ek = 457 1+ B 2.4.78
e 4.

/ (2m)° Kk la —x/|? ( )
for some constants A and B of dimension [length]_l. They can be determined by con-
tracting each side of the above equation first with d,; and also with (a — z), (a — ).

The first of these gives

dSk ez‘k~(a—x) -1
A+ B = = 2.4.
At / (2m)® K2 47 |x — a (24.79)

and the second yields

Pk (k- (a— x))Zeik,(

a—x) 2.4.80
(27T)3 k* ( )

]a—:r|2(A+B):/

Choosing the z-axis to align with x — a again allows the angular integrals to be

done and we find that the remaining integral with respect to the magnitude of k is
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proportional to

(2.4.81)

1 /Oodk {sin(k|x—a|) 2cos (k[x —al) 2sin(k|x—a)
0

(2r)? kx—al (k|x —a)? (k|x —a)’

Integrating the second term in square brackets by parts once and the final term by
parts twice serves to cancel the first term. It is then easy to check that the integral

evaluates to zero so A+ B = 0 and (2.4.78) evaluates to

~1 [&L_m—xym—xﬁl, (2.4.82)

87 |x — a la —x/|?

So (2.4.76) evaluates to

(x—a)-(b—a)

[x —af*

] LR

m :| +0 (TﬁQ) ) (2.4.83)

to which it remains to add the contribution with the analogous calculation for the

other end of the curve fixed to the point b. The final correction at order % is

determined to be

T N

m |X—a|2
-1 —a X — (x—b)-(b—a)
MTm_m[w )+ (x—=b) x b } (2.4.84)

and is easy to check that this is divergence free. This is the variation from the
classical dipole field for large values of T which is present in this model. It is
interesting to note that with the relaxation of the limit to large but finite T" comes
dependence on the direction (b — a) which is independent of the spatial point in
question. In Fig 2.1 we provide an example of the deviation from the well-known
dipole field for finite T" by plotting the streamlines of the electric field.

We finally turn to the low 7" limit of the dipole field for which it is more convenient
to carry out the integral with respect to k of (2.2.14), before looking at an expansion
in powers of T'. Here we shall see more striking dependence on the direction of

separation between the two charges. The result of carrying out the inverse Fourier
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Figure 2.1: The field lines for large but finite 7" highlighting the small deviation from the classical
dipole field. In this plot we set T = 10 |b — a|’.

transform is

__—q ! dm 3
1o (277)3/0 <Té(7'1,7'1)>§

é(Tl,Tl) . (X_wc)2
2@ (7'1,’7'1) (X _wC) _WC] exp <_2Té (’7'1,7'1))

(2.4.85)

Examining the T-dependence of this expression we see that the limit 7" — 0 provides
a representation of the ¢ function so that the field is supported only on the classical

straight line path joining a to b:

5 (/01 i (x — w, <71)))

5 </01 dn (x - (a+ (b—a) 71))). (2.4.86)

To determine the form of the field at finite T" we shall employ a Laplace approxima-

tion. For small 7" the contribution to the integrand of (2.4.85) is concentrated about

(x—w(r1))?

AT > The precise version

the positions of the maxima of the exponent exp <
of Laplace’s method we shall invoke is that for small 7" and arbitrary well-behaved

functions f (7) and g (7)

[arr@et o = [ pm et qrom) (a8

where the 7y € [0, 1] are determined by the condition that g (79) be a maximum. In
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this case a straightforward calculation shows that the exponent of(2.4.85) attains a

single maximum within the integration range at®

B |x — a|
 |x—a|+|x—b|

T (2.4.88)

If the spatial point x lies on the line joining a to b then the exponent vanishes at
this value of 7, in agreement with the 7" — 0 limit which provides d-function support
on this line. Furthermore the first term in square brackets of (2.4.85) vanishes

because x — w. (7p) = 0. In this case the field is approximated at lowest order in T’

by

q (b —a)
2rTG (70, T0) |b — a|
¢ b-al 4 (2.4.89)

T T|x—al[x—b
which has its minimum half way between the charges, where its magnitude is

2q

24.
— (2.4.90)

Away from this line the exponent in (2.4.87) enforces an exponential decay in

the magnitude of the field. Indeed we find

(x —we ()" 1 2

= =5 |lx—al[x=b|(x—a] + |x —b])
QG(T(),T()) 2
x —al|+|x—b|

[x — bl

—2(x—a)-(x—b)| +|x —al|x — b|

(2.4.91)

and the direction of the field depends on the spatial point through the first term in
(2.4.85). It is possible to use (2.4.87) to determine the contribution at an arbitrary
spatial point but the result is less illuminating than a visual representation of the

field lines and the field magnitude. It is most useful to plot the streamlines, tangent

6This expression is consistent with the behaviour of the system under exchange of a and b
because this is equivalent to sending 7 — 1 — 7.
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(a) The magnitude of the electric field (b) The stream lines of the electric field

Figure 2.2: Field magnitude and field streamlines in the low T' limit — in this plot T' = 6—10 b — a\Z.

r

-4 -2 0 2 4

(a) The magnitude of the electric field (b) The stream lines of the electric field

Figure 2.3: Field magnitude and field streamlines in the low 7" limit — in this plot 7' = Tloo b — a\g.
The field decays exponentially according to (2.5.140) which gives rise to the white-space in which
the field is negligibly small.

to the field at each spatial point. Fig. 2.2 and Fig 2.3 show the field strength
and direction on the z = 0 plane of a pair of oppositely charged particles placed
at positions a = (3,0,0) and b = (=3,0,0) for two values of the parameter T.
We have imposed a sharp cut-off about the positions of the charges to avoid the
divergence encountered there. The form of these field configurations suggests that
the low T limit of this theory gives some sort of confining field, albeit not one with a
potential linear in the separation of the charges. In this way T interpolates between

the classical field associated to a pair of charges and a regime in which field lines
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Figure 2.4: Confining field lines in the low 7" limit — here T = =5 [b — a|2.
are concentrated about the line joining the charges. The three dimensional plot in
Fig. 2.4 highlights how the low 7" lines of flux are compressed into a thin tube. This

completes our discussion of the correction to the bosonic theory at finite 7.

2.4.2 Corrections in the fermionic case

In this case we shall consider four dimensional space-time and will briefly state the

result of analysing the order & corrections to (2.3.58). The general approach is

T
identical to that of the bosonic theory. We have already determined the momentum
space correction to the first and last terms in (2.3.55) in the previous section. For

the contribution corresponding to the end of the curve at a* the uth component is

given by
% {% — %} (b—a)” e™. (2.4.92)
We also find a subleading contribution from the middle term in (2.3.55) which takes
the form
% [0HY — vH~2] k:fy (b—a)” e (2.4.93)

so now we must determine the four dimensional integral

Ak kR
tra=e 2.4.94
/(2%)4 T (2.4.94)
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Symmetry dictates it must be equal to A6" + B (a — )" (a — )" |a — x| > where
the constants A and B have dimension [length] 2. Proceeding as before we contract

with 0* and (a — z)" (a — )" to produce two equations. The first gives

d4k eik~(a—x) -1
4A+ B = = 2.4.95
" / (2m)t k2 An? | — al? ( )

and the second leads to

d'k (k ) (CL — x))zeik-(af:p)

e = . (2.4.96)

\a—x\2<A+B)—/

This integral can be carried out by first doing the integral with respect to kg, where
double poles are encountered at kg = +i |k|. The remaining integral over the three
dimensional vector k can be done by choosing the z-axis to align with x —a as

above. Then we are left to determine

7T < dk ! —k|zo|+ik|x| cos 6 2 : 2
B i W 1 d (cos ) ke |zo|” (K |zo| — 1) — 2ik |x||2z0|” cos O
— [x|* (K |zo| + 1) cos? 0]

(2.4.97)

Integrating over 6 leaves only

E/ ﬂe—k\xd {|x0|2 (k|zo] — 1) sin k [x| + 2 || (smk x| _ cos k |X|)
0

2 (2m)? k|x]| k|x|
9 sink|x| _cosk|x| sin k ]X|) }
—|x|” (K |xo| +1 — :
i kol + 1) (S 2] 2T

(2.4.98)

Carrying out the k-integral several times by parts yields |z — a|* (A + B) = =7 SO
(2.4.94) evaluates to
-1 (a—z)"(a—2x)

— [ =2 . 2.4.99
8n2 |z — af |z — al? ( )
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So in position space (2.4.92) becomes

L [(b—a)“+2(x—a)“ z—a). (b_a)}, (2.4.100)

Am?T |x — al |z — al
for which it can be verified that the divergence vanishes, and (2.4.93) becomes

r—a) (r—a)

=) [0- 0 -2 - 0!

S — } (2.4.101)
Am2T |z — al

@ —al”

which is also divergence free. The first order correction is found by subtracting these
and including the contribution from the other end of the curve. We find at order %

the expectation value of the insertion evaluates to

(1" e = oo -0 20" . - <‘_ )
RN PR ) B et )
e [(b ) —2(z —b) . } (2.4.102)

The form of this correction has a similar functional form to that of the bosonic
particle discussed above.

We may also ask about the low T" expansion to determine the behaviour of the
system in this regime. It is again useful to carry out the integral over k first to

arrive at

G (1, 71) .
2é (7'1,7'1)

B()). — —q ! dm
D (QW)Z/O (Té(ﬁ,ﬁ))z

(6" — ,YM,YV)} exp (-m) . (2.4.103)

In the limit that T vanishes we have a representation of the four dimensional

(v —w)”
2@ (7’1,7’1)

d—function supported on the straight line joining the charges. Applying Laplace’s
approximation allows us to determine the leading order behaviour which we illus-
trate for a point x on the line from a to b. In this case we clearly find the maximum

at the point where w. (79) = x (7 remains unchanged from (2.4.88)) so the first and



2.5. Contact interactions between particles 52

last terms vanish. Explicit application of (2.4.87) results in

q b—a
3
R 31—
<27TTG (7’0,7‘0))2 | CL|
. q b —al®
(27T)? |2 — a|? |z — b|?

(b—a) (2.4.104)

which achieves a maximum at the midpoint of the line of magnitude

q

) (2.4.105)
(=T

Njw

This section contained some analytic results for bosonic and fermionic point
particles beyond the leading order behaviour. It is especially interesting to note
the small T" limit of the system which demonstrates a localisation of the field about
the classical path between the charges. In the following section we return to the
definition of the interaction between particles and use it to construct a full quantum

theory.

2.5 Contact interactions between particles

In this section we extend our work to describe a set of particles which interact when
their worldlines intersect. Accordingly we work in a D = 4 dimensional space-
time. This section carries out the analogous analysis to that in [28] where instead
a collection of strings interacting upon contact was considered — we turn to this in
the next chapter. In this section we limit our discussion to bosonic particles. To

describe the dynamics of a collection of interacting particles we augment the free
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action, Sp, of each point particle with a non-local contact interaction as follows”:
Suc = 2 Solessd + 530 [ [ dun(m) -y ()64 s () = 5 () 25107
7 ) g J

The form of this action may appear unusual but it is straightforward to verify that
it satisfies the consistency criteria described by Kalb and Ramond for interactions
of this type [45,46]. We must specify fixed boundary conditions for each particle,
which we denote by w; (0) = a! and w; (1) = b'. We shall consider the partition
function of the theory described by Si,; and determine its physical content as well as
investigating whether there are divergences which need regularising. In this theory
we do not anticipate divergences corresponding to the coincidence of operators due
to the well behaved nature of Green functions on one dimensional domains but we
do stand to encounter unwanted divergences in taking the 7" — oo limit. We will
also find that the definition of the contact interaction will require slight refinement
corresponding to the rather trivial vanishing of the argument of the d-function when
7 = 7" and the worldlines w; and w; are the same.

Before proceeding we comment briefly on the relationship to the worldline formu-
lation of quantum field theory as a further justification for considering this action. In
the introduction we restricted our consideration to theories without self-interaction
coupled only to some gauge field. However, if we were to drop the gauge field and
rather consider a scalar field, ¢, with an interaction potential U (¢) then the world-
line theory would be modified by an additional term U” (¢ (w (7))) in the action. A
calculation of the full effective action must now proceed perturbatively (for example,
by expanding ¢ about the centre of mass of the worldline which is the zero mode of
the kinetic operator). However, if for the sake of illustration we wish to calculate the

2N-point one-loop scattering amplitude we may functionally differentiate N-times

"In analogy to the introduction of [28] the form of the action can be motivated by substituting
E’, the insertion used in Section 2.2, into the standard action of Maxwell electromagnetism for the
energy of a static electric field:

62 q
Sg = i/deE -E = Z/ dw (11) - dw (1) 6% (w (11) — w (72)) (2.5.106)
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with respect to ¢ and then expand the field as a sum of N plane waves. Now, the
physical picture of the interaction term in (2.5.107) is of a pair of worldlines meeting
at a point, where they interact before independently separating. This reminds us of
the Feynmann diagram in ¢* theory so let us consider U (¢) = 2¢*, which leads to
an additional worldline interaction 3¢ (w (7))?. The one-loop 2N-point amplitude
(¢ (x1)...¢(xan)) can be written in position space as a sum over permutations of

the form

N
AN/OO dT TN e~ T /@w H /1 A7 6% (w0 (1) — 291) 6% (w (73) — Ty_y) e Do driy
0 1 Jo
- (2.5.108)
The interpretation of this is clear in that it forces the joining of pairs of points xy;
and x9;_1 to a point on the virtual worldline x (7;), reproducing a quartic interaction
vertex. The interaction that we propose is slightly different since we couple pairs
of worldlines to one another directly without the need for a virtual loop to mediate
the process but the contact interaction takes the same form. Indeed for a theory
involving only one particle the picture of the self-intersection interaction coincides
directly with this one-loop example.
Our integrand, however, does not consist only of the minimal scalar measures
[ dr; but carries with it directional information through the factors of w’. So we
imagine a four point contact interaction between pairs of worldlines which depends
also on the tangent vectors to the worldlines at the point of contact. We get an idea
of what this would mean for the corresponding field theory by dimensional analysis
of the coupling strength. In D-dimensions, [g] = length”™? whilst a scalar field
has [¢] = lengthl_% If we introduce a coupling constant A then the field-theory
interaction Liy = A [ 0,0 0"¢ ¢* d”z is dimensionless if the dimensions of A are the
same as g. This suggests that the worldline theory proposed here is related to a field
theory with quartic coupling containing two derivatives. With this heuristic picture
of how the contact interaction can be interpreted we now return to determine the
partition function of the theory.

We shall carry out the calculation as a perturbative expansion in g. Expressing
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the d-function in its Fourier representation introduces vertex operators

d*k

WVIC (1) - Vi (75) (2.5.109)

G () - () 6 (w (1) — w (7)) = /

At first order in g the correction to the partition function of the non-interacting

theory takes the form

g Z/ ( w”el)(s (/ e;dr; — T> 6_50[%%-]) // dw; - dwy 6" (w; — wy)

(2.5.110)
There are two contributions to this sum. When the worldlines are distinct

(2.5.110) can be factorised to make use of the result in section 2.2:

J Z/ ( “’“61)5 (/ e:dr; —T> eso[wﬂ> X
i#£j5,k
[0 (fo 7)o ([ gt ),
T

(2.5.111)
g /@<wj7ej)5 (/ ) -5 [ewu‘}/ Iz 9 1 1
— R e;dr: =T | e ~0l%s dw?, —
87.‘-2; =z 750 J &uf |w; — ak|2 ]wj—bk]2
(2.5.112)

where we have taken the large T" limit and discarded contributions of order % arising
from the expectation value in the first line. The integral over w; at the far right of
the bottom line produces a boundary contribution and we recall that the boundary
conditions ensure this is a constant throughout the functional integral over w;. So

that functional integral is rendered trivial and the result is

p 1 1 1 1
P AT |
7 L\la; —ae[" fa; — by b — axl™  [bj — bl

We must address the case j = k separately as then the worldlines being integrated

over are the same. In the string theory case we shall see that two contributions
make up this interaction — a renormalisation of the string action and a contribution

corresponding to self-intersection of the string. For point particles, however, no such
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self-intersection ought to be present since the vanishing of

g . . 4 —w (T .D.
5//d7'1d72 w(m) w(m) 0 (w(m) (12)) (2.5.114)

is only at 7 = 7. Naively this would provide 6 (0) x Length (w) suggestive of a
renormalisation of the non-interacting part of the action. A second major difference
between the theory of point particles we consider here and the string theory equiv-
alent is that the current case does not require us to worry about encountering a
conformal anomaly. In particular there are no short distance divergences associated
to the Green function which require regularisation. To make this more precise we

must consider

d'k o) 40"
I / / / drydr < 1kw(71>ezk'w<72>—> 2.5.115
< > 2 dT1 dT2 T ( )

where we have again used the Fourier representation of the four-dimensional §-
function. The insertions are again easily generated via the introduction of sources

and the integral over w provides the following generalisation of (2.2.10)

o [

2
exp (—— Zk’k G (13, 7;) /dT Zkl J( G (1;,7)
=1

3,j=1

i=1 j=0
(2.5.116)
where ky = k = —ko. It is trivial to carry out the functional differentiation and it

proves useful to define

U (r,m) =G (n,n) + G (1, 7) — 2G (11, 72) (2.5.117)
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in order to express the answer as

/ dT1/ dry exp <——k: N\ 71,7'2) [w“w — k“wgdf\I/(Tl,Tg)
1
2

MY )
+5 L i) U (11, T2) — (n kkk )dld \p(n,rg)] g (we(m1)—we(m))

(2.5.118)

which must then be integrated over k. In the above equation we have integrated by
parts to produce the transverse projector for the final term in square brackets. In
the worldline formalism it is more conventional to follow the procedure advocated
by Bern and Kosower to remove all second derivatives of Green functions. The
interpretation of this convention has its roots in the pinching of Feynman diagrams
present in the underlying field theory, but as we do not have such a model behind

our work it is unnecessary for us to adhere to it. Now
W (71, 79) :T(|71—7'2|—(7'1—72)2) (2.5.119)

actually coincides with twice the Green function with periodic boundary conditions.
As such it satisfies ;—%%\If (11,72) = 6(11 —72) — 1 and is a function of 7, — 7
only. Noting also that w. (71) — we (72) = (b— a) (11 — 72) we learn that the entire
expression is in fact a function of the separation 7 —7,. We use this to fix the zero by
setting 75 = 0 and multiplying by fol dry = 1. Furthermore V¥ (71,0) = T’y (1 — 7)
is just the coincident Green function we met in section 2.2 so we must determine

1 1 . .
g/ dTl exp (—EkQG (7'1,7'1)> [wng + %k“w(’jd,}G (7'1, 7'1) + %k”w“d,}G (7'1, 7'1)
0

1 kHEY .
+§ (7] in i > dldl\lf (7_170):| ezk-(bfa)n

(2.5.120)

Anticipating that we will eventually take the limit 7" — oo we need only consider
an expansion in powers of % The leading order contributions again come only from
the ends of the interval where the coincident Green function vanishes so it suffices

to expand about 7, = 0 and 74 = 1. We shall consider each term in (2.5.120)



2.5. Contact interactions between particles 58

separately; at lowest order in % the first takes the form

gw“w”/dﬁ e—%k2G(T1,T1)€ik'(b—a)T1
c%e

29 ik-(b—a) Wewyg 1
=3 e —1] — O T (2.5.121)
Upon integrating over k the latter term in in square brackets vanishes whilst the
former provides (27 |b — a|)™>. The contribution we seek is the trace of this — we
note that since the derivative of the classical solution to the equations of motion is

a constant we may express this as

1 <2
g w 1
P dr ==+ O 2.5.122
2h—al Sy Tor T (k4T2) ( )

We interpret this as providing a renormalisation of the free action and note that it
is suppressed in the large 7' limit.

The second and third term in (2.5.120) involve a derivative of the Green function
and as such provide contributions that are independent of T'. Taking the trace we
require

gz’k-wc/dﬁd(ﬁﬁ)eékQG(n,n)eik-(ba)ﬁ

ik Qe t iriboa 1
gt e >_1]+@(k2_T> (2.5.123)

Carrying out the integral over k provides

e bma) g < ! ) (2.5.124)

472 b — af* k2T

Recognising that w = b — a we may also cast this into the form

1 2
g w 1
— “—+ 0| == 2.5.125
An2 b — af /0 b — al® <k’2T) ( )

providing a finite renormalisation of the free action.

Finally we take the last term of (2.5.120) and consider its trace. We use the
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defining equation of the Green function to write its contribution as
' e ik (b
—g/ dr T (6 (r) — 1) e 2FCGmm)gik-b-a)n (2.5.126)
0

Both terms are independent of the field w,. which suggests that we should interpret
them as renormalisations of the cosmological constant term in the action fol drT.

The é-function gives us

1
—g/ dr T (2.5.127)
0

exactly as required, albeit formally divergent when we take T to infinity®, whereas

the second evaluates to

29 ik-(b—a 1
- [e® =) — 1] + O (W) (2.5.130)
which upon integrating over k£ becomes
g 1 1
_J O — 2.5.131
A2 |b—CL|2 + (kQT) ( )

This surprisingly takes the same form as (2.5.113) and suggests that there is after
all a self-interaction present in the theory, sensitive only to the boundary of the
worldline.

To lend this more weight we could approach the calculation in a complementary
fashion. We note that W (71, 73) vanishes only at 75 = 73 so we could arrange our

calculation by instead expanding about this point. When 7 is not close to the

1

7)) integrating 7 about 7, corresponds to

boundary (measured with respect to

8The integral over k also provides an infinite volume factor multiplying this result. We may
tidy this up by carrying out the k—integral before integrating over 7. Doing so turns (2.5.126)
into .
T T G-a?rf (
—g/dﬁ () e 2601 (§(1)—1). 2.5.128
Tt (5(m) ~1) (25.129)
We are concerned only with the contribution arising from the J-function so we need the value of
the exponent as 71 — 0. An easy calculation shows that the exponent vanishes leaving only

Ns}

™

—g (f) lim (G (r1,71))”

2 T1—

D
2

(2.5.129)

which diverges.
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integrating over their relative separation and the leading order contribution arises
by setting the T-independent exponent exp (ik - (b — a) (71 — 72)) equal to unity.
This gives the terms above which are absent of an exponent. When 7 is close
to the boundary we must take care because 7 is restricted to lie in [0,1]. So for
example when 7 ~ 0 we must integrate 7, a small distance from this boundary
along the line but must also consider the contribution when 7 is integrated from the
opposite boundary along the line. Indeed for the latter case we consider, following

the notation of section 2.2,
g [ 1 - .
5/ d7'1/ dry T (6 (1 — 1) — 1) e 2K ¥ (mm) ik (b=a)(mi—m2) (2.5.132)
0 1-h

The é-function is not supported for this configuration of variables, besides it is the

second term with which we are concerned. At leading order in % we evaluate the
trailing exponent at the point 7 = 0, 7 = 1. A change of variables 7 = 1 — 75 yields

U(r,l—7)=T((n+7)—(n+ 7)2) and the integral becomes
g [ 2h o '
——/ dTl/ du, e~ 27 Gluu) g=ik-(b=a) (2.5.133)
2 Jo 0

where we have set u = 11 + 7. At leading order this provides

—%e‘ik'(b_“) (2.5.134)
which is to be compared with (2.5.130). The sign of the exponent is not important
and the factor of two is found by including the configuration where the positions of
71 and 7y in the above calculation are swapped. So the physical information arises
when the two points are close to opposite boundaries, whereas the renormalisations
appear from the region where the two points coincide. This is in fitting with the
naive analysis of the form of the contact interaction when the worldlines are the
same.

The self-interaction (2.5.131) also has the appropriate factor of two difference for

it to be subsumed into the sum (2.5.113) so that at first order in the expansion of
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the interaction we find

7 | 1 1 |
9 _ _ _ . (2.5.135)
47T2§]; [<|aj—ak|2 |aj—bk|2> <|bj_ak|2 |bj_bk|2>]

We write >~ to denote that when j = k we discard the first and last terms in the

summand where the separation vanishes. This concludes the analysis of the first
order effect of the contact interaction present in this theory. In the following section
we turn to consider higher order interactions and show that the result above is not

spoilt.

2.5.1 Expansion to arbitrary order

We may consider expanding the part of the action corresponding to the inter-particle
interaction to arbitrary order. When the interaction is between distinct worldsheets
we may repeat the analysis at first order to simplify the calculation to a form familiar
from section 2.2. Here we address the problem of having a fixed even number, N, of
points to be integrated over the same worldsheet which could potentially spoil the

result at order g% or higher. So we consider

(Vi (m) Vi (1) - Vi (), (2.5.136)

where we understand that each point must be integrated from 7; = 0 to 1.
Wick’s theorem produces a common factor to all of the contractions that could

be formed out of the above product of fields which takes the form

N
exp (—% ]Zzl ki - kG (7, Tj)> el i kiw(r) (2.5.137)
We are interested in taking the high 7' limit, whereby the leading contribution will
be from the regions of integration where the exponent vanishes. There are no short
distance divergences which require regularisation so we may consider the points to be
arbitrarily close to one another. This leads us to consider two cases. The exponent

can be made to vanish by ensuring that each individual Green function G (7, 7;)
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vanishes, which requires us to localise each of the points close to either end of the
domain. Alternatively we might consider bringing a collection of points coincident,
which is instructive in order to compare with the results of the previous subsection.
As no regularisation is required we keep the discussion of this case brief. It is useful

to split (2.5.137) as

N

1 iy kiw(Ty

exp (-5 Z k‘?G (Ti, Ti) — Z k; - k]G (7'2', Tj)) e 2o kiw(m) (25138)
i=1 J#i

which makes it clear that for an arbitrary configuration of the points away from the

boundary this factor damps the integrand. Now suppose that some number, n, of

these points are brought to the same point 7;. Then these points contribute

2

1 Z" :

exp _EG(Tl,Tl) ( kl) +... |z (2.5.139)
i=1

where the . .. represents terms which depend on the relative separation between each
point and 7y. Recall that G (1, 7) =T G (71, 7) vanishes only at the boundary of
the domain. Consider how this exponent behaves under the integral with respect to

k1, say. In the large T limit a Laplace approximation implies its effect is to provide®

Sk
<2Té (11, 7'1))

(2.5.140)

Since in one dimension the coincident Green function is finite we see that all contri-
butions from such a configuration are suppressed by a factor of 7-2. The size of the
integrals over the relative separation 7; — 71 can be examined by power counting in
%. The largest contribution arises when all fields take part in a contraction and can
be arranged into a series of § second order derivatives. A simple calculation shows
that this contribution is of order T'2. But after integrating the other n — 1 points

about 71 the resulting expression is of order 7. In combination with (2.5.140) this

9This should be considered in light of the results at first order where we had k1 = k = —k»
where the exponent vanished throughout the domain when 7 = 7. We exclude such cases here
because we understand that they lead to a simple renormalisation of the action.
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contribution can be seen to be subleading in %

Returning to the case that all of the points are on the boundary, each of the
Green functions in (2.5.137) vanishes. So we expect a contribution to the expecta-
tion value from the region of integration where each point is close to the boundary.
We have learnt in the previous subsection that the O (1) term arises when we con-
tract the fields inside each vertex operator amongst themselves. The exponents
exp (ik - we (7;)) can be approximated at leading order by replacing them with their
values at the appropriate boundary — we denote this by exp (ik - wp,). So we consider

a term with r such contractions:

r h h ) - ) N h h 1,9 )
H (/ +/ ) drj ik}’ G ek G e, H (/ +/ ) dr; ee” 2" Ciigihiws,
=1 \Jo 1—h i=r+1 \YO 1-h
Tk . N 1

YT (ke ik a1 9.5.141
15 =) T [+ (o) (25140
ji= i=r+1

The leading order contribution clearly requires »r = N so that all fields are con-

tracted, whereby the above expression reduces to

ikl .
11 — (e — e, (2.5.142)
j=1 7
We now impose pairwise k;; 1 = —k; and contract p; and p;,q to produce the expec-

tation value of the contact interaction at order g2

ik-(b—a)

k2

e

(2.5.143)

|
[\
ST
S
ST
: vz

i=1

As our analysis has been for an arbitrary number of points the result at this order
is not spoilt by considering a higher order term in the expansion of the contact
interaction. The above equation is simply the Fourier space version of the order g%

contribution to the exponential of the sum of boundary interactions (2.5.135).
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2.6 Discussion

In this chapter we have considered contact interactions in the context of theories of
point particles. We have considered a novel way of generating the static electric field
for a pair of point particles by considering fluctuating worldlines whose endpoints
are fixed to the positions of the charges. The functional approach we used for
calculation allowed us to generalise this construction to include spin 1/2 particles
and we then used the formalism to construct a quantum theory describing a set
of point particles interacting upon contact. The result for fermionic particles is
interesting because it suggests an unusual electric force acting on Dirac spinors due
to the charged particles. Both results depend somewhat on the choice of boundary
conditions imposed on the worldline fields at either end of the paths and we also
found it necessary to introduce constraints on the worldline metric and its super-
partner.

The worldline formalism of quantum field theory highlights an intimate connec-
tion between field theory and the first quantised theories we have considered here.
Our approach differed in that rather than coupling the theory living on the world-
line to a background gauge field (as occurs when integrating out matter fields in
with the worldline approach) we coupled the worldlines to one another directly us-
ing the d—function interaction. The functional methods that we used are however
not limited to the calculation we have undertaken and can be directly applied to
situations that arise using the latter approach. We shall see in the next chapter that
the worldline formalism can be used to form a direct link between field theory and
an interacting first quantised theory, though we shall need to make changes to the
point particle theories we have considered thus far.

Indeed this theory is clearly not complete, since our discussion is limited to
situations where the boundaries of the worldlines are static. We consider it as a
proof of concept and a motivation for how we might treat the time varying case.
For a charged particle described by a more general worldline the end-points of the
curves, w;, must be allowed to vary tangentially to the path of the particle and
we must consider how to describe the dynamics of the curve. This was addressed

in [13] for the case of electromagnetism, where it was shown that the natural way
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to describe these one dimensional extended objects is string theory. In the next
chapter we shall extend the work to consider the worldlines of equal and oppositely
charged particles as the boundaries of a string which traces out a worldsheet. We
shall see that the contact interaction generalises to provide interactions between the
worldsheets corresponding to different charges and will relate the quantum theory

to spinor quantum electrodynamics.



Chapter 3

String theory, contact interactions

and quantum electrodynamics

In this chapter we move away from theories of interacting point particles and consider
the equivalent idea for fundamental strings. We are informed by the result of [13]
which demonstrated that the time varying electromagnetic field at a space-time point
x for equal and oppositely charged particles can be determined from a statistical
averaging over the fluctuations of lines of force stretched between the worldlines
of the charges and which pass through z. However when we come to consider
the construction of a theory of interacting strings we will find that the worldline
formalism provides a natural way to relate our calculations to the conventional
quantum field theory of matter coupled to the electromagnetic field. This chapter
follows [41] and [28].

3.1 Introduction

In the previous chapter we limited our discussion to static configurations of charged
particles or fixed boundary data. We decided to treat Faraday’s lines of flux as
physical quantities and showed that averaging over the spatial fluctuations of a flux
line produces the electric field. If we now consider the case that the charged particles
move along worldlines then a single flux line joining the charges traces out a two-

dimensional surface, ¥, whose boundary, B, is given by the particles’ worldlines.

66
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So we are moved to consider now the fluctuations of this worldsheet, for which the
natural framework is that of string theory.

This was pursued by Mansfield in [13]. The generalisation of (2.2.1) to this
dynamical case is an expression for the electromagnetic field strength in terms of an

integral over any surface bounded by the particle worldlines

F,(z)= —q/254(:1c — X)dS,,(X). (3.1.1)

where d¥,, is an element of area on X, itself parameterised by coordinates X*(§).
The world-sheet co-ordinates (we previously called o) are ¢! and €2 and we denote
the parameter domain by D. On the boundary of the domain the worldsheet is fixed
to the worldline so X*|,, = w”. Finally the area element can be expressed in terms

of the worldsheet coordinates as
A%, = €0, X,0,X,d*¢ (3.1.2)

By integrating against a test function it is easy to verify that F* defined above
satisfies Gauss’ law

O Fy = J,, (3.1.3)

where the current density due to the charges is

JH(z) = q/jgé‘%x — w) dwt. (3.1.4)

Nielsen and Olesen [47] have used such an expression for the field strength tensor to
form a field theory describing the dual string from a basis of non-linear electrodynam-
ics. It is also present in theories of electromagnetism with magnetic monopoles [48]
and can be used to derive an effective string theory describing the evolution of the
Dirac string linking two such poles [49,50]. Using this field strength in the standard
form of the action for electromagnetism gives the generalisation of the interaction

between point particles which appeared in the previous chapter:

q2

Sem = _%/d% F, F" = 4e2 dE“V(€)54 (X(§) — X(£) a2, (&) -

€ Jx
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The argument of the delta-function vanishes when £'* = £%, and also at points where

the world-sheet intersects itself. This gives two contributions,

2

2
Spm = ;’—6%52(0) Area(2)+4q?3 /E dsr (€) 61 (X(8) = X (&) dZu (&) pe - (3:15)
The first is just an area term which we interpret as being proportional to the Nambu-
Goto action of string theory, albeit with a divergent coefficient, and consequently
specifying the dynamics of the curve C. The second is the self-intersection interac-
tion that we will study in detail below. As in the case of the point particle we find
that direct interactions have previously been discussed by Kalb and Ramond [45]
and the one we propose here satisfies the consistency constraints they derive. This
action has also been applied before classically to the problem of confinement [51,52]
but without the effects of self-intersection or quantisation that we shall consider
here.
In [13] the connection to string theory was taken further by showing that, al-
though (3.1.1) does not satisfy the other Maxwell equations, its functional average
over worldsheets with fixed boundary provides the classical field strength tensor

associated with the charged particles:

dw dw
47r2</54a:—X dz,,X> =0 /—”—ay/—“ 3.1.6
Lm0 X)) =0 | el ¥ e B

where the average over surfaces of any functional €2 [¥] is given by the functional in-
tegration we discussed in the introduction (we shall use g, to denote the worldsheet
metric in this chapter since we will later use h as the intrinsic metric on particle
worldlines):

1
()= 3 / D9 D,X QeS0X] (3.1.7)

This was computed in Euclidean space where the integrals are better behaved, so
that ||x — y|| is the Euclidean distance between x and y. Minkowski space results
were obtained by Wick rotation and the retarded solutions to Maxwell’s equations
were picked out naturally by interpreting this as a finite temperature average in

the quantum theory. This work provided the mathematics behind the idea that
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Faraday’s flux tubes can be thought of as the physical degrees of freedom of elec-
tromagnetism with the caveat that their configurations must be averaged over in a
string theory setting. This is also rather similar to a proposal due to Dirac [53, 54]
in which he advanced the idea of operators which create both charged particles and
part of the electromagnetic field itself.

Actually for (3.1.6) to hold requires either that we normalise the expectation
values against the partition function of the non-interacting string theory or that we
consider the limit of tensionless strings (o’ — oo in units of the size of the worldline
B). The normalisation or tensionless limit prove sufficient to remove any dependence
on the action associated to the classical solution to the string equations of motion.
Note that the right hand side of (3.1.6) is independent of the string tension and so
insensitive to variations in o/. In our work we shall not have the former avenue open
to us since to relate the theory to QED we will find it necessary to integrate over
the worldlines specifying the boundaries of the strings.

After the discussion of the functional quantisation of string theory in the in-
troduction the average in (3.1.6) may well appear unusual. Firstly we work in the
physical number of space-time dimensions D = 4. This means that the functional
integration over the string configurations and worldsheet metrics will produce a
Weyl anomaly. Furthermore the presence of the delta-function in (3.1.6) means that
the average is off-shell and involves non-physical states. It is now time to return to
Polyakov’s formulation of string theory to revise how mass-shell conditions appear
in this approach. To calculate the scattering of a set of strings we insert a product

of re-parametrisation invariant vertices such as that of the tachyon
o / d2¢ \ [ge*X(©
into the functional average:
/@g@gX e~ Selo Xl n/d% Vgt © = I{)/d2§ Ve O ) (3.1.8)

where the dots stand for the other vertices (whose effect when & is close to their

positions we shall ignore). The X-dependence of the exponent remains quadratic,
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being simply
1

4o

/ PE/GIP0X X, + > ik X (&) (3.1.9)

We can shift X by completing the square to reduce the integral over these variables to
the one we have seen before (except that the zero mode of A now imposes momentum
conservation), the result of which is multiplied by a factor involving the Green

function for the two-dimensional Laplacian at coincident points, G(&,§),

. / € \fge TGES), (3.1.10)

amongst terms involving the other vertices which are not of immediate importance
for this discussion. We work in complex coordinates in conformally flat gauge,
ds? = 2e®dzdz. Then for an open string with the conventional Neumann boundary

conditions we have

G(z,7) = —i (1n lz— 2P +1n|z — z_’|2) ; —2e7%00G (2,2') = e %% (2 — &) .

(3.1.11)
The point is that G(z, z) needs to be regulated and this introduces a dependence on
the scale of the metric, invalidating our result that the dependence on ¢ is contained
only in the Liouville theory. We do not provide the details of this procedure but
state the result. With heat-kernel regularisation the leading behaviour at points
away from the boundary separated by physical distance € is G(z,2) ~ (¢(z) —
2log(e€))/(4m), so (3.1.10) becomes

Rea’kQ/Q/dQZ €¢ e—o/k2¢>/4'

We can avoid the dependence on ¢, and so integrate over this degree of freedom, if
we impose the tachyon mass-shell condition k* = 4/a’ and we can make the result
finite by renormalising s (this is similar to wave function renormalisation in field
theory). So we learn that the mass-shell conditions can be seen as arising out of
the requirement that no undesired dependence on the conformal scale appears when

we insert vertex operators inside the functional integral. The same is true for the
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transversality conditions which can be seen, for example, by studying photon or
graviton states.

Surprisingly the expectation value of the delta-function also decouples from ¢,
but in this case it evades a mass-shell condition. If we Fourier decompose the delta-

function then

or — X)do"(X) = / %ei’f'm%w”; VI (&) = €0, X 0 X" e X (),

(3.1.12)
We recognise the V' as string vertex operators but there are important differences
to the conventional string insertions. Firstly the momentum integral means that the
insertions are off-shell and secondly the form of the contact interaction means that we
integrate the positions of these insertions throughout the entire string worldsheet so
they are more akin to closed string vertex operators. Whilst naively we would expect
the lack of mass-shell conditions and our choice of four target space dimensions
would lead to anomalous dependence on the conformal scale we repeat Mansfield’s
demonstration that this is not the case. To establish (3.1.6) we impose Dirichlet
boundary conditions on the string because the endpoints are fixed to the worldlines

of the particles and consider the functional integral

6ik~a: <Vklw(§)>X — /@gX e—S[g,X] eabaaXuaqu eik~(z—X(§))

o € (KFO, XY 210/ 0,G(€,€) + 0, X! 0, XY) etk (2=Xe(€) o ~ma' k2 G(E)
(3.1.13)

where X, is the value of X that evolves from the boundary value according to the
classical equations of motion. We shall give an explicit expression for this in the
next section. Note that we do not have the freedom to renormalise by introducing
a k-dependent factor like x without ruining the Fourier decomposition of the delta
function so we may not make use of multiplicative renormalisation to make sense of
divergences. On the boundary of the worldsheet G(&, &) = 0 because of the boundary

conditions, so precisely on the boundary

e WmGE6) — 1 (3.1.14)
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For points away from the boundary

e—ﬂ'a,k2G(§7§) ~ 6a1k26_alk2¢/4 (3115)

is suppressed as € — 07, since in Euclidean signature ¥ > 0. This means that
(3.1.13) is negligible except when ¢ is in a small (in terms of the regulator) strip
close to the boundary, and the value precisely on the boundary is independent of ¢.
When (3.1.13) is integrated over the parameter domain D we only have to consider
contributions within this strip and so we can separate the various factors into those
like G(&,€) and its derivative that vary rapidly as £ moves from the boundary into
the interior of the world-sheet, and terms like X, and its derivatives that vary slowly
and can be approximated by their boundary values. Arranging the parameters £*
so that €2 is constant on the boundary and &' varies along it the integral over & of

the first term of (3.1.13) contains

/ @26 110, X7 e e X2 010, (€, £) e~ R G

- / de’ (k[“@lXé’] etk (e=Xe(8) / dg? 2ma/ 9, G (€, €) 6_7@%2@(5,@)

= / dwlt gVt @) /]2 (3.1.16)
B

which is the Fourier transform of (3.1.6). Note that this is independent of the cut-off
scale, €, the length-scale, o/, and, crucially, the scale of the metric, ¢, even though
all of these entered the intermediate expressions.

The remaining terms in (3.1.13) were shown to vanish as the cut-off is removed.
They also vanish in the tensionless limit for finite cut-off as we will see later. So
the only dependence on ¢ is contained within the Liouville action we met in the
introduction. The solution to working outside of the critical dimension of string
theory was to notice that the physical content of the theory, i.e. the expression
for the electromagnetic field strength tensor, decouples from the Liouville theory.
If all functional averages are then normalised against its partition function then
its contribution is always cancelled. Later on in this chapter we will also need

to consider functional integrals with mixed boundary conditions, i.e. where the
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boundary is divided into sections where Dirichlet conditions are imposed and sections
where Neumann conditions are imposed. The result generalises so that the right
hand side of (3.1.16) receives contributions from just the Dirichlet sections of the

boundary (see Appendix B).

3.1.1 Interacting strings

As we have seen, the expectation of d-function decouples from the conformal scale
of the worldsheet metric. From the point of view of the string theory we used the
d-function as a local probe of the worldsheet [55]. In the previous chapter our next
step was to use the d-function to form a theory in which point particles interact upon
contact. The decoupling of the off-shell J-function from the conformal scale gives us
hope that we may now be able to use (3.1.5) to construct a string theory in which the
strings interact when their worldsheets intersect. We consider the system consisting
of anumber, N, of surfaces {3;}. These have boundary components including curves
w!'. The curves can be either closed or open, in which case we impose Neumann

)

boundary conditions on X* on the remaining boundary components of ». The

action is Sy = >, S; + >_,; Sij with S; = S[g;, Xi] and

2

S — q
v=1g
0 J 3,3

i (§) 01 (Xi(§) — X;(€1)) dxi¥(€)). (3.1.17)

We wish to relate this now to quantum field theory. In the introduction we saw
that scalar QED can be re-stated in the worldline formalism, which caused us to
introduce a series of first quantised theories living on one dimensional curves. These
curves are seen as Wilson lines which couple the worldline theories to the electro-
magnetic field. To compute the generating functional for the field theory Green
functions it remains to functionally integrate over the gauge field configurations
which we stopped short of doing in the introduction. The reason for this is that our
aim will be to show that the interacting string theory reproduces this functional in-

tegral. We identify a set of N worldlines as the boundaries for /V interacting strings
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and wish to show that

/H—@(X“g") e (3.1.18)

is the same as

v

[ 58 s Lot =] i Tt (3.1.19)
i 1,

where the Maxwell theory is gauge-fixed in the gauge 9-A = 0 so that the propagator,
A, has Fourier transform 4, /k* — k,k,/(k*)?. In this way we would reformulate
QED in terms of a series of strings which interact upon contact. It will turn out that
we are unable to completely establish this result for the case of the bosonic string
due to the possible appearance of unwelcome divergences. However the world-sheet
supersymmetry of the spinning string provides sufficient structure to eliminate these,
which will allow us to prove the supersymmetric generalisation. It is precisely this
generalisation, in which the super-Wilson loop appears, that is needed for electric
charges with spin. So it appears that this string model has a preference for the
realistic case of spinor QED over that of scalar QED.

Recall from the introduction that the generating functional for Green functions!

can be computed by first integrating over the scalar field leaving
Z[j, J] — /@A e—ng—logDet(—D2+m2)+fd4xj(—D2+m2)7lJ (3120)

which we expand as

5 L [ oaesn (Clspen (<04 ( [ ated (<04t )
rs=1 "
(3.1.21)

Using the representations for the functional determinant, (1.0.6), and propagator,

ILater we will include a source for the gauge field, but for the time being we suppress this to
simplify our expressions
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(1.0.9), we re-write (3.1.21) as

=1 _s 17 D (hj w5)  _Soiw,,h)
Z m/@Ae fH 7 e’
r,s=1 Jj=1
r+s ) S _ i fbl dwr-A
<[ e / d'brd'a (e o M (@) (3.122)
k=r+1 =1

Were (3.1.18) equivalent to (3.1.19) it could be used to represent the integral over

the gauge-field as a set of integrals over surfaces

LT ; TT 25000 s 77 20 0%) ot TT o5
— d*v; d*a; J(by)J ZA\A6 G -5 T 2\ 05) —Solw;, byl —Sij
3 s [ Tt [T S L i T

(3.1.23)

Re-arranging this slightly we would have arrived at

_ > 1 S . . B r+s Q(Xl,gz,hz,wz) S-S r+s e
ZIT,0 = o [Td'vd e J(o)J(a) [ ] 77 eSS I e
=

r,s=1 1 i=1 i =1

(3.1.24)
Although we will be unable to demonstrate the equivalence of (3.1.18) and (3.1.19)
in scalar QED we will demonstrate an exact relation for spinor QED.
The physical interpretation of (3.1.24) would be that the field theory is equivalent
to an ensemble of strings described by the usual free Polyakov action, S; = S[g;, X,
augmented with a boundary term Sp[w, h| interacting with each other via the contact
term S;;. There is some freedom in how we associate the curves w; to the world-
sheet surfaces. For want of an obvious alternative we choose the simplest assign-
ment by associating a zero genus surface to each w;. Thus the log Det (—D? + m?)
factors correspond to closed curves bordering world-sheets which together describe
particle anti-particle pairs connected by lines of force. The Green function factors
(-D* + mQ)_1 correspond to world-sheets that have mixed boundary conditions:
Dirichlet conditions for the curves w; which run from a; to b; and Neumann every-
where else, so these describe strings with the usual string theory Neumann conditions
at one end and a charged particle (or anti-particle) at the other. Mixed boundary

conditions for the string are discussed in Appendix B.
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So far we have not included a source for the gauge field. Rather than using a general
source we limit attention to one that generates scattering amplitudes via the LSZ

procedure by shifting the gauge-fixed Maxwell action, S;y, in (3.1.22)
1
Syf %ng—g/d“xA-aQA (3.1.25)

where the source is on-shell, i.e. 9?4 = 9- A = 0 (we revert to Lorentzian signature

briefly to be able to invoke LSZ).

We show in Appendix C that
DA Sy [ APAT, Tt T o= Tt [ (004 (31.96)
N - . o
] 7
so that the effect of including the source A is simply to add a term to the boundary
part of the action:

So[w, h] — So[w, h] +i/dw - A (3.1.27)

We note in passing that if we were to consider the generating functional for scattering
amplitudes of charged particles and anti-particles then we would replace the source
terms J¢ and ¢J by J{—0? + m?}¢ and ({—0? + m?}¢)J leading to insertions of
{—0?+m?} in (3.1.24). These insertions could be generated by functional derivatives

with respect to v/h at the ends of the curves w since

*2
_ 2 s - _ & +m? . (3.1.28)
d+/h (0) h £=0

The expression on the right hand side is just —p? + m? because the canonical mo-
. . wh
mentum on the worldline is p* = N
As we have said, we will not be able to fully achieve our aim of showing the
equivalence of (3.1.18) and (3.1.19) until we include world-sheet supersymmetry. In

any case QED with spin-one-half matter is more interesting as a realistic theory,

and we will see that it emerges naturally from the spinning string. The generating
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functional for the Dirac field was given in the introduction
ZD[K, K] _ /@A e*ngflogDet(f('y-D)Qerz)Jrfd4xf(('y-D+im)_lK7 (3129)

which we expand as

Z — /@Ae Ss (—log Det (—(v - D)? +m2))r (/d‘{rf((y D +im) " K)
rls!
r,s=1
(3.1.30)
As in the scalar case we can represent the two components of this expression, the
functional determinant and the Green function, as functional integrals of the same
form but for closed and open worldlines respectively. This means we can express

the generating functional for the Dirac field, Zp, as

r+s
Z / QA e—Sqf ‘@<h.77 wj’ XJ’ w]) e—S()[’wj,hj]—SF[’lZ}j,Xj]
rlsl

r,s=1 4
r+s
% H e—z‘(j?dwk~A+%fFWw“¢”\/Ed§)
k=s+1

< ] / A4y dhay B (by) e et oA T a0 VRaE) ey (39 37)

which contains the expectation value of supersymmetric exponentiated line integrals
generalising the bosonic case. We will show that these expectation values can be
calculated by introducing fermionic degrees of freedom onto the worldsheets spanned
by the open and closed curves representing the Green functions and determinants

in the field theory. That is,

n
g 2 X, i g1) (Xzf 9i) -5, _ / 24 syl H ~5a (3.1.32)
where S; s is the equivalent gauged fixed action for the fermionic quantum theory
and Sy is the action for the spinning string augmented by a supersymmetric general-
isation of the contact interaction discussed above. We shall give explicit expressions
for these objects in section 3.5. This equivalence can then be used to rewrite the in-

tegral over the gauge field in equation (3.1.31) in terms of open and closed spinning
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strings with contact interactions.

The purpose of this chapter is to investigate the relationship between (3.1.18)
and (3.1.19) for the bosonic theory and then establish the supersymmetric version
(3.1.32), showing that spinor QED is equivalent to tensionless spinning strings? with
a contact interaction. We use the perturbative expansion in powers of ¢2, building
on the result (3.1.6). We begin with the purely bosonic theory. In section 3.2 we
describe some basic tools including the regulator, and apply these to the derivation
of (3.1.16). In section 3.3 we consider the first order in perturbation theory, studying
potential divergences in some detail as a warm-up for higher order calculations, and
also discuss how the split in the action (3.1.5) between the free string action and the
contact term is affected by the regulator. Higher orders in perturbation theory for
the bosonic case are discussed in section 3.4 which includes a discussion of potential
problems associated with divergences that might be generated when the interaction
terms approach each other close to the world-sheet boundary. Concluding that our
bosonic string model is incomplete we turn to the more realistic case of spinor matter
and show that this is naturally described by the spinning string in section 3.5. We
discuss the gauge-fixed action and regulator and the residual supersymmetry, and
then use this to restrict the divergences that can occur in the perturbative expansion

enabling us to establish the connection between the spinning string model and spinor

QED.

3.2 General expectation values

Before proceeding to the evaluation of the partition function we describe our general
approach to the computation of such functional integrals which will be essentially
standard. These functional integrals are computed conventionally by first integrat-

ing over the X; with source terms to generate the insertions of d,X* (£) and the

2The tensionless limit of bosonic string theory has a degenerate worldsheet metric [56] and as
such can be reformulated on the level of the action by introducing a vector density to replace the
metric in Polyakov’s formulation [57,58]. The equation of motion of this auxiliary field imposes the
null-metric condition and the formulation extends to the spinning string [59]. In the spinning case
however the metric is no longer degenerate. Here we prefer to keep the tension arbitrary throughout
the calculation to demonstrate how the tensionless limit suppresses unwanted quantities.
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exponents resulting from the Fourier decomposition of the d-functions. So we con-

k) = /@gx exp (—S[X, gl + / d2¢ J“X“) (3.2.33)

JH(€) = =0t (¢ +sz“ (€—¢)) (3.2.34)

sider

where

We write the field itself as the sum of three terms X# = X* + X# 4+ X" where
X*# is the quantum fluctuation to be functionally integrated over and X* and Xn
satisfy Euler-Lagrange equations. X* absorbs the boundary values of the original

X. Denoting the two-dimensional Laplacian as A:

—%aa (Va0 XE(E)) = AXE(E) = 0 XPlop = u, (3.2.35)

and X absorbs the sources we have just introduced

—AXH (¢ —271'()4(2/{:“ (=) +6aj““(§)> (3.2.36)

and is required to vanish on dD. X, and X can both be found in terms of the

Green function for the Laplacian with Dirichlet boundary conditions (which satisfies

AG(E,¢) = (£ =¢) /g, G(E.&) =0 for L or &' € OD):

Xl (€)= ngdéc /350G (&:€) w(©), X () = —2ma’ / d*¢ G(@é)(;;(g)?)

Integrating out the quantum fluctuation generates a determinant so

Z(.K) =exp (—m' Sk b GlEn€) + S[X.. ] — 2log(DetA)

rs

+ 2mai / &€ 1N k.G (6, &) + 2mal / / dPEd*E 311 0,9,G (€, €)

+ [ @ o +iY kX, (a)) (3.2.38)
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log(DetA) depends only on the scale of the metric, and not on the sources, so
will factor out of our computations because of the decoupling of the expectation
value of the delta function discussed in the introduction. An alternative approach
would be to assume the existence of further internal degrees of freedom to cancel the
dependence on the Liouville mode, a route we consider in Chapter 4 of this thesis.

The Green function is divergent at coincident points and so we replace it with a

regulated version constructed from the heat-kernel

Ge(§,£’>=/ drG(e.67), SG=—AG, G(6€:07) = (c—€) Vi

or
(3.2.39)
This cut-off procedure is reparameterisation invariant since the definition of the
kernel and Green function do not require a choice of coordinates. It is not, however,
Weyl invariant since it introduces a distance cut off. The effect of € is to modify
for high modes the spectral decomposition of the Green function in terms of the

eigenfunctions of A, u,, belonging to eigenvalues A, to [35]

€_E>\n

Ge(&,€) = un (&) un (&) . (3.2.40)

The short-distance divergence of the Green function is associated with the short-
time behaviour of the heat kernel. Information can be extracted by expansion about
a flat metric because in a short time the heat from the delta-function source cannot
diffuse too far meaning that the heat kernel is sensitive to variations in the metric
only over a distance of size of the order of \/e.

The general form of the heat kernel for small times can be determined using
the Seeley-DeWitt expansion [60] which can be modified to take into account the
presence of the boundary [61,62]. If o, (£,£’) denotes the square of the length of a
geodesic between the points £ and & with n reflections at the boundary then we can
write [61,62]

G(&,¢;T) = % > exp <—#>Q (&,¢57) (3.2.41)
{o+}

with the sum running over all geodesics including any number of reflections at the



3.2. General expectation values 81

boundary. By virtue of the Hamilton-Jacobi equation for the action of a given

geodesic, g, obeys an important constraint
0 = g"0,00,0 (3.2.42)

at the point & with a similar expression holding at the other end of the path &'.
The €2, can be expanded as a power series in 7 with DeWitt coefficients a,, (§,&’).
Substitution of the expansion into the heat-kernel equation leads to a recurrence

relation for these coefficients

Q. (685m) =) al (&)™ (3.2.43)
n=0
ag (¢,€) =1 (3.2.44)
ag (€,€) +ag™ (£,6) =0 (3.2.45)
(n + %Vza = g“baaaab) al = -Vl | (3.2.46)

Considering then the low 7 limit and bringing £’ — £ repeated differentiation of
(3.2.42) allows the determination of the coincident limits of the a,,. There are two
regions of interest. In the bulk the path of zero length dominates, whereas close
to the boundary the shortest reflected path joining ¢ to itself also contributes. At

lowest order the coefficients are determined as

ag (¢,6) =1 (3.2.47)
ay (§,€) = %R(E) (3.2.48)
ag (§,€) = 1 (3.2.49)
(6= R (3.2.50)

The dominant small ¢ behaviour of the coincident Green’s function can then be



3.2. General expectation values 82

expressed as

Ge(§,8) = (§) ~ /:o AT (1 — exp (—%)) (1 + éR (€) r) (3.2.51)

o _ oclneR
T6me 967 0K €

- (3.2.52)

This reveals that as & varies from being on the boundary to moving into the bulk,
1 varies from 0 to order log € over a distance €z,

We will need the form of the above functions in conformally flat gauge. We
may choose complex coordinates z = x + iy with ds?> = e®dzdz. With this choice
R(2) = e ®90¢ = 0. For much of our work it will be sufficient to take ¢ to be

constant and work on the half-plane y > 0 whereby
o(z,7)=e?|z— 2| (3.2.53)

and for the coincident Green function the distance of the shortest path from z

reflected from the boundary is o = 4e®y%. So

1 ¢ S 2 ¢ o ! 2
G(z,257)= gy (exp (_e|z4—z\> — exp (—M>) (3.2.54)
T T T

eZTyj oK €
b (§) ~ (3.2.55)

1y, €22
47rln . o> €

This provides a useful method to track the appearance of ¢ through the calculation.
However in the more general case o picks up non-trivial ¢-dependent corrections and
the heat-kernel picks up curvature corrections according to (3.2.51). These do not
contribute to our calculation at leading order in € so it will be sufficient to specialise

to ¢ = 0 and introduce a function f by:
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Ge(z,z’>/€:fTTT<eXp< ) ( 4T/|>> p
() ) ()

_ g (|Z2—\/f ’) ny ("22_\/;") (3.2.56)

o [ (1o (), a5

so that (&) = f(y/+/€). This function is monotonically increasing and can written

where

in closed form as

£ (T (0,5) +1n () (3:2.58)

where « is Euler’s constant and T (0, s f t~te~tdt is the incomplete Gamma
function. We shall not use this exphclt form but rather note that f can be approxi-

mated for small (s < a) and large (s > b) values of s by

s s<a<kl
f(s) =~ (3.2.59)

ﬁlns2 s>b>1

Before finishing this section we illustrate the regularisation of the Green function
by revisiting (3.1.13) in order to demonstrate that the second term on the right hand
side vanishes as the cut-off is removed and is also (independently) suppressed in the

tensionless limit. In terms of the function f the right hand side of (3.1.13) becomes

D (EFOXY 270l 0,G(E,E) + Dy XFO,XY) e (o= Xe(©) gmma/R2G(60)

= (=KD, XY 210, f (y/V/e) + €0, X 9, X ") ek @ Xel@)emma RS w/Ve) (3.9.60)

which is to be integrated over y > 0 and over k. The first term leads to the required
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result (3.1.16). Integrating the second over k gives

1 €9, X1, XV e~e=Xe(€))? lima’ (/) (3.2.61)

(o' f(y/Ve))?
As described in section 1 the integral over y is suppressed outside a thin strip of
width A, say, bordering the boundary. Taking A > by/e shows that outside this
strip f(y/v/€) > 5= log(A/+/€) which becomes large as € | 0 and so damps (3.2.61)
provided A/4/e also becomes large (which can be arranged whilst still taking A to
zero). When we integrate (3.2.61) over the strip we can treat X, as a slowly varying
quantity, independent of y to leading order, leaving just the following integral to be
computed, which we separate into three pieces in order to apply the leading order

approximation to f from (3.2.59)

/A p e~ (@=Xe(8)?/(4ma’ f(y//€))
0 (@' f(y/Ve))?
a A7) 26— (@=Xe(€))?/(a'y?) b —(2=Xc(€))?/(4ma’ f(y))
Vo [y, e
y a (f())

a'?
AVE  (4a)2e—(@=Xe(€)?/ (o' log y?)
+ / dy( ) )
b

(logy?)4
(3.2.62)

The first two integrals inside the brackets are independent of € so the overall factor of

Ve outside the brackets damps these terms as € | 0. The last term can be bounded:

< (A/v/e—b)(47)*/(log b*)* . (3.2.63)

/A/ﬁ (47T)267(:erc(£))2/(a’long)
, Y (log y?)?

Combining this with the overall factor of 1/€ causes this to go to zero with e because

A does. Consequently (3.2.62) goes to zero as the cut-off is removed.

We note that these integrals also vanish independently in the tensionless limit. When
o/ is large in comparison to the length scale of the boundary the exponents in the

last two integrals can be ignored and the first integral simplifies on scaling y so that
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(3.2.62) becomes

€ ° 47r)2e~ (@=Xe(9)?/y? b g A/ Ve 47)?

L/; 0/3/2/ dy( ) . +/ y2+/ dy ( )24

a 0 y o FW) S (logy?)
(3.2.64)

which is suppressed in the tensionless limit, o/ — oo, with the leading term coming
from the first integral incorporating the small-y behaviour. We shall now turn to
apply similar techniques to calculating the effect of the interaction term on the string

theory partition function.

3.3 The first order interaction of the bosonic the-
ory

In this section we will carry out the calculation to first order in the expansion of the

interaction term, which is proportional to

> /< 25, ) L e 8 (X500 — Xule) vy e

We shall show that the form of the coincident Green function suppresses the inte-
grand for a general configuration of the points £ and & except for two cases. The
result we seek will arise when both points are separately close to the boundary where
we have seen that the Green function is of order 1. Secondly, divergences appear
when the points become close in the bulk of the worldsheet but we shall discuss
how these can be interpreted in terms of a renormalisation of the free action and
are consistent with the original splitting of the action in (3.1.5). The question of
the two points meeting one another close to the boundary will be discussed later as
this could provide corrections to the equality we are trying to prove. In the spinning
string neither divergences nor unwanted boundary contributions will arise, as will
be demonstrated in section 3.5.

There are two kinds of term in this sum. The first is when j # k, in which

case we can organise the integrals to reduce the computation to our previous result
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(3.1.6):

2. / e~ / Ekdz*‘” £) 0" (X,(8) = Xu(€) d=(€)

J#k

=2 / 2008 s / dxf” (€ < / Xi(€) dEz”(s')>Ek

J#k

o 37 g] -5 n% 1 / dwk,l/ dwk,p )
oS [ ae) — (o, [ e g, [ D
Z/ / f(%ﬂ(“ o 12—~ J Ty =l

J#k J
(3.3.65)

Applying Stokes’ theorem and observing that the boundary B; is held fixed during

the functional integration over X, reduces this to

dw; - dw
D5 / T (3.3.66)
]#2 B;.B; |lw; — wk]
which is precisely the result we claimed.

The second type of term that occurs in the sum has j = k, in which case we

have to consider

J’gJ Sj uv 4 ] = By (el
S [HG e [ e o - 0@ ape)

J

where both integrals are over the same worldsheet. If, as before, we make a Fourier

decomposition of the d-function

[ a5 e - x@) asie) = [ S5 [weaeva@uice) @aon

this requires the computation of (V_j(§) Vi(§')) y which involves two insertions of V'
on the world-sheet in contrast to the single insertion of (3.1.13). To evaluate this we
shall use Wick’s theorem, based on (3.2.38), to write the expectation of products of

fields as an expansion in terms of all possible contractions of X. The simplest is
XXV =2 XXV 4 XPXY (3.3.68)
L

where by the normal ordering colons we mean that all contractions have been carried
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out between the fields contained within and the basic contraction is

XM (&) XV (&) =a'6™G (&8 (3.3.69)

L 1

We use the = sign to denote that the equality is meant to hold inside the functional
integral ( )y. Because (3.2.38) was obtained by expanding about a classical field
X, that contains the information about the boundary value the expectation of the

normal ordered part of the product contains X, thus
(XEXV /(1) = XEXY. (3.3.70)

with similar expressions holding for greater numbers of operators in the product.
(1) is included because it contains boundary data S[X.,g] as well as functional

determinants. The exponential

G XO-X(E) o . Jk(X©O-X(E) . -ma'BT (3.3.71)

with

V(&) =1 () +v(E)—-2G (). (3.3.72)
will be crucial in what follows. W (£, ¢’) is the two dimensional version of the object
which we met in the previous chapter and plays a similar role in determining the
behaviour of the integrands which will appear. This time, however, the Green

functions making it up diverge at coincident points and it is their regularised versions

we employ. In the parametrisation of D of the previous section this is

V=—f(0)+f (%) —f0)+f <y7) +2 (f ('Z;gz/|> 7 (lZ;;'))
(3.3.73)

SR D) e

Applying Wick’s theorem to (V_i(§) Vi(¢')) ¢ and carrying out the functional

integration over X gives (with X (¢) and X (¢') renamed as X! and X? for brevity)
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(e®ecdgl X1 gl x Wik (X! =X2) g2 x2Mu g2 X 20y | /(1) = (3.3.75)

gobeed ik (Xi-X2) mak20(61.6%) (8;)(3“‘ XX F3X 2 (T
+8ra ikt OM - 9} X V92 X2 92 X 2] (1)

+ (Are!) ik oM - ikl 920 - 9l X M2 X2 (T00)

+96ma’ 910°G - Of X O3 X (IV)

+12 (47a)? LG - ik DL WARX (V)

16 (4ma’)’ OLO2G - ik O - iKY HPW (VI)

+48 (47)? a;afa.a;agc:) (VII)

where G = G (£, £?) and we have made use of the results of Appendix D.

The exponential factor e~ kY depends on the configuration of the two points,
as depicted in Figure 1, and will be important. For generic values of &' and €2 in
D, neither close to the boundary nor close to one another, ¥ is of order In e so that
the common exponential factor damps the integrand. As one of these points, say &!,
approaches the boundary 1) (£!) becomes of order unity, but with &2 still in the bulk
the v (£?) in W keeps it of order Ine. So the only values of ¢! and &2 that lead to
non-zero contributions as the cut-off is removed are those for which both points are
close to the boundary or close to each other in the interior of D where ¥ is O(1).

We will describe these two cases separately in the next two sub-sections.

3.3.1 Boundary contribution

The first case to consider is (V_;(&) Vi(£')) x with both points  and £ close to the
boundary. It is this case which will lead to our result. We need only integrate
across a small suitably chosen strip, say of size A, since the integrand is suppressed
moving into the bulk. We use the upper-half plane parametrisation of the previous
section and consider 0 < y < A, 0 < v < A, and we will also limit our attention

to the generic case of |x — 2/| > A. For this configuration the rapidly varying
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(a) An arbitrary configuration with both
points in the bulk. ¥ is of order Ine.

(c) The case that both points are with a
distance of A of the boundary. As each
point is integrated through this strip into
the bulk W varies from order 1 to order
Ine.

(b) The case that one of the points ap-
proaches the boundary. The second point
in the bulk holds ¥ at order Ine.

(d) The case that the two points are within
a distance A of one another in the bulk. As
one of the points is integrated about this
region ¥ varies from order unity to order
Ine.

Figure 3.1: The possible configurations of the two points within the integration domain. The cases
illustrated in the top line lead to heavy suppression of the integrand and it is the bottom two cases
which will make finite contributions. The line joining the points is to represent that they are linked
by the 67 (X (&') — X (¢2)).

functions in (3.3.75) are just (&), (&) and their derivatives. In contrast, the
fields X*, their derivatives and the Green function between the two points all vary
smoothly and slowly. We shall consequently carry out this part of the integration by
replacing slowly varying fields with their values on the boundary and then integrating
the rapidly varying fields into the bulk. These arise from contractions between

the component pieces within each V' separately and not between them. We can

anticipate the result by applying Wick’s theorem to Vj by itself as

V, = e (: k[“ang] e F X2/ 0,0 + 1 0, X0, XY e X )e_m/k% (3.3.76)

This is similar in form to (3.1.13) because that equation is obtained as the expecta-

tion value of this. As y and ¢/ are integrated over the strip, approximating the slowly
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varying functions in (V_; (&) Vi(¢')) as constant means that we can approximate

A A
/ dy Vi, = € kg, XV em X 27ro// dy Op1p e ™
0 0

A
+ e 9, X1O, XY e X / dy e~ kY
0

which parallels the derivation of (3.1.16). So by a similar argument we can neglect

the second integral and compute the first to obtain (as the cut-off is removed)
A .
/ dy Vi = —2: kg, X" e X Jk2, (3.3.77)
0

so that the boundary contribution from the product of two vertex operators is

4 . )
< / d*EV_1(€) / d*¢’ Vk(é’)> = / (: klrax T em ™ glrgx e Xy
lyl<A ly'|<A X (k2)* Jp
(3.3.78)
Contractions between the two normal ordered expressions involve the Green function
that vanishes on the boundary, so in evaluating this expression we simply have to
replace X by its classical value X, which reduces to the boundary value w on B.

This gives (up to a factor of (1))

, eik-(wfw’)

which is the required result.

We will now give a more careful treatment of the same calculation, based on the
explicit expression (3.3.75), to show that the less rapidly varying parts of (3.3.75)

do not change the result. Beginning with term (I) we consider

A A
/ / dvda’ / dy / dy e 9L X gl X1V 2 X2k 92 X2V
0 0

Xeikz-(XLl.—Xg)e—ﬂo/k2‘ll(x,xl;y,y/) (3380)

The rapidly varying part of this integral is contained in V¥ (z,2';y,y’) and for

|z — 2’| > A the last two terms of (3.3.74) are slowly varying and sum to zero on
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A
b
.

Figure 3.2: The regions of interest for the integral into the bulk. The lower line represents the
boundary dD. a,b and A are chosen to allow the application of the approximate forms of ¥. From
the boundary up to a the lower approximation holds and from b to % the upper approximation
holds. In between there is no explicit form of ¥ but integrals in this region are independent of e.

the boundary. Their subleading pieces are higher order in € and, since we will find
no divergences for this boundary case, will not be important. We are consequently

left with the integral

A A
/ / drda’ e 9, X110, X e =g X2 g X 2] / dy / dy e~ TRV @)
0 0

(3.3.81)
Using (3.3.74) the integrals over y and y’ factorise:
A A )
/ dy emwf(&)/ dy' eimlsz(%) (3.3.82)
0 0

We make a change of variables to scale out e, % — y?, and then split the integral
into the three parts described in the previous section. This is illustrated in Fig. 3.2

and allows the use of (3.2.59) in the first and third regions:

A
/ dy e_ﬂa/sz(%)
0

A
6% /\/Edy e_ﬂa/k2¢(y2)
0
@ /2. 1,2 b ) 2
/ dy e—myk Iy _|_/ dy e—ﬂ'ak f(y)
0 a

+ / " dy e“a’kz'ﬁwln(yz)) (3.3.83)
b

N

S

€

The first two terms on the bottom line have no divergences in their integrands and

so evaluate to some (k-dependent) constant multiplied into 2. The last term is

A

5 mry A (AN g
* dy ot (i) _ A Y/ 3.3.84
[T i () VeiTam (638

SIS

€
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Both terms vanish as the cut-off is removed since A also goes to zero in this limit
and because k* > 0. These terms multiply a corresponding contribution from g’
with identical e-dependence, so that overall the product goes to zero as the cut-off
is removed.?

For the remaining terms (II-VII in (3.3.75)) we shall determine their e-dependence
by picking out the rapidly varying bits of each expression and evaluating the inte-
grals. The derivative structure of the above terms determines the e-dependence,
since a derivative normal to the boundary cancels the factor of ¢2 which arises
under the scaling of y. So the terms which we may expect to contribute to the ex-
pectation value will have two derivatives of the rapidly varying W; one with respect
to y and one with respect to 3. Since the Green function is slowly and smoothly
varying when the two points are not close together terms (IV) and (VII) actually
have the same rapid variation as term (I) above, though they are multiplied by
different powers of o’. The e-dependence of terms (II) and (V) is the same, whilst

terms (III) and (VI) share the same dependence.

We consider the y-integral of term (II):
A /1.2
o/ik‘“/ dy €0,V - e~ FY (3.3.87)
0

Only the f <%> part of W varies rapidly with y. Since this is a function of y only,

the non-zero contribution arises when a = 2 and the presence of this derivative

3We have worked with the Fourier transform, implying that we should integrate our final ex-
pressions over k so there is a question as to whether this integral converges. To explore this we
can in fact carry out the k-integral first (as at the end of section 2) which we now do for the strip
close to the boundary, bearing in mind that our expression has the usual Fourier exponential e?**!
where [* = wH — w':

@ / . @ _ 212
e%/ dy/de e~ K gy ikl Ne%/ dy y~Pe” 7 (3.3.85)
0 0

The final integral is well-defined for any value of D so this contribution vanishes as ¢ — 0. Fur-
thermore we can consider the same situation in the upper region of integration where we have

A A
¢ [Ty [arkemrrEmrart Lk [y iy F et (3.3.56)
b b

which is bounded by A multiplied by the greatest value of the integrand, which is in turn smaller
than (Inb)~P/2 and so vanishes with the cut-off as required.
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makes the integrand invariant to scaling:
% dike [
. € _rak2? —21 € _ral k2
O/Zk,u/o O,f (y) - e fly) — — /0 9, (e f(y))

_ 27::; (1 _ (%)Wj . (3.3.88)

The second term here vanishes as the regulator is removed because k? > 0. We

must also combine the above answer with the ¢’ integral which is of the same form
as that evaluated for term (I). We find that their product vanishes as € — 0, as will

the contribution from term (V).

Both terms (III) and (VI) have two derivatives acting on ¥ so we expect to get
two copies of the form of the y-integral evaluated above. The y and 3’ dependent

part of Term (III) take the form
1 /
Za%“kﬂay\m;we—m K (3.3.89)

Reinstating the remaining boundary factors and the antisymmetry on the worldsheet

indices and scaling € out of the integrand gives with [* = w# — w'*

A
1 s |
—o?gl gl // drdz’ 8IX61V18/$X621/]6zk‘l/ dy 8, (y) e ™" IW) x
4 oD .

A

Ve , ,
/ dy 0,1 () e ™I

0

zla/2k[ﬂ k[# // drdr’ axxlu]a/X2u]eik-l /OO dfeffra’ka /OO dflefrro/ka/
4 oD c e 0

0
dwl dw'” kH g
://C e ikl (3.3.90)

On the second line we removed the regulator taking e — 0. The final step is to

integrate over all values of k£ and to apply the contraction of the target space indices

so that the full expression reads

2(D—1) ,
//B dw-dw’/de %e“ﬂ'(ww) (3.3.91)
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We see here the Fourier representation for a massless vector propagator integrated
around the boundary which is depicted in Fig 3.3. This result is independent of the
metric on the worldsheet and thus on its scale despite our integral over £ not being
on-shell. We discuss this further in the next section but first turn to the calculation
of the final term (VI) and demonstrate that it is in fact vanishing by our choice of

coordinates.

Figure 3.3: At first order the correction is given by a massless vector propagator between the
boundary points #! and z? to be integrated around the boundary with respect to both points.

The only contribution to term (VI) arises when the derivatives of ¥ are with respect

to y and y'. This then contains
1 2
0/35””8368;6’1k“k“é)y\lfaé\lfe*m R (3.3.92)

The smoothly varying field G has a Taylor expansion based at the boundary where its
value is identically zero. The partial derivatives 0,0,G are then along the boundary
so vanish identically. All other contributions are slowly varying and are subleading in
€ so vanish as € — 0. We have thus demonstrated that there is only one contribution
to the correlation functions from close to the boundary — (3.3.91). We postpone
further discussion of this result until we have considered the contribution from the

two points coming close together in the bulk.

3.3.2 Bulk divergences

We now study what happens to (V_¢ (&) Vi(&')) as the two points £ and & approach

each other far from the boundary. Corresponding to the split between the free action
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and the interaction term in (3.1.5) we will show that this leads to a renormalisation

of the free action. This computation is also useful in considering the more general

case that occurs at higher order of several V; approaching each other in the bulk.
We consider (3.3.75) for ¢ close to ¢ but far from the boundary, so that ¥ can

be separated into rapidly and slowly varying parts:

o= () (r(52) () (). e

Using the large distance behaviour (3.2.59) for the final two terms this is

U= _9f (’z - Zl’) + % log ((z - x/);;;,(y i y,)Z) . (3.3.94)

We will integrate firstly over £, keeping ¢ fixed. Then the first term in (3.3.94)
varies rapidly over a disk with centre & of size A, from 0 at the centre to order
log (A/+/€) on the edge. ¥ acts as a damping factor for & outside this disk if A/4/e
is taken large as € is taken to zero. The second is slowly varying and vanishes when
the two points are coincident. The first subleading term is quadratic in (x — ') so
under the scaling we will carry out is of order e. The exponent exp (ik - (X — X))
is unity at zeroth order in € and its first correction is of order \/e. We shall see that
it is only for terms (V), (VI) and (VII) that these corrections are relevant due to
divergences which we will encounter for these terms. Our general strategy will be to
concentrate on the rapidly varying parts of the integrands we need and to replace

the slowly varying fields by their values at the point &.

First we consider (I). Instead of the two integrals with respect to y and ¢’ that we
had to consider for points close to the boundary in (3.3.1) we now have to integrate

over the disk. The rapidly varying parts of the integrand are

A
—1a’ _r Ve _ /
/dxdy/ dx'dy’ e (%) _ 27re/dwdy/ dr re ™K f () (3.3.95)
|z—2"|<A 0

where we have used polars and scaled by 1/e. We split the integration region into the

three parts demonstrated in Fig. 3.4 enabling us to use the short and large-distance
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Figure 3.4: The regions of interest for the integral into the bulk. The centre represents the
coincidence of the two points in the bulk. a, b and A are chosen to allow the application of the
approximate forms of . From the centre out to a the lower approximation holds and from b to %
the upper approximation holds. In between (the shaded part) there is no explicit form of ¥ but
integrals in this region are independent of e.

approximations for f. This provides

€ ! @ / r2 b /
27T€/ dr re ™10 = one </ dr re= %7 +/ dr re~ ™k 1)
0 0 a

A
+ /ﬁ dr rl—éa’k2> (3.3.96)
b

s

The explicit factors of ¢ multiplying the first two integrals cause these terms to

vanish as the cut-off is removed. The final term evaluates to

- A —a'k?/2
2—a’'k?/2

which goes to zero as the cut-off is removed because k? > 0 and A goes to zero.

Turning to (II), the rapidly varying part that we have to integrate over the disk

T r w2
0// dr'dy’ O.f (%) e ™

which vanishes by rotational symmetry. There are corrections to this arising from

18

) (3.3.98)

S

terms subleading in € and also from the derivative acting on the slowly varying part
of ¥ but these have the same e dependence as Term (I) because they share the same

rapidly varying content.

We now find the terms which lead to renormalisation of the string action. Using
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Oag (r) = —0lg (r) for any function of r, the rapidly varying part of (III) can be

written

r<A o -
a’zk“ka/dzdy/ dr'dy’ O, f (%) o.f <%) e Tk 1(%) (3.3.99)

The integral over the primed variables must be proportional to d,. by symmetry and
we can extract the constant of proportionality by contracting these indices; splitting

up the integration region once again gives

<&

TSV k2 “ 1.2 12
[ aay s wons e <sn [ e
0

b
+ 27T/ dr rd f (r)d.f (r) e~ K1 (r)

S

+ 87 / I (3.3.100)
b

which remains finite as the regulator is removed. There are again further contribu-
tions from the slowly varying fields but these vanish as we take ¢ — 0*. Putting this

together with the slowly varying parts of (III) gives a term proportional to

ot / d*¢t 5Ol X oL X (3.3.102)

which is simply a renormalisation of the free string theory action in the conformal

gauge we have chosen. Note that this is suppressed in the tensionless limit.

The remaining terms involve derivatives of the Green function and these are

rapidly varying fields. However it is possible to simplify matters by noting that

1
OLO*G = —50303\11‘ (3.3.103)

4Again we have still to integrate over k and that leads to ultra-violet divergences which we can
regulate by dimensional regularisation. Large k corresponds to small r and causes the first integral
to diverge at the origin, but we keep the spacetime dimension D arbitrary (in a range where the

integral exists) and compute
D+1,2-D
/a dr/de | P L . (SWL
0

T (l)D/QH (3.3.101)

O[/

which continues to the physical value of D = 4.
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Turning to term (IV), the rapidly varying piece is

T<A T /1.2
o// dz'dy" 0,0.f <—) ¢k I

N ) (3.3.104)

R

which by symmetry must be proportional to d,., so it is sufficient to consider its
trace. However, the defining equation of the heat kernel implies that the function f
obeys 0.0, f (r) = %e‘TQ so that we may immediately calculate this as

1 A/Ve

— dr re" e RI0) (3.3.105)
2 Jo

which is also finite as the cut-off is removed. As with the previous term the X —
dependence of the slowly varying contributions leads to a renormalisation of the free

action which is also suppressed in the tensionless limit.

The analysis of (V) is more involved. Naively the calculation of the rapidly
varying piece follows that of term (II) because it vanishes by rotational invariance:
r<A r r 2 (=
o / dady ik - 04X / da'dy’ 8.0.f (%) of (ﬁ) e R1(%) Z o,
(3.3.106)
However by scaling r by /e the three derivatives imply an overall factor of 1/4/e
so that we must expand the slowly varying fields beyond leading order to find con-

tributions that could remain finite as the regulator is removed. This can be found

from the expansion

explik- (Xe— X)) =1—i[(x —2)*0uXc+...] k

_% [((z —2")* OaXo+...) -k:]2+... (3.3.107)

where after scaling the first subleading term is —iy/e (x — 2/)” 9, X, - k. This offers

a correction

A

v da'dy’ (x — x> 8LOLf (r) O f (r) e ™ F ),
(3.3.108)

r<
el / drdy ik-0,X ik-0,X, /

This can be integrated by parts to reduce it to the same form as (III). In particular
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the procedure contracts the indices d and a and the integral over k contributes only
its trace so that again we find a renormalisation of the free action which is suppressed

in the tensionless limit.

This leaves only terms (VI) and (VII) to analyse. In fact, in the bulk the rapidly

varying parts of (VI) and (VII) are related by integration by parts:

k? oz'?’e“be‘:d/dxdy/dx'dy’eik'(Xc_Xé)8@8&f@;faéf€_m/k2f o
o2 / dxdy / da'dy * X=X £ (81O f — ik - O XD f) e WS

(3.3.109)

where the boundary contribution is exponentially suppressed as € — 0. The second
term in brackets has the same rapidly varying structure as term (V). The presence
of four derivatives of f in the first term implies that when we scale r by /e there
will be an overall 1/e multiplying the integral. This time we will use (3.3.107) and

must also expand the slowly varying part of W:

1 ((g,- — ')+ (y + y’)Q) @)+ —y) T (3.3.110)

—1
o 8 dyy’ 8my?

which under the scaling we apply is of order € but is independent of X.
To begin with consider just the first term contributing to (VII):

12 _ab_cd r<h AP r / r —7T0/1<32f< 7 )

a'“ e dr'dy’ 0,0,f 7 0.0, f % e =
2 rgi /1.2

Yy (0401 (1) 0,0, f () — (8,0, (r))*) ™). (3.3.111)

€

R

A

For the first region of integration (0 < r < a) the second term in brackets is zero
and the first is simply equal to four. For the outer region of integration — where

b<r< % — both terms contribute and we find the bracketed terms evaluate to
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—4r~—* so that we must determine

405/2

€

¢ k2t a” ’ /o /o P 2\ —wak2f(r
/Odrre M —1—?/& drr(@maxf(r)ﬁyayf(r)—(8m8yf(r))>e K1)

4&’2 % _3— la/k2
— dr r—°72
b

€

(3.3.112)

showing a 1 divergence®.
€

The 1/e divergence here is independent of X and corresponds to an infinite
renormalisation of the cosmological term [ d*¢ /9 which is implicit when considering
the quantisation of the string. There is also a finite renormalisation of this term
arising out of the subleading term in (3.3.110). These renormalisations are not
suppressed in the tensionless limit o/ — oc.

We consider also the exponential factor that remains and use (3.3.107). It is
more economic to carry out the integral over k first as in footnote 5. Then we

expand

(XC_X(/:)Q = [(m—x’)aaaXc+...]2

~ er?0, X, - 0u X, (3.3.114)

where the second line follows because it is to be inserted into an integral over a
rotationally symmetric domain. After exponentiation we obtain a term independent
of € that renormalises the string action; again this renormalisation is not suppressed
in the tensionless limit.

The renormalisations we have found in this section are just as we expected to find

given the original derivation of (3.1.5). No further non-renormalisable divergences

5This too has to be integrated over k leading to a divergent integral that we again regulate by
working in D spacetime dimensions. The first integral captures the % divergence so we consider
the inner-most region of integration and do the k-integration first:

4a'2 [ Jaa2 , 41+D/2,(2=D/2) a (Xe—x1)2
< / dr/de’ re~ 'K gtk (Xe=X() a—/ dr r'=Pe™ " anz (3.3.113)
0 0

€ €

The integral with respect to r could be defined for D < 2 to avoid the logarithmic divergence there
as £’ — £ and be analytically continued to physical values of D.
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appear which justifies the consistency of the contact interaction we have introduced.
An appropriate way to split the action into a free and interacting piece is to take the
latter to explicitly exclude the coincidence of the two-points £ and &', which really
requires that in the presence of the regulator which smears out the J-function we
take | — &'| > A in the interaction.

Returning to our aim of showing that the conformal scale of the worldsheet
metric decouples from the expectation value we also note this is the only time it is
necessary to consider higher order terms corresponding to variations about constant
¢. We have worked with a constant worldsheet metric and absorbed the conformal
scale into the cutoff. Had we explicitly tracked it through the calculation it would
appear in this expression as 1/ee~® and the Green function would pick up further
dependence on ¢ which is subleading in e. We can expand ¢ (z’) about the point
x — the linear terms vanish when averaging in a disk about the point x so that the
leading correction to our calculations is of order eV2?¢. This combines with the %
divergence found above to produce a finite term dependent on ¢. It is proportional,
however to e? R, where R is the curvature on the worldsheet so integrating this term

with respect to x provides simply

/ VIRA*¢ (3.3.115)

which is a topological invariant, independent of ¢. The higher order terms in the
expansion vanish with the cut-off. This completes our discussion of the first order
correction of the contact interaction term we propose. Up to renormalisations of
the free string action and cosmological term we have found the result we sought and

have shown that the conformal scale ¢ decouples from the calculation.

3.4 Higher order corrections

We now proceed to give a general analysis of the higher order corrections present in
the theory with an aim to prove that the conformal scale decouples to all order in
the perturbative expansion of the contact interaction. We follow the same procedure

of extracting the rapidly varying parts of the integrands. We consider the order N
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expansion of the interaction term with 2N vertex operator insertions (corresponding

to 2N points &; placed around the worldsheet) and consider

<fo1 (E) VI (&) -+ VI (&) -+ VIR (€ava) VX (§2N)> . (3.4.116)

which must be integrated with respect to each point &; about the worldsheet as well
as with respect to each of the momenta. Applying Wick’s theorem to this product

will produce a factor common to all terms
exp (—m’ > ki kG (&, @-)) ¢! X i Xe(&i) (3.4.117)
]

which will determine the damping of the integrand. The contractions which generate
terms that are rapidly varying depend upon the placement of the 2N points in the
bulk. The first exponent in (3.4.117), however, can be split into parts containing the
coincident Green function for each point ¢; = 1 (&;) and those involving the Green

function between two different points G;; = G (&, &;):
> ki kG (& &) =) ki + Y ki kG (3.4.118)
ij i i#j

For a general placement of the 2N points the sum involving the 1); will ensure that

the integrand is damped by a factor of order
Jet Ziki (3.4.119)

but we must consider what happens when the points approach the boundary or
when points approach one another in the bulk since here the effects of the G;; also

become important.

3.4.1 Points close to the boundary

The first case to consider is when we locate each of the points within a small strip
close to the boundary. We continue to work on the upper half plane with coordinates

x; and y; for each point. The 2N points will then be integrated a distance A
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Figure 3.5: We consider N points located within a distance A of the boundary of the worldsheet
but not within a distance A of one another.

into the bulk and in this section we continue to consider only the generic case
where |z; —z;] > A for all i and j — see Fig. 3.5. Consequently in this region
the G; are slowly varying fields, whilst the 1; vary rapidly with y;. We can again
replace the slowly varying fields with their values at the boundary; in particular
G;; = 0 whenever either argument is on the boundary. To leading order in € equation

(3.4.117) therefore factorises as

e (—m’kf f (%))e’““ (3.4.120)

where we have also replaced the field X, (§;) by its boundary value w;.

The contractions in (3.4.116) which will lead to the appearance of rapidly varying
terms are those which will produce dependence on ;. This occurs when we consider
contractions amongst the component pieces in each Vj, alone rather than those
between different vertex operators. Contractions arising out of the pieces of V" (&;)

provide

27Ti0/6“bk2[“ : ainV]e*iki'Xi ; 82%67“&%?% + e QLXPOR XY e R X ¢RIV
(3.4.121)
No further contractions are possible because of the antisymmetry of the worldsheet
indices. Since ); is a function of the distance into the bulk only we may limit con-
sideration to derivatives with respect to y;. We thus consider the general case where
the integrand, (3.4.116), contains r contractions of the form 8;7,01 The remaining

factors in the integrand can be replaced by their boundary values so the rapidly
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varying parts of integrals into the bulk can be expressed

T A )
Ly s () o (reir (7))

x H/ dylexp( m/#f(\y}»

i=r+1

_ \/—QN T H /kug/ dy; an(yj)exp (—71'0/]{:]2-]0 (%2))

X H/ dy; exp (—ma'kZ f (y:))

i=r+1
ON T Zk:,jufj A ——a/k;Q oy
=V T T (- 7 H 0 dylexp( mo'k} f (i)
j=1 J i=r+1

(3.4.122)

where the second equality follows after a scahng % — y2. This determines the e-
dependence of a term with r-contractions. Since k? > 0 in Euclidean signature and
2N —r > 0 we see that the second term in rounded brackets will always vanish as
the regulator is removed. This allows us to focus on the final product of integrals

which can be bounded:

H/ dylexp —TTx k2 (yz)

1=r+1

2Nr

< Ve H ( ) (—ma'kif (0))

i=r+1

= AN (3.4.123)

b

The maximum value of r is at » = 2N because each vertex operator can only supply
one rapidly varying contribution; then since A — 0 with e this is the only case
that will provide a non-vanishing contribution when the regulator is removed. The

integral into the bulk in this case takes the form (removing the regulator)

2N -
H o/k:;-” /0 dy; & f (yJQ) exp (ﬂa’k‘jzf (y5)) (3.4.124)
=1
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Figure 3.6: Using the unit disk representation of the worldsheet domain we demonstrate the
physical meaning behind the result. There are N propagators with momenta k; joining 2N points
restricted to the boundary. This mirrors the calculation in Maxwell field theory for the expectation
value of a Wilson loop given by the worldline of a pair of quarks, if this worldline is taken to be
the fixed boundary of the string in our theory.

providing
2N

O feHs
—_ 4.12
]'1_[1 ijz (3 2

This must now be combined with the remainder of the slowly varying fields and
the integrals about the boundary. This involves some number of second derivatives
9:9]G;; and the remaining field derivatives 9. X, (&). The only arrangement of
derivatives which provides a non-vanishing contribution as the regulator is removed
involves 2N derivatives %wi meaning that the only derivatives remaining are with
respect to each x;. Since at leading order the Green function is to be evaluated on
the boundary, where it is identically zero, all derivatives 9.0¢G,; vanish. We are

consequently free to consider the case of having 2N of the fields X, (¢;) uncontracted

which gives the only non vanishing contribution close to the boundary as

N

11 L[ o, x ke g xeit 0 x0) (3.4.126)
.1<k2~)2B]xCJmc h
J= J
N eikj'(wf“’;‘)

_ o] / duy - (3.4.127)
i1/ B J

where we have left the result in its Fourier representation and the points w; and
w} have opposite momenta. For the above expression we have also reinstated the
antisymmetry on worldsheet and target space indices and have contracted the indices

of the fields corresponding to vertex operators with opposite momenta.
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We reiterate that (3.4.127) is the only contribution from this regime that does
not vanish as the regulator is removed and also point out that it is independent
of /. The physical interpretation is of N massless propagators pairing off the 2N
points on the boundary, as depicted in Fig 3.6. The pairs of points joined together
are those from vertex operators with equal and opposite momenta +k;. These
momenta are to be integrated over but (at least so far) a dependence on the scale
of the worldsheet metric has not arisen so there are no mass shell conditions to be
imposed. It remains to consider the other cases where the damping of (3.4.119) is
not present to investigate whether any dependence on this scale arises to ensure that

these expectation values do indeed evade mass shell conditions.

3.4.2 Points clustered in the bulk

When we consider pairs of points meeting in the bulk the Green function between
nearby points §; and &; becomes of the same order as 1; and v¢; when their distance
is less than y/e. Furthermore G,; is then rapidly varying as the two points are
moved apart. In this subsection we again work at order N but consider the effect
of having n of these points clustered in the bulk about a reference point, &,.1, as is
illustrated in Fig 3.7. We shall calculate the contribution of this configuration to the
expectation value (3.4.116) by integrating the n points about that reference point.
The reference point &, 1 would remain to be integrated about the entire worldsheet.
We proceed by considering the form of the integrand due to Wick contractions
between the n + 1 vertex operators V;, --- V4, ., because carrying out these contrac-
tions is sufficient to extract the leading order behaviour when these n + 1 points
become close. In the following we shall extract the € and o dependence arising from
the integral of the n points about the reference point before discussing the effect of
the remaining points.
A string of n + 1 vertex operators of the form VJ/** ... V" #1""*! corresponds to
a product of fields
ekrXig, XM, Xt ...9

D, G R oD, AR RCL (3.4.128)

n+1
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Figure 3.7: We imagine that n points are clustered within a distance A of a point &,11 (in red)
in the bulk of the worldsheet. The remaining points are elsewhere on the worldsheet and will be
discussed at the end of this section. We repeat that points of equal and opposite momenta +k;
are excluded from meeting in the bulk so that the n + 1 points have distinct momenta.

In carrying out the analysis of this section we once again consider functions which
vary rapidly within the region of integration and those which vary slowly. In this
case, slowly varying expressions will be replaced by their values at the reference

point &, 1. In particular the Green function is given by

Gij=f (%) —f (%) . (3.4.129)

Since the second term varies slowly as the n points are integrated about the reference

point &, .1, it will be replaced at first order in € by

f (%) (3.4.130)

which is approximately % In y"Tf A derivative with respect to the relative displace-
ment & — ¢; acting on the first term in G;; produces a factor of \/ig so is enhanced in
comparison to derivatives acting on the second, slowly varying term. As a further
consequence, the coincident Green functions 1; contain only (3.4.130) so are slowly

varying and to first order in € the following replacement can be made:

1 Yn+1
; ~ — In ——. 4.131
v 2 . Ve (3-4.131)

The derivatives of these functions are therefore also subleading in € and independent
of X.
These properties allow us to consider a general term arising out of the expecta-

tion of (3.4.128) as follows. Wick contractions could generate ¢ terms of the form
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04,04;Gij and 1 of the form k;jt 70,;G;; and uncontracted fields will offer p terms of the
form 9,,X (&;). These numbers are constrained by the necessity 2g+r+p =2 (n+ 1)
and in forming the product of r first derivatives the antisymmetry of the indices must

be considered; we return to this later. With (3.4.118) we are thus led to consider

q terms r terms p terms
o\

o/q”/Hdei OO, (M) kD, f <M) e D, XP (E4) -+ X
=1

2\/€ 2\/€
exp <—7To/ Z k24; — ma! Z k; - k:jGij) ethiXi

1#]
(3.4.132)

The contribution from the first sum in the exponent and the corresponding fac-

tors of (3.4.130) from the second sum allows us to rewrite the exponential as

exp <%Zk k;In y:l/gl —mal Y ki hyf (%)) (3.4.133)
Y] 7]

Since we are interested in eventually removing the regulator we may think of € as a

small quantity. Recalling that the expectation value of the vertex operators (3.4.116)

is to be integrated with respect to each of the momenta we consider the effect of

the first term in (3.4.133) on such an integral. In the limit as ¢ — 0 Laplace’s

approximation shows that this term behaves effectively as

00k (3.4.134)

D
/ Yn 2
(5 52)
which we shall use as a means of tracking the ¢ and o’ dependence it carries.

The integrals with respect to the & can be carried out by using the upper half

plane geometry z; = x; + 1y;. We now consider integrating each of these points §;
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about a circular region of size A, centred on &, 1:

q terms r terms

g | noo 7 c g - >
(0] 5(21 ZD) / HdQ§Z 8ajaakf<|€] €k|) ...k;‘labmf<‘€l 5m’> ceex
o 2 Jg—Lngal<A 3

NG NG

p terms
7

8anHw (§w> T CXp <_7TO/ Z kz : kJGU> €iki.Xi.

i#]

(3.4.135)

At this point we split the integration region into three sections corresponding to
the regions where we may employ the approximate forms of f for very large or
very small argument. We have seen, however, that the divergences we stand to
encounter manifest themselves when considering the short distance behaviour so we
will concentrate here on the innermost region, where 0 < [§ — &;| < /ea. Fur-
thermore we anticipate taking the tensionless limit whereby the exponential factor
exp (—ﬂ'CE/ > 2 ki kj f <L\/§“‘>> damps the integrand for large o except when G;;
is small — precisely in the innermost region where we shall focus. This also pro-
duces the contribution that is leading order in o’. In this region the function f is

approximated by a quadratic expression
f(s)=— (3.4.136)

which implies that the exponent above takes on a Gaussian form. As previously we
shall scale each of the n displacement variables HT“ — & — &,01 SO as to remove
the e-dependence from the integrand. We can finally replace any derivatives with

respect to z,41 or y,.1 acting on a function of |§; — &,1| by derivatives with respect
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to x; or y;. The expression becomes

q terms
” 5 ) kl 2 n ~ PR -
a5 a5 (>, )2 / /| | Hdz& Oa;0uy, f (%) cee X
()T o Jecorenc
Ve
T terms P t(j{ms

k" Oy, f (%) e Oy XH (E4) -+ - exD <_7TO/Z k; - ijij) otki Xi.
i#]

(3.4.137)

For large o' the exponential factor damps the integrand outside of the region where
& — §j\2 << o'k; - k;j which is by construction inside the innermost region we are
concerned with here. In this limit the integral can be safely approximated by taking
the upper bound of the integration over relative displacements to infinity. Also in
this region the ¢ second order derivatives are independent of the &; whilst the r
first order derivatives are linear in the differences & — &, so lead to moments of a
Gaussian integral. The exponent can be written ¢¥ N¢ where the vector € has 4t
component & — &,41 and the matrix N has components N;; = 6;;k; (D, ki) — ki - k;.

It is clear that the smallest power of € arises by maximising ¢ + 5. With the
constraint 2¢ +r + p = 2 (n + 1) this is done by setting p = 0 which automatically
leads to a term of order %, mirroring the worst behaviour found in the previous
section. Following the procedure used for term (VI) of the first order calculation

the r first order derivatives can be removed via an integration by parts which leads

to an integral with respect to the relative displacements of the form

-2 4nt1 b n
a(—)D(lnynH)‘?é (Zk) / [ % exp (—ma/¢" N +ik; - X)) (3.4.138)
€(lne)z r paie)

which is equal to

D
1 (Inypi1) 2 . 1 )
S0 k| ———e2ikiXntr 3.4.139

This pole in € can be suppressed by taking the tensionless limit of the string theory
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o'k? — oo for all momenta due to the damping caused by the overall factor

(3.4.140)

Note also that in this case there are no finite corrections arising from an expansion of
the slowly varying fields due to the suppression caused by the denominator (In e)D/ 2,

The integration by parts leads to a complicated index structure but it is con-
strained by the structure of the vertex operator. As in the previous chapter we
contract (3.4.116) with one of the momenta, say k;,, and integrate the point ¢;

throughout the domain. The effect of the contraction k;, V! (§;) can be written

/ A& €k 0, X0 XY i Xt = / d*&; €0, (0 X7 ™ X7 (3.4.141)
D D

— f d¢; OXYetkiXei (3.4.142)
oD

providing only a boundary contribution. This is the string theory version of the
generalised Gauss’ law we have already seen for point particles. We are left with a
total of n — 1 points to be integrated about the point &,,; but the divergences that
arose out of contractions involving the X (§;) can no longer appear. The structure
of the divergence which appears because of the presence of the vertex operator Vk‘: v
must therefore be such that it vanishes when contracted with k;. Integrating by
parts to remove the r first order derivatives is responsible for the formation of this

index structure®.

6This can be illustrated by considering two such operators and taking the leading order % piece
of

. - 1
/ d2ed2e’ bect <8aX“8bX”e”k'X X' gl X1l X1 > = Sgmal L (3.4.143)

€
where the - -+ represent terms which are regular in e (which should be familiar from section 3.3.2
where we had j* = —k* at first order). H"**# holds the tensor structure and is a function of the
momenta. In our work we are concerned only with the piece antisymmetric in p and v and also in

«a and B and as a consequence linear in momenta so that

HP oc A [sresvP — §#P5v] + B [k#j*6"P — kHjPeve — k7 j*6M8 + k5P 5]
+ O [j#E~6"F — jrEP v — Y EY6MP + VP 5] (3.4.144)
The requirement k, H***# = 0 implies that B = 0 and A = —k - jC. Taking n = 1 in (3.4.137)

the term proportional to A arises out of ¢ = 2 second order derivatives (so r = p = 0) and the
term proportional to C' comes from r = 2 first order derivatives and ¢ = 1 second order derivatives
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Continuing with the general case of n 4+ 1 points clustered in the bulk the next
singular behaviour which may appear comes from ¢ = n and r = 1, which gives
a term of order e 2. This corresponds to exchanging one second derivative of the
function f for a single derivative which leaves an uncontracted derivative of a field
X (p = 1) along with 2¢ second derivatives and 1 first derivative acting on Green
functions. There is no rotationally invariant tensor with odd rank so the integral of
this term vanishes when integrated about the point &,,;. All further contributions
are of order 1 or a positive power of € multiplied by the (In e)_% common to all
terms. For this reason they vanish as the regulator is removed.

We have thus argued that in the tensionless limit the contribution from n + 1
points meeting in the bulk is vanishing. For an arbitrary placement of the remaining
points on the worldsheet the coincident Green functions of individual points, ;,
damp the integrand. A collection of points in the region of the boundary offers
a finite contribution as these points are integrated into the bulk but the problem
factorises into this and the cluster of points in the bulk. In general the integrand
would be sensitive to the scale of the metric when considering the Green function of
points which are located in the bulk. That this contribution vanishes as the regulator
is removed completes the argument that the result of the previous subsection evades
a mass shell condition on the momenta so it generalises to all orders. This is a
significant result for the interacting string theory presented here because as well as
evading a mass shell condition we also find no constraint on the dimensionality of
target space. We are free to specify D = 4 where the result of the calculation at

order N reads:
eikj~(w—w’)

N
4NH/ dw - dw' ——5— . (3.4.145)
j=178 K

Integrating the N momenta gives the position space representation of the product

of Wilson loops for the curves fixing the boundary of the string worldsheet.

(p = 0 again), with the dependence on k and j appearing after integrating by parts to remove
the first order derivatives. To compare to the first order calculation presented in section 3.3.2 it is
necessary to set the momenta equal and opposite and to contract indices p with « and v with 3.
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3.4.3 Discussion

We have presented an argument for the evaluation of a generic product of vertices
by focussing on the configuration of points where the Green function does not damp
the integrand. Close to the boundary we also dealt only with the generic case that
the points could not come within a distance A of one another and this deserves
attention. Recall that there the coincident Green functions ¢ (§;) vary from 0 on
the boundary to order In e moving into the bulk so that close to the boundary they
do not damp the integrand.

Considering two such vertex operators we have derived the form of the integrand
for | — 2| >> A in section 3.3.1. We can also consider the configuration where
both points are close enough to apply the quadratic approximation to the terms

making up the regulated Green function to derive

-1 (3) -1l ()1 (5)

LYy ey —y) @)y y)
dwe  4dre

167e 167e

_ vy (3.4.146)
4re

which is independent of the separation x — z’. In this region it is feasible to carry
out the integrals of the various terms which arise. However we must look ahead to
the intermediate region where a\/e < |x — 2’| < by/e . As the transverse separation
between the points increases the relative separation x — x’ appears in ¥ in a non-
trivial manner and with both points close to the boundary this dependence is no
longer subleading. The form of the answer is still constrained by the generalised
Gauss’ law (3.4.142) but a finite or divergent contribution could be present and
would not be suppressed by «’.

We are therefore unable to complete our programme for the bosonic string due
to the difficulty in determining what happens when points meet in the vicinity of
the boundary. In the next section we turn to spinor QED since this is a more
realistic model. We discussed in the introduction that the one dimensional quantum

theory on the worldlines used to describe spinor matter has a local supersymmetry
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and this motivates us to consider including supersymmetry in our interacting string
theory. The next section introduces the necessary preliminaries and the equivalent
calculations for the spinning string. The extra symmetry gained will be shown to
lead to a cancelling of the % divergences which arose in the purely bosonic case
(both in the bulk and on the boundary) and the finite contribution shall be shown
to provide precisely the expectation value of the supersymmetric Wilson loops which

appear in the worldline formalism of spinor QED.

3.5 Spinor QED

The worldline formalism of spinor QED enjoys a local supersymmetry which suggests
a generalisation of our interacting string theory to include spin degrees of freedom

on the worldsheets. The gauge field A appears in the supersymmetric Wilson loop

Wi = exp (z / j—? CA+ %FWWW\/E d§) (3.5.147)

where our notation follows that of the introduction — ¢* is the super-partner to the
coordinate w*. Our aim in this section is to replace the integral over A of a product
of these objects by a functional integral over spinning worldsheets supplemented by
a contact interaction which generalises the bosonic theory presented so far. This
interacting string theory will have worldsheet supersymmetry. A perturbative ex-
pansion of the contact interaction implies we must calculate the expectation value of
products of supersymmetric vertices inserted at different points in the worldsheet.
We shall demonstrate that the result we seek arises in a similar way to the
bosonic calculation in that the contribution comes from vertices located close to
the worldsheet boundary. The divergences encountered when the vertices cluster
in the bulk will not be present for the spinning string because they are forbidden
by the residual supersymmetry which we shall preserve throughout regularisation.
There can also be no correction to the result arising when the points are close to one
another and to the boundary; this time both supersymmetry and the generalisation

of Gauss’ law (3.4.142) prevent such a contribution from arising.
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3.5.1 The spinning string

To introduce fermions on the worldsheet we could follow a similar program to our
discussion of the fermionic point particle. We might worry, however, what the effects
of doing so will be on the quantisation of the theory. We can anticipate problems at
the outset by asking how we might deal with the time-like modes of the fermionic
fields — is it possible to decouple these and find a positive definite space of physical
states in the same way as for the bosonic string? The answer is of course that
the spinning string worldsheet theory enjoys a supersymmetry and this (with the
ordinary reparameterisation invariance) is enough to decouple the negative norm
states in the critical dimension D = 10.

A complete treatment of the spinning string begins with a locally supersymmet-
ric two dimensional supergravity theory which involves super-partners to both the
bosonic worldsheet coordinates (¥ and W) and the worldsheet metric (y and ¥).
This is just an extension of the work of Chapter 2 to a two dimensional theory. The
theory is again most easily formulated in superspace, but now there are two inde-
pendent super-diffeomorphism transformations. Canonically the gauge symmetry
is fixed and the decoupling of the negative-norm modes follows if the equations of
motion for g and x are imposed on the physical states of the system [32,33,39]. In
the functional approach the extra structure contained in the volume elements 2y
and ZV¥ and the regularisation of the worldsheet theory combine to produce the
super-symmetric generalisation of the Liouville theory [40], which contains anoma-
lous dependence on the super-conformal scale [63]. Only in the critical dimension
does the coefficient of this factor vanish.

Rather than dealing with the locally supersymmetric and reparameterisation

invariant spinning string we shall immediately use the gauge-fixed” action [39]

1 _ _
Sepin = (/ d*zd*0 DX - DX —/ dx U - \1/> : (3.5.149)
H y=0

Y

7\2\_76 might guess this form by generalising the bosonic action in complex coordinates ds? =
e®dzdz which takes the form

St = /d2z dX"dX, (3.5.148)

by promoting X to a superfield and derivatives to covariant (super) derivatives.
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The parameter domain is taken to be the upper-half complex plane z = x + iy ex-

tended by the anticommuting variables 6 and 6 which together make up the deriva-

tives
0 0 _ o -0
D:%JFH&, D:a—§+0£. (3.5.150)
We have introduced the superfield
X=X+60V+0V+00B (3.5.151)

where X is the bosonic coordinate and ¥ and ¥ make up its fermionic super-
partner; these fields have dimension of length. B is an auxiliary field required for
the supersymmetry which can be disregarded for the purposes of our calculation.
This gauge-fixed form of the action has a residual global supersymmetry generated
by Grassman 7

0 o 0 -0
sx=n (g -0+ -0 )X (3.5.15)

corresponding to the domain preserving transformation on the co-ordinates
2= z4+0n Z=Z+0n; 0—0+n 0—=0+n. (3.5.153)

The boundary term in (3.5.149) would not be present in the conventional string
theory since it would vanish under the usual Ramond or Neveu-Schwarz boundary
conditions. We have introduced it because in order to relate the worldsheet variables

to those on the worldline we will have to enforce the Dirchlet boundary conditions

Xl o=w, (Y+¥)| _,=hr""v. (3.5.154)

y=0

Since ¢ is a world-line scalar the factor of ht is natural and will also be seen to
lead to the correct formation of the supersymmetric Wilson loop when we consider
the effect of the contact interaction to be introduced below. The relation between
the local supersymmetry on the worldlines and the global supersymmetry of the
worldsheet is understood by noting that under (3.5.152) the boundary conditions

(3.5.154) are preserved if a simultaneous transformation of the worldline variables
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is made with the local supersymmetry parameter « in (1.0.16) related to the global
parameter n by a = h'/4.
We generalise the contact interaction of the bosonic string by writing in gauge-

fixed form

Sint [X“ X]] = q2/d291 </ dQZi DZXE#DzX;j] - / dIZ ezgz\lfgu\ljr]) (5d (Xz - Xj> X

y;=0

d*0; ( / 22 D; XD XY — / da; @9}@2@?)

y;=0

(3.5.155)

where we again use the shorthand X; = X (z;) . The inclusion of the boundary terms
ensure that this contact interaction is also invariant under the residual supersym-
metry and we use it to form a theory of a set of spinning strings spanning fixed

boundaries

Se=Y SXi+ > Sim[Xi, X (3.5.156)

j
which is the generalisation of the bosonic theory considered in previous sections. We
shall calculate the partition function for this interacting string theory by perturba-

tive expansion of the interaction term in order to establish the equality (3.1.32)

D (Xi, Vi, 9i) _s., PA g S[A]
— L v = [ — f - 3.5.157
H 7 e / e 1:[ e ( )
which replaces the functional integral over the gauge field of a product of supersym-
metric Wilson loops by an integration over the string worldsheets whose boundaries
are those curves. The delta-function in the interaction term can be Fourier decom-

posed to reduce the problem to the expectation value of insertions of vertices

d%k 1. v Al V] ikX
e XV (L), VH (k)= DX*DX" ™.
en'C 2

—ik-x

DX¥DX"§? (X — x) = /
(3.5.158)

As in the bosonic case we shall show that the expectation value of this delta
function decouples from the super-conformal scale. This too is unusual because

upon quantisation V# (k) acquires an anomalous dimension which would impose
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a mass shell condition (k% = 0). But again the Dirichlet boundary conditions and
the self-contraction of the exponential which give rise to the anomalous dimension
will ensure that the insertion is suppressed for all points z that are not close to
the boundary. Points close to the boundary, as measured with respect to the short
distance cut-off we shall use to regulate the Green function, will provide the finite,
scale independent contribution which makes up (3.1.32).

To demonstrate the decoupling and establish the regularisation we shall use we

begin with the zeroth-order calculation

/ PX e~ Sspin / d*0 ( / d*>z DX DX — / dx (95\1/“‘\1/”}) e X (3.5.159)
y=0

The super-field can be split as X = X,+X+X which is a classical piece - DDX, = 0
— which also satisfies the boundary conditions, another solution X which absorbs
the sources produced by the insertion and a quantum fluctuation X. Functionally

integrating over X gives

e~ Sapin[Xel =51 ( / 2?0 XK G0 (DX DXY — 27 (DXF(DG) ik
+ (DG)yik"DXY) —/ dx \I}[M\I;V]eik'Xc)

y=0

(3.5.160)

where S, contains the functional determinants which give rise to the super-Liouville
action [40] and G| is the Green function evaluated at coincident points. The defining

equation of the Green function is
—DDG (21, 81, 29, 92) == 52 (91 — 92) 52 (2,'1 - 22) (35161)

subject to the boundary conditions G' = 0 if 3 = 0 and 6; = 0; (i = 1 or 2) which

has solution that generalises the bosonic case

G (21,01; 20, 02) = log (212212) — log (zng‘;) (3.5.162)
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where

zp=z21— 20— 010, Zin=721—2—010s, 2y =21—Z— 010y, Z =7 — 20— 0165
(3.5.163)
Evaluated at coincident points the Green function is singular and we regulate it via

heat kernel regularisation with the obvious generalisation of (3.2.56):

G- = —f <—VZ\1/_2€512> T f <—V’if;_2jg> (3.5.164)

with € again a short distance cut-off and f defined as in (3.2.57). This function
satisfies the boundary conditions and to verify this is a regularisation of the Green

function it is easy to determine

- ~ e 212512 o 6—2%2{{2
—l)l)CYY6 == (01 - 02)(91 - 92) e - (91 - 62)(91 - 92) 471'6 (35165)

Upon taking the limit ¢ — 0 we recover Green’s equation. Furthermore this reg-
ulated Green function is invariant under the residual supersymmetry because 2o,
2L Z1p and zf, are all separately invariant under (3.5.153). This will be crucial
in allowing us to constrain the form of the integrals we will calculate. Using this

regulator we can determine the coincident limits as an expansion in ¢ and 6:

G = (1 + %99%) f (%) (DG = (DG = £ (6 - 5)%f <%>

(3.5.166)

and we can also expand the common exponential term in (3.5.160) as
ki _ (14 Log O ) k(%) 3.5.167
e ( + 2%, e . (3.5.167)

The exponential factor on the right hand side of the above equation has been
seen in the previous sections and for fixed k? it damps the integrand at all points
in the domain except for those close to the boundary y < y/e. We thus repeat our
procedure of integrating (3.5.160) a distance A into the bulk, where A — 0 as e — 0

but we arrange for % to diverge. This means that to leading order in ¢ we can
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replace the components of the classical super-field X, by their boundary values.
The integral of the first term in (3.5.160) cancels against the boundary term
present in the interaction term. To see this consider

A .
—2i / dx d?0 ¢ X< DX DX / dy (1+ %99%) () (3.5.168)
0

Both parts of the y integral are known from previous work. The monotonicity of

I dyexp(—m'k?f(zy/ﬁ))\ < A which

vanishes as the cut-off is removed. The second term is a total derivative and in the

f (s) allows us to bound the first term

limit as € — 0 evaluates to —%9@. We must still integrate over 6§ which means that
we must determine the #- and f-independent parts of the slowly varying terms on
the boundary. The result is

/ dx e Xephg?) (3.5.169)

which is as claimed.

The remaining term in (3.5.160) can be written as

— 2§ / dz d*0 e* X (DXWik") + DXikH)

(6 —0) / Of (i, -0\ _aies(22)
dy — | 1+ 00— Vel 5.1
X i Yy 3y +2 3y e (3.5.170)

The second term in the rounded brackets of the y-integral cannot contribute due
to its € dependence and the first term is again a total derivative which tends to
unity as the regulator is removed. We again expand the slowly varying fields on the
boundary in powers of anti-commuting variables and seek terms with a single factor

of 6 or 0. A little algebra leads to

1 ik X, | - - AN anu - V]
ﬂ_O{/kQ da’; e Zk . (\I}C + \I/C) (\I/c —|— \IJC) + ax Zk: . (35171)

We have preserved the global supersymmetry with our regularisation and it is
straightforward to verify that this result is indeed invariant under (3.5.152). We
can now use the boundary conditions (3.5.154) to relate the boundary values of the

worldsheet variables to the variables on the one dimensional worldlines to obtain
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the € — 0 limit of (3.5.160) as

, Iz i kv
_9¢~Sepin[Xe] =S, / de ek (ddi +Vhik - ¢¢[”> Z;; . (3.5.172)
B Xz

which we recognise contains the expression entering the exponent of the supersym-
metric Wilson loop. It is only in Sy, [X.] that the string length scale v/a/ appears
and only in Sy, that the conformal scale and its super-partner are present. The clas-
sical action can be removed by taking the tensionless limit o’k? — 0%. The result
does not contain any further dependence on the metric which we have treated as
constant, absorbing the conformal scale into the cut-off €. This has occurred de-
spite there being no mass-shell restrictions on k2. Since there is no e-dependence in
(3.5.172) we conclude that the result is independent of this constant scale. Spatial
variations in this scale contribute at higher order in € so vanish as the cut-off is
removed. So the conformal scale and its super-partner decouple from the calcula-
tion (if we assume that the metric on the world-line is independent of that on the
world-sheet) and are present only in Sz ; they can be removed completely if we as-
sume further internal degrees of freedom to take us to a critical string-theory or by
normalising this zeroth order expectation value against the non-interacting partition
function.

Similarly to the bosonic case the interaction contains terms which involve points
inserted on different world-sheets and other terms with multiple insertions on the
same world-sheet. For the former we can use (3.5.172) to average over two distinct

world-sheets to determine the leading order behaviour in the tensionless limit:

99X, 9X: ¢  xi_e . ix.

d?k eik-(w=w") "/ oy duw’
2 dedy — [ — h ik . VR Y ik
E /(27T)d/BBf TR <dl‘+\/_w ' ¢> <d$'+ v ¢)

(3.5.173)

This result is the order ¢* contribution to the expectation value of two super-Wilson

8As was discussed at the end of section 3.2 the tensionless limit corresponds to taking o’ large
as measured with respect to the length scale, I, of the closed loop B — that is I/va/ — 0.
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loops parameterised by x and 2’ in spinor QED. This demonstrates our result holds
at leading order in the case that the worldsheets are distinct. Following the bosonic
theory we shall consider extending this to arbitrary order and also treat the case

that multiple vertices are on the same worldsheet.

3.5.2 Generalisation to arbitrary order

When some insertions approach one another on the same world-sheet we may find
divergences that change our result in a similar way to those we found for the bosonic
theory. In this section we demonstrate that no such divergences arise and the calcu-
lation reduces to the result we seek. It is because our interaction and regularisation
procedure preserves the residual supersymmetry that such divergences are forbidden
from arising since their dependence on the worldsheet fields will not be supersym-
metric.

We follow the same steps as in the bosonic case by considering a general term
at order IV in the expansion of the interaction which has 2N vertex insertions on a

single world-sheet:

2N
/ X e S [ / d20; ( / d?z; DX DX — / dz,; eiéixifﬁ“i\pi””) ek X
- " (3.5.174)
The functional integral over X will lead to the ubiquitous factor
exp (—7‘('0/ Zij k; - ijZ-j> where we continue to denote the Green function
Gij = G (%,0;;2;,0;). When all of the points are separated by a distance much
greater than /e the exponential factors exp (—wa’k?*Gy) which involve (3.5.167)
suppress the integrand unless the points are close to the boundary. In the latter
case we follow section 3.4.1 by integrating each point a distance A into the bulk,
focussing on contractions that take place separately within each vertex. At leading
order in the cut-off the components of the super-fields and the slowly varying Green
functions between the separated points will be replaced by their boundary values.

Using (3.5.160) take the contribution involving r copies of the second term which

arises from a single contraction of the quantum fields and integrate these a distance
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A into the bulk:
r A -
H// d29jdyj 27'('0/ (DJX[C/;J Zl{}]yj] + D]X[C,;J Zl{?]'u]}>
j=17 /0
4 ) af 99— 0 —ﬂa'k2f<2yj> ik X
—(6. —0.) — (1 A J e ) ptkj-Xej
XQ(J J)ayj(+28yj)e €

6 6 9 —ma/k f 2 iki-Xei
X H // dzedleXCZDXm( 5 8%) () gikexes,

i=r+1

(3.5.175)

To extract the e-dependence of this expression it is useful to generalise the scaling

carried out in the bosonic case by setting

NI
Syl

y—ery; 0 eif; 0 e (3.5.176)

for all variables in (3.5.175). Under these changes of variables and simplifying the

anti-commuting variables a little we get

r A
=z Ve s ;7. v5) s ;7. 3] Of —rari2
€4H//0 d29jdyj27ra’<DX“Jzkj—|—DX’zk“)5(9._9)8% k2 f(2y;)

x i Xes H // dzedyZDXczDXa(1+6

0 ) —ﬂa’k?f(?yi)eiki~xci
1=r+1

0y;

(3.5.177)

The first r integrals with respect to y; evaluate to

1 AN 2

and the 2N —r remaining integrals with respect to y; contain two terms. As described
above the first can be bounded by % and the second is equal to —%6’1-9_1-. The latter

contribution gives the result we seek as can be seen by carrying out the integrals
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over the Grassmann variables:

— 1 .71.2

v v (0 — 0 A 7504]6.

||/d29 21/ DX“JkJ]JrDX[]k:’“)—(" ) (1o (A J
2na’k? Ve

x etk Xej H /d20 —0,0,D;X ;s D; X ;etFiXei

i=r+1

(3.5.179)

The integrals with respect to 6, require us to find the 6; and 6; terms in the super-
fields. Under the scaling (3.5.176) such terms pick up a factor ¢1. The r such terms
cancel the leading factor of e~ so the Grassmann integration selects a single term
which is independent of the cut-off . The remaining integrals with respect to 6;
require the 6;- and ;-independent parts of the super-fields which do not change under
scaling. Following the same algebra as at first order, summing over r, integrating

around the boundary and enforcing the boundary conditions the result is

r [MJ VJ
ZH/dxj tk-w; < +\/_Zk’ w]w[#g) H /dl’z ik;- X”\I/[ML\PZZZ]
r=0 j=1 i=r+1
(3.5.180)
With the exception of the r = 2N case the contributions in this sum cancel
terms arising out of the boundary term in the interaction (3.5.155) which conspire
to ensure supersymmetry is maintained. This leaves the contribution occurring
from 2N contractions between fields which corresponds to 2N points inserted on

the boundary of a single Wilson loop:

7.4

2N ' [NJ ik
quH/dxj ek ( + \/hjik; - “J) —5 (3.5.181)
j=1

As in the bosonic case this result is independent of the string tension «'. It remains
to enforce the contractions of the space-time indices and impose pairwise k; 1 = —k;

as defined in the interaction to produce

P o 5 () (3

—\/h ik, w)

(3.5.182)
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showing how pairs of points on the boundary interact.

Returning to the integrals over the y; in (3.5.177) we bounded the second term by
% and for the 6; integrals we now seek the 6;0; term from the boundary super-fields.
This term scales as /e which leaves a contribution of order A2Y~". The integration
over the ¢; variables remains the same as above so the Grassmann integration se-
lects a single term which vanishes as € — 0 because A vanishes in this limit too.
Other contributions from this configuration of points are subleading in €. This com-
pletes our treatment of the case where all 2V points are close to the boundary (and
a distance greater than /e apart from one another) and demonstrates the result
(3.5.182) we sought. We now consider what happens when these points are close to
one another in the bulk or the boundary to show that in contrast to the bosonic
case no divergences appear.

Suppose that of the 2N points a number n + 1 are within A of one another
(but that this set is separated by more than A from any other points on the same
worldsheet). Now it is the contractions between different vertices which are rapidly
varying. Following the procedure taken for the bosonic case (see section 3.4.2) Wick’s
theorem allows us to replace this by a sum of terms involving various contractions
between this set of points and normal ordered terms which have not been contracted
with other operators outside of this set. The leading order contribution comes from
expanding the normal ordered terms about the position of the final point z,,,. We
then integrate the first n points in a region of size A about this reference point which
remains to be integrated about the worldsheet. The e-dependence can be extracted

by counting derivatives of rapidly varying fields. Now

G (2, 0,5 25,05) = — (@) ny <@)

o V ergrs 1 (22yn+1 - erés)(_Qiyn+l - éres)
= ( e > + pm log ( p

+ O( A ) (3.5.183)

Yn+1

and it is the first term of this which varies rapidly as the points z, and z, move

apart. Wick contractions between fields evaluated at the point z,. and z; produce
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various derivatives of this Green function. In parallel to the bosonic string the
leading order contribution comes from contractions which have all 2 (n + 1) possible
derivatives acting on the first term in (3.5.183). This can be seen by scaling the

relative coordinates (but not z,,; or z,,;) and the 6, 0,:
2y — 2 —> €3 (zr — 25) 5 0, — eiQT; 0, — (—:iéﬁ (3.5.184)

so that

() - ()

1 2ityni1 — 0:05)(—2iyns1 — 6,0 1 4y? 1
—l()g (( 1Yn+1 r s)( tYn+1 T S)> N _ﬂ-log (%) + O <€§) (35185)

47 €

under which the super-derivatives and integration measures transform as
D—eiD, D—eiD, (3.5.186)

&2, d%0, — e2d?2,d%0,,  d*zp1d®0pi1 — € 2d2 21 d%0p (3.5.187)

so the integral with respect to d?6,.1 [, d*2,d*6, of the term containing 2(n + 1)
derivatives, D and D, acting on f(1/z.sZ,s/¢€) scales into 1/e multiplied by an integral
independent of €. This depends on the momenta k, in a potentially complicated
way but because of the way the contractions were carried out to form the 2 (n + 1)
derivatives it is possible to integrate by parts to enforce the X dependence to sit

only in the exponent:

1 - : n+1
2 2 2 12 Un . ke X
- d°zp1d°0, 14 | | P2 d?0, M43 (20,01, . .. 2y, Ongy) @ €8 2r=1 FrXnsr

r=1

n+1
X exp ( —7a Z k. - kG (2,0, z505) )

r,s=1

(3.5.188)

At leading order in e after carrying out the integral over the relative coordinates
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and the 6,, 0, we are left with

1. ' p o' K?/4
— P (e ) /d2zn+l X ( 2 ) (3.5.189)
€ Ynt1

where we have defined

Frevn (k1. kng1) = /d29n+1 <H d*z, dQeT) FHit (2,01, 2, Ong)

r=1

n+1
X exp (7To/ Z k.- kof (\/zrsé,,s) ) (3.5.190)

r,s=1

and K = Z:ill k.. Since this is not invariant under the residual supersymmetry

(3.5.152) it must vanish so there can be no 1/¢ divergence present.

3/4

Subleading terms of order € */* could in principle appear if we were to have

2n 4+ 1 derivatives acting on G, or from an expansion of the super-field components.

1/4

However the required factors of €!/* are paired with fermionic fields ¥ and ¥. They

cannot be present since the final result must be bosonic. The first non-trivial diver-

1/2 and can arise in a number of

gence which could potentially occur is of order e~
ways. The second order expansion in # and 6 of the exponentiated super-field con-
tains €'/200k - Wk - U; taking two derivatives off the rapidly varying part of G¢ reduces
the power of € picked up under scaling by 1/2 and leaves two super-derivatives of the
super-field or derivatives of the slowly varying part of G¢; taking only one derivative
off G¢ in combination with expanding one super-derivative of the super-field to first
order gives a similar expression and an expansion of the components of the super-
field about the point 2,1 gives e!/? (z — zpy1) - OX. The latter two of these vanish
again by rotational symmetry whilst contributions from the slowly varying part of
G¢ would have the same X-dependence as (3.5.189). From two super-derivatives or

an expansion of the super-field components the contribution at this order has an

X-dependence proportional to

cP?

7

o' K?/4
dPzy : UPPO KX ) (y; ) , (3.5.191)
n+1

Under the residual supersymmetry this too changes, although if the coefficient
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¢’ = KPK°? its variation takes the same form as the variation of the boundary
term €~'/2 [ dx exp(ik - w). Were this boundary term to be generated as the inser-
tions approach one another close to the boundary then it would be possible for this
divergence to be present. However a term proportional to k - Uk - ¥ can only be
generated from expanding the super-fields in the exponential for the #0 contribution.

The coefficient of this term would be

/ d?6,.1 (H d?z, d29r> Frevntt (20 01 zpiq, 0,,) €7 Zkrksf(VarsZe) g g

r=1

(3.5.192)
independent of the choice of r and s. We can demonstrate that this vanishes by
virtue of its 0 dependence. FH "+ arose out of 2(n+ 1) derivatives acting on
f (\/Zrs2Zrs) and (3.5.192) requires it to contain a total of n fs and n s to be non-
zero’. Schematically, f (1/Zrs2s) has a dependence on anti-commuting variables of

the form

fF (Varszs) = £ (lzr — %) = 0,001 (20 — 25) — 0,0,92 (20 — 2,) — 0,0,0,0,h (2, — 2,)
(3.5.193)
where the functions g;, g2 and h depend on the relative separation of the points and
involve derivatives of f(s). Now suppose that the n + 1 derivatives D and n + 1
derivatives D contained in F produce p copies of D, f, ¢ of D, f, r DyD,f, s D,D, f
and t lots of DD, f with p4+2r 4+t =n+1 = g+ 2s + t. It follows that the
schematic @ and @ dependence of each of these terms is respectively 6 + 668, 8 + 660,
1460+ 60 + 6000, 1 + 060 + 00 + 0000 and 60. Counting modulo 2 we thus have
a total of p+ ¢ = n + 1 factors of various s and ¢+t = n + 1 factors of fs. So
Fr-vnt1 cannot contain the correct number of fs and s for (3.5.192) to produce a
non-zero result.
The next possible divergence is of order e~/ but it too vanishes because its field
content would have to be fermionic. The next order in € consists of finite terms, but

K2/

these are suppressed by the overall factor of (e/ Y2 +1)O/ * which comes from the

9The requirement is of course more stringent than this in that the s and fs must have the
correct indices but the general argument does not rely on this detail.
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slowly varying part of G¢. As K? > 0 in Euclidean signature such terms vanish for
all K? except those close to zero in terms of €. Since K is eventually to be integrated
over we also need to consider the contribution of these small values. Following the
discussion in section 3.4.2 we recall that for o/ large and € small this factor behaves

effectively as

LZ)[, (3.5.194)
G )’

and so is also suppressed in the tensionless limit. We conclude that there are no terms
associated with a set of points meeting one another in the bulk of the worldsheet
that survive in the tensionless limit as the cut-off is removed. In the bosonic case we
were unable to deduce whether our arguments extended to the case that the points
are also close to the boundary but in the current case we can use the supersymmetry
to show that there are no further contributions from this case.

Close to the boundary the second term in G also varies rapidly. To consider its
variation we must also scale y,,.1 along with the other variables. This means that
the integration measure d?z,,1d?0, .1 is unchanged by the scaling and the leading
order divergence is O (e_l/ 2). There is also no suppression by the second term in

G° but the X-dependence remains the same as that when the points are far from

the boundary. A term proportional to

1 .
— [ dx X (3.5.195)
Ve /

has been seen before; it is not supersymmetric and so this divergence is not present.
This time the presence of the boundary breaks the symmetry of the integration

domain so a term of order ¢ 1/4

is not forbidden — it could arise out of an expansion
of the super-field in the exponent or by taking one of the derivatives off G and onto

a super-field. The possible X-dependence has the form

P _ .
S de (U4 0)7 X (3.5.196)
€1
which changes under the residual supersymmetry unless ¢” o« K” in which case the

change is a total derivative. It is fermionic, however, and by applying the same
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counting of s and fs as before (since such a term can only arise from an expansion
of the super-field in the exponent) it is straightforward to show that this term cannot
arise out of an integral over the Grassmann variables since it requires n fs or n fs.

The final order in € to consider provides finite terms. These may arise out of two
super-derivatives of the super-field or various expansions of the super-field about the
point z,.; in tandem with super-derivatives. The possible contributions are many
but there is only one potential term which remains invariant under the residual

supersymmetry which is the electromagnetic coupling

/ dr X (dX*)dz + iK - (U + U) (¥ + D)*) (3.5.197)

where 1 here must be equal to p, of the vertex V#4¥s which was used to generate this
finite piece. However the supersymmetric generalisation of Gauss’ law, (3.4.142), can
be used to show that this cannot be formed. Indeed contracting k, with the integral

of the ¢-th vertex

Jela / d*0, ( / d?z, DX D, Xral — / dz, eqeq@gﬂqwgd) etkaXa
Y

=0

= / dx, (dX"q +iky - (Vg 4+ 0,) (qu+qxq)”‘1> ek Xa (3.5.198)
Yq=0 d]?q

which is a boundary term that does not contain the quantum variables X,. This
means that it cannot take place in any contractions with other terms in the set so
factors out of the normal ordered expansion of the other vertices. Therefore this
boundary integral of the ¢-th field would have to factor out of the contraction of
(3.5.197) with k,. This is not possible because (3.5.197) contains only one field
integrated around the boundary so the contraction could not produce an integral
involving the k, dependence and the field X (z,) multiplied into an integral involving
the remaining momenta with a field content expanded about the point z,1.

This completes the argument that supersymmetry prevents divergent or finite
corrections from appearing when insertions approach one another on the same world-
sheet and proves our claim that (3.5.173) exponentiates. This leads directly to
(3.1.32) and allows the replacement of an integral over the gauge field by an in-
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tegral over fluctuating spinning strings interacting upon contact. Since the result
we have found is independent of the cut-off € we have also shown that the scale of
the worldsheet metric decouples from the calculation, appearing only in Sy. Spatial
variations of this scale could only contribute at higher order in € and so vanish as
we remove the regulator by taking the limit ¢ — 0. The final step to return to the
world-line formulation of spinor QED is to integrate over the worldsheet metric and

boundaries weighted by the world-line action for

/ ﬁ 9(9,X7w7¢> h, X)j e~ Ss—SBavi —
Zy

J

/ (H D(w,, h, X)j> % e~ Sor=SBavn H W,[A]. (3.5.199)

Summing over n then re-expresses the partition function of QED in terms of the
partition function of spinning strings with contact interactions. To also express
the generating functional (3.1.31) requires the world-line Green function which in
analogous fashion to the bosonic theory requires the inclusion of open strings. The
calculation proceeds in the same way but for the differing boundary conditions on
each end of the spinning string and again it is only the Dirichlet end of the string
which contributes to the interaction. It is also possible to introduce a background

gauge field to source photon amplitudes on the world-line, as described for scalar

QED.

3.6 Conclusion

We have investigated how strings with contact interactions can be used to model
Abelian gauge fields. We were able to construct J-functions on the world-sheet
that decoupled from the Liouville degree of freedom because their contribution was
negligible except close to the world-sheet boundary where they generated the elec-
tromagnetic coupling. Although the purely bosonic theory proved to be problematic
the world-sheet supersymmetry present in the spinning string provided the structure

needed to eliminate unwanted divergences and also generate the super-Wilson loops
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needed to couple spinor matter to electromagnetism in the worldline approach. The
string world-sheets correspond to the trajectories of lines of electric flux joined to
charged particles.

It proved necessary to take the tensionless limit to remove dependence on the
classical string action so the string length-scale is large compared to the size of the
Wilson loops. The strings themselves, therefore, can be very large and it may be
possible to distinguish this theory from conventional QED where the interactions
are mediated by point-like particles by direct observation of these extended objects.
Additionally it may be possible to detect string-like corrections to QED at large
distances, (although we have not calculated these). Since the scale of the world-
sheet metric decouples from our calculations we could argue that the super-Liouville
degrees of freedom only lead to an overall multiplicative factor that cancels out of
physical amplitudes. Alternatively we might modify the model to include sufficient
internal degrees of freedom to ensure a critical string-theory. We speculate on what
these extra degrees of freedom could be in the next chapter. This decoupling allows
us to apply our string theory in four-dimensional space-time dimensions.

QED is of course an extremely successful theory, having been tested to high
accuracy in experiments, but nonetheless it is an effective theory arising out of
the Standard Model, so our string model must also be just an effective theory.
Understanding how it relates to the more fundamental non-Abelian case will require
some development of the model.

One aspect of this development has to be the worldline formalism for non-Abelian
quantum field theories. Strassler did discuss the generalisation of his formalism to
include gauge fields which transform in a representation of a non-Abelian group
but he did not consider the extra ingredients necessary to describe chiral fermions.
To further complicate matters the standard model contains a variety of spin 1/2
matter fields which transform in different representations of the gauge group and
we would expect to have to sum over these representations — and the chiralities of
the particles — to produce quantities which we can compare with experiment. This
is a daunting task in quantum field theory and we may hope that the string theory

reformulation we have provided here could offer some insight or simplification to the
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computation of this sum. Before we can do that, however, we need to understand
how this calculation appears in the worldline formalism. That is the content of the

next chapter of this thesis.



Chapter 4

Unified field theory in the

worldline formalism

4.1 Introduction

Recently a new model of chiral fermions in the worldline approach demonstrated an
interesting way to sum over the gauge group representations and chiralities present
in the standard model [64]. This sum was constructed for a single generation of
fermions and was supplemented by a sterile neutrino. The model is substantially
different from the usual field theory approach because the assignment of particles
to their group representations and chiralities arises naturally, rather than being
pre-determined by hand. Progress in the worldline description of chiral particles
is central to a description of the standard model in first quantised language and
is an important stepping stone to an equivalent description in terms of interacting
strings. Besides, as we have seen in the introduction the worldline formalism can
offer significant computational advantages over calculations in perturbative quantum
field theory. We shall eventually speculate about how this result can be incorporated
into the string theory model discussed in the previous chapter, but following on from
the success of [64] it seems natural to consider first the generalisation of this work
to other non-Abelian groups.

The motivation for considering such gauge groups is the unification of the elec-

troweak and strong interactions. The purpose of this unification is to find a theory

134
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with only one coupling constant, from which the standard model emerges after spon-
taneous symmetry breaking as a low-energy effective theory [65]. The gauge group
with smallest rank that can accommodate the standard model is that of SU(5).
This is of course the famous Georgi-Glashow model [66]. We shall demonstrate that
the representations and chiralities of the standard model particles as described by
the standard SU(5) unified theory can also be generated in this approach. The
next section briefly reviews the argument and notation in [64] and in Section 4.3
the model is applied to the unified theories of SU(5) and flipped SU(5). We also
consider other unified theories which appear in the literature, namely SU(6) and

SO(10).

4.2 Fields and worldlines

We consider a left- or right-handed massless fermion moving in a background gauge
field A. We take A to transform in the adjoint representation of some symme-
try group which is described by anti-Hermitian Lie algebra generators {Tg}. The

fermion action for a left-handed massless fermion, &, is

/d% i€'a - DE (4.2.1)

where D = (0 + A) and o = (1,6"). In the introduction we met the idea of the
effective action defined by functionally integrating over fermionic fields but for the
current case we meet the well-known problem of how to define the determinant
of the Dirac operator on the space of chiral fermions transforming in a non-real
representation of the gauge group. We can, however, define the phase-difference of
determinants which motivates us to consider the variation of the effective action
under an infinitesimal change in A [67,68]. This is easily found to be d4I' [A] =

Tr ((5 .D)'5- 5A) which can be written in terms of v matrices as

- / dT Tr (@em% D~ - 5A) (4.2.2)
0
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We recognise the heat kernel of the operator (v - D)* = D1 + 1y F,,~" and in [64]

a worldline representation of (4.2.2) was derived:

5410 / P (£,€) e 514

oo 2
= / T DD eV by <g (2m) / dt - w - §A> . (4.2.3)
o T Jiyr 0

Here ¢ (t) is the super-Wilson loop describing the coupling of the fermion to the
gauge field which we have seen in the previous chapter (we recall that we require a

closed loop in order to generate the functional trace)

g(t) = Pexp (— /0 t ATy dt) (4.2.4)

where

A=w A+ ngw”. (4.2.5)

The Grassmann variables ¢* are introduced to represent the y-matrices and the
action S [w, ] is just that of Brink, Di Vecchia and Howe that we have used earlier.
The boundary conditions on v are interpreted depending on the chirality of the
fermion. For left handed fermions the path integral with periodic boundary condi-
tions on v is subtracted from that with anti-periodic boundary conditions whereas
for right handed fermions the two contributions are summed. These combinations
insert the appropriate projection operator 1 F v° into the path integral.

Strassler dealt with the non-Abelian nature of the coupling and path ordering
directly by introducing a sum over the ordering of the integrand at each order in
a perturbative expansion of the effective action. In [64] a different approach was
taken. The path ordering can be represented with functional integrals by introducing
a set of anti-commuting operators ¢, and ¢, satisfying {ggr, ¢s} = Ors with action
Sy =/ QNS . qS dt [69]. It is possible to use this approach to reproduce the path ordered
exponential in (4.2.3). However we follow [64] by also using these fields to generate

the super-Wilson loop coupling. It is easy to check the following definition furnishes

!The point is that the propagator of the ¢, (;3 theory is the Heaviside step function which can
be used to produce the path ordering.
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us with a representation of the Lie algebra
RY = ¢, T3 ¢; [R°,R"] =if*""RY. (4.2.6)

So instead of working directly with 4.2.3 we will find it advantageous to combine

these ideas to consider as it stands the related quantity

< T B 2m . YA [A]
LA e | arw-ov- o422 A 427
/0 T / wIPe /0 Ywy SA ( )
where
ZIA = [ 96.0)e A (428)

Remarkably, in [64] the evaluation of Z [A] was shown to provide the correct sum over
the chirality and representation assignments for the fermion content of the standard
model. Five pairs of gz~5 and ¢ were used to represent the Lie algebra generators of
SU(3)x SU(2) xU(1). The desired sum of chiralities and representations was found
by adding the result of evaluating (4.2.7) with anti-periodic boundary conditions on
all Grassmann variables to that with periodic boundary conditions imposed. The
information about the representations and chiralities of the standard model particles
is contained in the functional determinant of the kinetic operator for the new field
det (% + .A). This novel approach is of great importance for worldline theories of
chiral fermions and in the following sections we generalise the result by considering

the gauge groups of some unified theories.

4.3 Unified theory

The assignment used in [64]

AN ® 1,
(T%) =i 150 @ 1 (4.3.9)
%12 ® 13— %13 ® 1,
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incorporating the standard model generators inside a five dimensional algebra is
reminiscent of the Georgi-Glashow method which embeds the standard model in
SU(5). This motivates the consideration of this group as the underlying symmetry
without purposefully arranging for the standard model content to appear. We shall
show that with the general use of SU(5) as the gauge group the procedure introduced
in [64] yields the familiar 561061 representations into which the left-handed matter
content of the standard model fits in a manner consistent with the particles’ quantum
numbers. The chirality associated with these representations is also in agreement
with the Georgi-Glashow model so that that these representations are favoured by
the new model.

We also take five pairs of gz~5 and ¢ to incorporate the generators of SU(5). Then
integrating over ¢ and ¢ in (4.2.7) leads to a determinant which we evaluate as

in [64]:

Z[A] = det (z (% + A)) (43.10)

To compute the eigenfunctions of this operator we write them as v (t) = g (¢) f (¢).
Then the eigenvalue equation ¢ (% + .A) v (t) = po (t) translates to an equation for
f():

() = uf () = (1) = v(0)e (4.3.11)

The eigenvalues depend on the boundary conditions on the fields ¢ and ¢; if v (2m) =
+v(0) then we require v (0) to be an eigenvector of ¢ (27) and must impose a

condition on u:

g (2m)v(0) = pv(0); pe 2T = £1. (4.3.12)
For anti-periodic periodic boundary conditions the eigenvalues are y_ = n+ % + %
and for periodic boundary conditions are p, = n+ %. The determinant is given

by the product of eigenvalues and is proportional to

det (\/g(2m) +1/\/g(2m)) A/P
det (/g 2m) —1/y/g(2m)) P

(4.3.13)
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where A/P and P refer to anti-periodic and periodic boundary conditions respec-
tively.

To calculate the determinant it suffices to name a representation under which
the Wilson-loop is to transform. The Lie group valued object g (27) can then be

rotated onto the Cartan subalgebra
g (2m) = exp (a; H;) 1=1...4 (4.3.14)

whereby its eigenvalue equation can be expressed in terms of the weights of the
representation under which it transforms?. The goal is to express the determinants
in (4.3.13) in terms of group invariant properties of ¢ (27) and the calculations are
essentially straightforward. In particular, a simple choice is to take the Wilson loop
to transform in the fundamental representation 5, where we have shown that the

determinants in (4.3.13) can be written as a sum over traces of g (2r) in different

A d
det <z (E +A>) x
tr(gs) + tr (g10) + tr (9i0) + tr (gs5)

representations:

for anti-periodic boundary conditions and

(4 +4)

tr(gs) — tr (g10) + tr (910) — tr (95) (4.3.16)

when periodic boundary conditions are imposed. In the above equation the sub-
scripts denote the representation in which the trace is to be taken.

The final step is to include with the latter the factor of -5 arising with periodic

2In a given representation of dimension D the generators provide a realisation of the Lie algebra
as D x D matrices acting on states |a) labelled by their eigenvalues of each Cartan generator:
H;|a) = a; |a). The «; are the weight vectors of the D dimensional representation.
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boundary conditions on 1 and to take the sum of the two contributions. The result
is the representations and chirality assignments which are well known in this unified

theory:

(tr (g5) + tr(g10) + 1) P

+ (tr(gs) + tr (9i0) + 1) Pr. (4.3.17)

The Georgi-Glashow model?® places a left-handed conjugate down quark colour triplet
and a left-handed isospin doublet into the 5 representation. Into the 10 represen-
tation is placed a left-handed colour triplet of conjugate up quarks, a left-handed
colour triplet and isospin doublet of up and down quarks and a left-handed conjugate
electron. It is easy to check that these assignments respect the quantum numbers
of the particles if the 10 representation is made up out of the anti-symmetric prod-
uct of two 5. The trivial representations that appear here may be relevant to the
discussion of neutrino masses.

There is another assignment of standard model particles into these same repre-
sentations of SU(5) which appears in the literature. Flipped SU(5) [71,72] makes
use of the gauge group SU(5) x U(1)x. The extra U(1) factor is needed because
in this theory the left-handed conjugate up quark colour triplet joins a left-handed
isospin doublet in the 5 representation which does not have vanishing total hyper-
charge. The 10 contains a left-handed colour triplet of conjugate down quarks, a
left-handed colour triplet and isospin doublet of up and down quarks and a left
handed conjugate neutrino and the left-handed conjugate electron is now placed in
the 1 representation. The SU(5) is then decomposed into SU(3) x SU(2) x U(1)z
which provides the SU(3) x SU(2) part of the standard model; the standard model
hypercharge generator is then formed out of a linear combination of U(1)z and
U(l)x.

The simplest way to accommodate an extra U(1) symmetry into our formalism

3See, for example, [70]
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is to include an extra generator To5 = 15. Then the Wilson loop factorises as
) 27
g (2m) = e gg (2) ; 0 = —/ A% (t) dt. (4.3.18)
0

It is straightforward to repeat the previous calculation with this extra generator and
we find that the terms in (4.3.17) simply pick up an extra factor according to their
U(1) charge:

(tl” <gg> 6732'0 4 tr (910> ei@ + 651‘6) PL

+ (tr (gs5) € + tr (g0) e + ) Pp. (4.3.19)

We shall discuss SO(10) unified theories in more detail below but there is an in-
teresting relation to this group contained in the extra U(1) charges of the above
equation. It is well known that SU(5) x U(1) C SO(10) [73,74] and the SO(10)
(spinor) representation 16 decomposes as 16 — 5_3® 10, @ 15, where the sub-script
denotes the U(1) charge. This is precisely how the representations associated to the
left-handed projection operator have arranged themselves in (4.3.19) which is sug-

gestive that it would be natural to further unify the content of this theory into a

single 16 of SO(10).

4.3.1 Other unified theories

In this subsection we apply the same technique to some other unified theories. Those
of interest are those into which the standard model can be embedded and recovered
after spontaneous symmetry breaking at some unification scale. Both SU(6) and
SO(10) feature in the literature and have the property that the SU(5) we have con-
sidered above can be embedded into it in a natural way (and so the standard model
also fits into these Lie groups). We now determine the representations and chiralities
which appear if g (27) is taken to transform in the fundamental representation of
these groups.

We begin with SU(6) and follow the same steps as in the previous section except

that we now need six pairs of ¢ and ¢. Taking ¢ (2m) to transform in the 6 represen-
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tation we find the determinants as follows. For anti-periodic boundary conditions

on Grassmann fields

det (2 (% +A)) x
tr (ge) + tr (g15) + tr (g20) + tx (915) + tr (95)

+ 2tr (go) (4.3.20)

and for periodic boundary conditions

det (z (% +A)) o
—tr(ge) + tr (g15) — tr (g20) + tr (955) — tr (gs)

+ 2tr (go) (4.3.21)

which is also multiplied by the 75 when the boundary conditions on v are correlated
with those on ¢ as described above. Summing the contributions from each set of

boundary conditions determines the chiralities selected by this model:

(tr (ge) + tr (g20) + tr (g5)) PL

There have been a few attempts to form a unified theory with gauge group SU(6)
[75,76]. The general approach places the contents of the 5 representation of SU(5)
into the 6 of SU(6) along with an exotic fermion, N. The 15 is constructed as
the anti-symmetric product 6 ® 4 6 into which fall the remaining standard model
particles and conjugate particles to N, but in this construction the particles in the 6
and 15 representations have the same chirality. The result in (4.3.22) is inconsistent
with this assignment and furthermore the conjugate representations share the same
chirality. This presents a major barrier to any placement of the standard model
particles into the representations of (4.3.22).

For completeness we turn now to SO(10) where we will again take g (27) to

transform in the fundamental representation 10 (We use ten pairs of ¢ and ¢). For
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anti-periodic boundary conditions on Grassmann fields we evaluate the determinant

(40 4)

2tr (g10) + 2tr (gas) + 2tr (g120) + tr (g126) + tr (gi26) +

to bet

2t1 (g210) + 2tr (go) - (4.3.23)

Similarly for the case of periodic boundary conditions we find

det (z (% +A)> x
— 2tr (g10) + 2t (gas) — 2tr (9120) — t7 (9126) — tT (gize) +

2tr (g210) + 2tr (go) (4.3.24)

to which we associate a factor of 7° if we correlate the boundary conditions on ¢ with
those on ¢. Collecting together the addition of these terms we find the chiralities

and representations

(2tr (g10) + 2t (g120) + t1 (9126) + t7 (9126)) Pr

+ (2tr (gas) + 2tr (g210) + 2) Pr (4.3.25)

The most common SO(10) model places an entire generation of left-handed standard
model particles into the 16 representation along with an exotic sterile neutrino
[77,78] so the assignments we have generated here do not coincide with the well
known unified theory. As we have seen above these particles fit into the 5 + 10 + 1
of SU(5) or SU(5) x U(1), both of which are subgroups of SO(10). It is unfortunate
that the 16 representation does not naturally appear out of the approach taken in
this work. In the following section we will consider how we might modify our work

to generate this representation.

4Note there is more than one representation of dimension 210; to avoid ambiguity the equations
refer to that with highest weight [0, 0,0, 1, 1].
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Discussion

We have made the choice to consider the Wilson loop ¢ (27) as transforming in the
fundamental representation of each group but this is of course not necessary and
we briefly explore the consequences of alternative representations for this operator.
For example, for the case of SU(3), the representations and chiralities were found

to be [64]

(tr (g3) + 1) PL

(tr (gs) +1)Pr (4.3.26)

which gave rise to SU(3) triplets and a sterile neutrino. We highlight the sensitivity
of the result to our choice of representation for ¢ (27) by instead taking it to trans-

form in the representation with the next-smallest dimension, 6. Then we find for

anti-periodic boundary conditions®

Z [Alg o tr (g6) + t (g10) + tr (915) + t1 (955) + t7 (950) + tr (g6) +
2tr (go) , (4.3.27)

and for periodic boundary conditions

Z [Alg o< —tr (ge) — tr (g10) + tr (g15) + tr (g55) — t7 (9i0) — tr (g) +
2tr (go),  (4.3.28)

which lead to the chiralities and representations

(tr (ge) + tr (g10) + tr (g10) + tr (96)) Pr
(tr (g15) + tr (g5) + 2) Pr. (4.3.29)

5Once again, to avoid ambiguity we note that the 15 is the representation with highest weight

[2,1] and its conjugate, 15, has highest weight [1,2]. Their Young Tableaux are and HEP
respectively.
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The absence of the fundamental representation is rather striking here, since this is
how the quarks of the standard model transform, so this choice does not seem to
be helpful for phenomenological model building. On the other hand, taking g (27)
to transform in the adjoint representation we find that the determinant vanishes for

periodic boundary conditions and for anti-periodic boundary conditions

7 [Alg = 4 (tr (g5))” (4.3.30)

which would be useful for a description of gauge bosons®.

This motivates us to return to SU(5), where this chapter has found its best
success, and consider the effect of the Wilson loop transforming in the 10 represen-
tation, which has the next-smallest dimension after the fundamental. We do so only
to demonstrate how the result depends on the choice of transformation of g (27).

For anti-periodic boundary conditions we find

Z [Alyo X tr (g1o) + tr (gas) + tr (gz5) + tr (g0) +
tr (gs0) + tr (g70) + tr (gsp) + tr (g50) +
tr (gss) + tr (gurs) + tr (gi7s) + tr(gss) +

tr (g126) + t1r (9i3g) + 2tr (go) , (4.3.31)

and with periodic boundary conditions the determinant is given by

Z [A]lo o¢ —tr (g10) + tr (945) + tr (955) — tr (gi0) +
—tr (gso) — tr (gro) — tr (grp) — tr (gs0) +
tr (gss) + tr (g17s) + tr (gizs) + tr (gss) +

—tr (g126) — tr (¢i36) + 2tr (go) , (4.3.32)

so taking the sum over correlated boundary conditions we produce the representa-

6The author is grateful to Paul Mansfield for pointing this out.
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tions and chiralities

(tr (910) + tr (gso) + tr (gr0) + t (g126) + t7 (9ize) + tT (970) + tr (g80) + t7 (950)) P+

(tr (g3s) + tr (gas) + tr (9175) + tr (gi7s) + tr (9z5) + tr (g55) + 2) Pr.
(4.3.33)

Note that now the chiralities on the representations of the same dimension are
the same, in contrast to that found when ¢ (27) was taken to transform in the 5
representation. We see that although we no longer assign particle representations
by hand the predictions of this new approach are very sensitive to our choice of
representation for the Wilson loop.

It is worthwhile considering whether we might uncover a connection to the more
familiar SO(10) model by considering different representations for the Wilson loop.
The next smallest representations of this group are the 16 and 16 and we have
calculated the functional determinants for these choices of the representation of
g (2m). The chiralities and representations can be expressed in terms of traces which
include

(tr (g16) + tr (gig) + - --) Pr (4.3.34)

but also involve the representations 120, 560, 560 and further representations whose
dimensions exceed 1000. So although the 16 representation can be generated with
this choice it brings with it a series of other representations that are not of interest

to the building of minimal unified theories.

4.4 Concluding remarks

We have demonstrated that the model presented in [64] can be used when the
symmetry group is SU(5) and that in that case it provides the low dimensional rep-
resentations which are used in the Georgi-Glashow model in order to accommodate
the standard model matter content. We chose the Wilson loop to transform in the
fundamental representation of SU(5) and discussed how different choices lead to the

appearance of different representations and chiralities. We also considered SU(6)
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and SO(10) as the gauge groups but for these cases we did not uncover the familiar
connections to the standard model. For SO(10) this can only be done by considering
the Wilson loop to transform in a higher dimensional representation (16), but this
choice brings with it a series of unwelcome representations of large dimension. Part
of the utility of the approach we have used in this chapter is the ease with which
the gauge group and representation of the Wilson loop can be changed.

In combination with the simplifications to some calculations provided by the
worldline formulation it would seem valuable to pursue this programme for the stan-
dard model and other unified theories. It is certainly simpler to sum the correlated
boundary conditions on the functional integrals than to sum over representations
and chiralities by hand and the appearance of (4.3.17) may provide a guiding prin-
ciple in how the matter content of the universe can be arranged.

Furthermore the simplifications which this approach offers would be helpful to
the reformulation of the quantum field theory in terms of the interacting string
theory we have proposed in the previous chapter. An immediate obstacle to the
inclusion of non-Abelian couplings on the worldline theories is the requirement of
path ordering the exponentiated line integrals. Although this makes perfect sense
from the point of view of the worldline theory, if we interpret these lines as the
boundaries of fundamental strings it is unclear how to extend the path ordering into
the bulk of the string worldsheet.

We have seen here that the introduction of further degrees of freedom on the
worldline offers two advantages. Firstly they can represent the path ordering, which
means that the string model now need only be modified in such a way that the
dynamics of ¢ and é appear at the boundary. Secondly the functional determinant
resulting from the integration over these variables provide the sum over representa-
tions and chiralities of the standard model particles rendering what would otherwise
be a complicated sum far easier to manage. We suggest that an interesting direction
for future research is to consider how these extra degrees of freedom can be intro-
duced on the worldsheet in such a way that the decoupling of the conformal scale
of the worldsheet metric is not ruined. We speculate on how this could be done in

the discussion which makes up the next chapter.



Chapter 5

Discussion, open questions and

conclusion

In this chapter we give an overview of the results presented in this thesis, discuss
their consequences and suggest some open questions and possible routes to further
progress. We have only initiated a study of contact interactions for particles and
strings and it is clear that there remains much to consider. At this early stage we
are encouraged by the results so far and hope that further success may be found in
the near future.

In chapter 2 of this work we considered contact interactions in the context of
point particles. We first related the expectation value of an operator which counts
the number of curves cutting a space-time point to the dipole field of equal and
oppositely charged particles. We also introduced a similar notion to include spin
degrees of freedom. The theory was parameterised by 1" which can be interpreted as
the effective temperature for the statistical average over fluctuations of the curves.
We interpreted the curves as a physical realisation of Faraday’s lines of electric
flux, so returning to an idea first postulated in the mid 1830s. The relation to
electrostatics was found in the high temperature limit of the theory but corrections
to the classical fields were investigated at finite values of T. There is a hint that
the low temperature limit of the theory may be related to confinement because the
field lines are then concentrated in a tube centered on the straight line joining the

two particles.
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This unusual way of arriving at the static electric field provided motivation for
us to introduce a contact interaction into a theory of point particles. We quantised
this theory and showed that the interaction can be made consistent by making a
renormalisation of the bare action. The physical content of the theory was found to
couple the end points of the curves via propagators. We did not, however, consider
anything more interesting than the partition function of the theory and it would be
interesting to consider more complicated quantities. Given the relation we exposed
between this theory and the ¢* field theory we might imagine the effect that the
interaction has on the basic physical objects as providing one-loop corrections. If
these corrections could be determined in the low 7' limit then we may learn some-
thing about confining theories which could feed back into more conventional field
theories such as QCD.

The success we found with the point particles was suggestive that we consider
the generalisation of the theory to the time dependent case, which we presented
in chapter 3. This required treating the curves as dynamical and led to the use
of string theory. We linked this to the worldline approach of QED by taking as
the boundaries of the strings the Wilson loops which arise in the first quantised
formulation. The contact interaction was interpreted as providing direct inter-string
interactions when the string worldsheets intersect and we showed that this serves to
produce the expectation value of the product of those Wilson loops. We found the
remarkable fact that the d-function interaction decoupled from the conformal scale
of the worldsheet metric, despite being off-shell. Although we could not complete
the proof of our claim for the bosonic theory we were able to use the worldsheet
supersymmetry of the spinning string to show that the super-Wilson loops arise
out of tensionless spinning strings interacting on contact. One aspect that we have
not adequately addressed is the consequence of working in D = 4 target space
dimensions since here we must confront the Liouville theory. We shall speculate on
how to circumvent this in a moment.

Our reformulation of spinor field theory was only for the Abelian case of QED.
We discussed in chapter 4 how the non-Abelian ingredients of a field theory can be

encoded in the worldline formalism by introducing new Grassman degrees of free-
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dom gz~5 and ¢. Then the Lie group representations, particle chirality and even the
path ordering can be accounted for by coupling these new fields to the gauge field
via the super Wilson-loop. We demonstrated how the sum over representations and
chiralities present in the standard model embedded into the SU(5) unified theory
can be generated by considering a determinant associated to ¢ and ¢. This proce-
dure provides a powerful method of producing group representations into which the
matter content of the standard model is to be assigned. We found success for SU(5)
and flipped SU(5), but despite a tantalising link between these representations and
the SO(10) theory we did not have the same luck for the latter.

We consider now how we could relate the results of chapter 4 to the spinning
string theory in chapter 3. In doing so we suggest a method that has the advantage of
also dealing with the unfortunate Liouville theory which appears for strings outside
of their critical dimension. In dealing with spinor matter we found it necessary to
introduce spin degrees of freedom onto the string worldsheet; similarly to represent
the chirality of the particles we found it useful to use new worldline degrees of
freedom, since these also generated the non-Abelian nature of the interaction. It
does not seem a large leap to suppose that we can modify the string theory to reflect
the appearance of gz~5 and ¢ by introducing further worldsheet degrees of freedom
which are matched to these fields on the boundary?!.

Doing so addresses the issue of how to extend path ordering into the bulk be-
cause we can encode the boundary path ordering into these new worldsheet fields,
asking only that the dynamics of these fields do not affect the worldline theory.
Furthermore, by introducing new string degrees of freedom we effectively increase
the central charge associated to matter fields. Let us denote these new fields by
Y and Y. We might hope then that the extra dependence on the conformal scale
which arises when we functionally integrate over these fields is sufficient to cancel
the Liouville theory present due to the fields X, ¥, ¢ and y. Introducing extra
fields is not unheard of in string theory — indeed quite often these fields play the

role of curled up “extra dimensions” X, a = 5...10. Our suggestion, however, is

T am greatly indebted to Paul Mansfield for useful conversations and helpful suggestions about
the following points.
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that there is nothing exotic about Y and Y but rather they are required in order to
describe the non-Abelian nature of the standard model.

In order to make this more concrete we must consider the dynamics of é and
¢. These obey first order equations of motion and if we are to match these to the
worldsheet fields we must ensure that they also obey first order equations of motion.
This does not present any challenge but we must also generate the correct boundary
coupling between 95 and ¢ with the gauge field. This would require us to modify the
contact interaction between strings. On the boundary this interaction must produce
the terms present in the worldline theory for ¢ and ¢ without spoiling the result we
presented in chapter 3. This also means that the interaction between the fields Y
and Y must decouple from the conformal scale of the worldsheet metric (or we risk
encountering mass-shell constraints which would ruin the form of the j—function).
We suggest that this is an urgent issue for investigation and could be an immediate
generalisation of the work in this thesis to allow the theory we have developed to
be applied in a non-Abelian setting. So too could it provide a more rigorous way
of dealing with the Liouville theory if indeed the new fields can counter the Weyl
anomaly generated by the conventional string theory.

We are some way towards producing a first quantised version of the standard
model, but there remains substantial work to be done. We briefly mention some of
the more pressing matters, but this list is by no means exhaustive. Firstly we must
think about the question of providing mass to the fermions. By gauge invariance
this must be done by spontaneous symmetry breaking and so we require a worldline
formulation of the Higgs mechanism. This in turn needs a description of Yukawa
couplings between the fermion fields and the Higgs field. This is not something that
we have addressed in this thesis and there is not a great deal of work in this area in
the current literature. A non-Abelian theory also involves self-interactions between
the gauge bosons which does not fit in with the picture we have considered in pre-
vious chapters. At this point the contact interaction can mediate communication
between matter fields but we have not addressed how to describe interactions be-
tween the gauge fields. The theory we propose would benefit greatly from progress

in either of these directions.
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On a philosophical note it is extremely interesting to return to fundamental
string theory and consider the effects of modifying its description. Much progress
has been made in conventional string theory with a wide variety of techniques but we
feel that the introduction of simple contact interactions has been overlooked. This
is understandable considering that naively such a theory would not be expected
to be consistent because of the appearance of off-shell states. It is therefore of
considerable interest that we have shown that no such problems are encountered for
tensionless spinning strings and curious that the theory has such a close relationship
to the conventional quantum field theory of spin 1/2 matter interacting with the
electromagnetic field. We hope that the progress we have made will lead to a greater
understanding of the standard model of particle physics and that it may provide yet

another tool for physicists to explore the behaviour of the universe.
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Appendix A - Evaluating the free particle determi-
nants

Here we determine the normalisation constants used in chapter 2 using (-function
regularisation. With our gauge choice we make a change of variables ¢ = T't and
define
w(T)=b T o2
z' _/ Duwe o T (A.0.1)

w(0)=a

which can be interpreted as the matrix element <b e*Tﬁ’ a> with Hamiltonian H =
%2. In the Schodinger representation this becomes the position space representation

of the heat kernel: <b ‘e*TV;

a>. This is a well know expression but we find it
using functional methods in keeping with the spirit of that chapter.
Generalising to arbitrary dimension D, the integral over w gives a functional

determinant and a boundary term:

D
2

2 - a2
2 = 7% (det <%)> e~ (A.0.2)

The determinant of an operator, O, can be defined using the ¢-function [79] as

det (O) = exp <_d%*<o (z)) ; Cp(2) = i A? (A.0.3)

where the A, are the eigenvalues of O. The formal product of eigenvalues is then

regularised via the analytic continuation of the (-function. With Dirichlet boundary
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conditions the eigenvalues of the operator in Z are A\, = ("T”)2 SO

™

Ca (2) = <T)_22 C(22) (A.0.4)

which has derivative ¢’ (0) = 2In (£)¢ (0) 4+ 2¢' (0). So with this regularisation we

arrive at
d2
giving
Z' = (20T) % e CH (A.0.6)

If instead we consider mixed boundary conditions w (0) = 0, w (1) = 0 then the

eigenfunctions are
sin ( An t) (A.0.7)

(2n+1)m
2T

Ca (2) = (%) e <2z, %) (A.0.8)

where we’ve introduced the Hurwitz zeta function ((s,q). The derivative with

respect to z is then ¢’ (0) = 21In (£)¢(0,3)+2¢ (0,4). Now ¢ (0,1) = 0 so the first

- 2
where the eigenvalues are now given by A, = ( > . For the (-function we now

obtain

term vanishes along with the 7" dependence, leaving

2

det (%) =2 (A.0.9)

for the case of mixed boundary conditions. The change in boundary conditions also
alters the boundary contributions from the classical action and we find that Z’ is a
constant independent of T" and a.

For fermionic fields the kinetic term is first order in derivatives and we impose
anti-periodic boundary conditions in the case of closed paths which represent traces.

We may of course calculate

Zp = / Pp e Jo bvdr (det (i» (A.0.10)
W(T)=—1(0) dt

ol
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using standard techniques from quantum mechanics but for completeness we con-

tinue to apply functional methods. We need the eigenvalues \,, = w and form
the determinant via
I1 % (A.0.11)

n=—oo

The (-function for this operator is thus

(%) e (z %) | (A.0.12)

which has derivative ¢’ (0) = In (l)g (0, %) +{ (0, l) which evaluates to — In /2

21 2

SO

Nlls]

Zp=2 (A.0.13)

which we note does not depend on 7" — indeed the change of variables to 7 € [0, T]
does not change the form of the kinetic term.
The other result we need is the normalisation constant for the open path action

which includes the term fol dr 2w -1p. We use (2.3.44) to calculate

/ dxod (Xo — =) D e Jo dm a3 o / dxod (xo — =) T (ef dw”) .
(A.0.14)
Integrating over o picks out
TS Gl R (A.0.15)

22T
which is to be multiplied by Z calculated above. In the main text we impose = = 0

which vastly simplifies the remaining calculations.

Appendix B — Mixed Boundary Conditions and the
Green functions

Recall that out of the worldline formalism of the field theories appear Green function
factors (—=D2 4 m?2) ™" (b,a) which in our work are represented as curves running
between positions a* and 0*. We associate a string worldsheet to these curves

but impose Dirichlet boundary conditions at one end of the string — fixing it to
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follow the curve between a* and b* — and Neumann boundary conditions at the
other. In the main text it was shown that Dirichlet boundary conditions ensure
that the general damping to integrands caused by the coincident Green function is
not present near the boundary, since here exp (—ra/k*G (€,€)) ~ O (1). Neumann
boundary conditions do not impose this and so contributions arising from points
close to this end of the string will be exponentially damped. So we expect to receive
contributions to our integrals only from a strip close to the Dirichlet end of the
string. There is one distinguished point which may spoil this argument which is

where these two boundaries coincide.

In order to simplify the effect of these mixed boundary conditions it is favourable
to instead work on a worldsheet domain which consists of the upper-right quadrant
of the complex plane via the simple conformal mapping from the upper half plane
2z — /z. The positive real axis in this plane corresponds to the end of the string
with Dirichlet boundary conditions and the positive imaginary axis corresponds to
the end of the string on which Neumann boundary conditions are imposed. Again
we shall expand about ¢ = const and will specialise to ¢ = 0 to determine the
leading order behaviour. The only real change to the calculations we have presented
in previous sections is that the Green function on the worldsheet must be modified
to respect the mixed boundary conditions. The method of images in the upper-right

quadrant gives the Green function as
G(z,2)=lnlz—2 —In|lz— 2 +In|z+ 2 —In|z + 2| (A.0.16)

The coincident limit of this function requires regularisation as in the previous case
so we shall apply the heat-kernel representation. It is straightforward to verify that

in terms of z = x + iy the coincident limit can be written as

o0 2 2 2,2
G. (z,z):/ AT 1 —exp A + exp T — exp Tty
¢ 4rmT T T T

(7)o (@) ()

At a distance much greater than /e from both boundaries the coincident Green
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function is of order In % When approaching the positive imaginary axis it increases
to 21n % Close to the positive real axis (corresponding to the Dirichlet end of the
string) G (z,z) is of order %, except at the corner where the axes meet; here it
varies from 2%2 to % when moving along the positive real axis and from 2% to
21In y; when moving along the positive imaginary axis, both over a distance of order

Ve, So G.(z,z) is of order In % everywhere on the worldsheet, except in a small

strip close to the positive real axis where it is of order %

This demonstrates more concretely that indeed all integrands of relevance will be
heavily damped except for a small strip close to the Dirichlet boundary of the
string. We shall not repeat the entire calculation for an arbitrary number of vertex
operators inserted onto the worldsheet since it suffices to consider the behaviour of
a single insertion, in much the same way as the calculation that preceded the careful

treatment of Section 3.3.1. We shall therefore consider the expectation value

/sz eF e (Vi (2)) (A.0.18)

integrated over $(z) > 0, I(z) > 0, which contains two terms. A non-vanishing con-
tribution arises out of a single contraction between the pieces of the vertex operator

which leads an integral
27To/k:[“/ / dzdy €"0,G (2, 2) (9ng]e_m/kQG(z’Z)eik'(’”/_Xc). (A.0.19)
o Jo

The integrand is damped by the exponent involving the Green function, except close
to y = 0 so we integrate a distance A into the bulk and replace the slowly varying
terms involving the field X* and its derivatives with their values on the Dirichlet

boundary. We shall first consider the term

27ro/k”/ dr 8$Xgeik'(x/XC)/ dy 9,G (2, z) e ™'FC
0 0
ku & : / / oo
=1z dr 0, X" ek @ =Xe) [e_m kQG(z’Z)] , (A.0.20)
0 0

where the fields X* and derivatives are evaluated on the boundary y = 0. The only
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Figure 1: A single vertex operator corresponds to an interaction with a background field. The
only contribution comes from points on the Dirichlet boundary of the string — this boundary is the
worldline of the particle representing the Green function in the worldline approach.

contribution is from the lower bound of the integration,

ik-(z' —w)

o e (!
/ dr— Dp X Ntk (@' =Xe) :/ dwl k" & (A.0.21)
0 Bo

= K
which is the result we sought. It can be represented diagrammatically as the inter-
action of points on the worldline By with a background massless vector field (see Fig
1) and is independent of o/, € and the scale of the worldsheet metric. The second

term which arises out of (A.0.19) does not contribute. It is equal to

2770/1{“/ dy ayXé/eik'(x/_Xc)/ dx 0,G (z, z) e~k G(z2)
0 0
o o

k v k(2 — —ma' k2 f (2L —2ma/ k2 f(
=1 i dy 0, X e —Xe) (e (%) _ e (%) (A.0.22)
where once again the fields take on their values at the boundary y = 0. The two
terms in rounded brackets vary rapidly over the domain of integration but we have
met their like in the previous sections and it has already been demonstrated that

they vanish as the regulator is removed.

[t remains to show that the other form of expression arising out of (A.0.18) does not
contribute to the expectation value. Since the analysis follows the exact same form
as in the main text we shall focus here only on the distinguished corner x =y = 0.
To do so we consider the region of the domain 0 < x < a, 0 < y < a where a is

chosen to enforce 2% + 3% < 2a? << e. Within this region we have

2

Glen)~ (A.0.23)

€
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The term in question is €8, X#9,X"e ™'+ G(=:2) g0 that the rapidly varying part of

a\ﬁ a\ﬁ / 2@2
/ d.’E/ dy 6—27ra k=2
0 0
ze/ / dy e~V (A.0.24)
0 0

This integral is bounded by a?e which vanishes as e — 0 because 2 NG 0 with e. By

the integrand is

applying the exact same analysis as previous sections the remaining regions can be

shown to also offer a contribution which vanishes as the regulator is removed.

It is clear from this result how the calculation would proceed in the general case
involving multiple vertex operators. The Green function supplies a similar damping
for an arbitrary placement of the points on the worldsheet; it is only when all of
the points are within a strip of size /e of the Dirichlet boundary of the string
that a finite contribution can be expected as the regulator is removed, or when the
points are arranged in clusters in the bulk. In the latter case the boundary has
no effect so the results of the main text apply. In the former we would see a copy
of the above calculation for each point and the surviving terms are those involving
contractions only amongst the constituents of each vertex operator, rather than
between operators inserted at different points. A repeat of the previous calculations

leads to the result at order N

kj-(w—w’)

4NH/ dw - dwT (A.0.25)
J

corresponding to the interaction between pairs of points on the boundary mediated
by a massless vector boson; those pairs of points which interact arise from the
two vertex operators with equal and opposite momenta. This expression can be

represented diagrammatically as in Fig. 2.
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wr Wo w3 W4y Ws We
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Figure 2: With multiple vertex operators inserted on the worldsheet there is an interaction between
pairs of points on the Dirichlet boundary. These pairs share equal and opposite momentum and the
picture corresponds to exchange of massless vectors between points on the worldline representing
the Green function in the worldline theory.

Appendix C — Gauge-fixing Maxwell theory

In the text we have adopted a gauge-fixing procedure that imposes the gauge con-

dition using a delta-function. We have to compute the integral
200 = /@A of d2((Aud? A= (0-A)2) /(202 +J- A+ AD? A/g?) (A.0.26)

with J = =iy, [ dy;6(y; — ) and A on-shell: 9> A = 0 - A = 0. Gauge invariance
prevents the operator in the kinetic term from being inverted. Inserting a delta-
function that imposes the gauge condition 0 - A = 0 (we absorb the associated

Faddeev-Popov determinant into the normalisation as it is independent of A) gives

Z[J] = /@(A, A) efd4x((A,ﬁQAH—(8~A)2)/(2q2)+J~A+A~82A/q2+i)\8-A) (A.0.27)
Shifting the integration variable A by —% modifies the differential operator to one

that is invertible

Z[J] = /@(A )\) efd4x<Au82Au/(2112)+J-A+A-62A/q2+i)\3.A)
/ DA eé J da(J072J+2A-T/q*+AD2 A/ g +2iXN 0720 J+2iAD-A/q—\?)
eé fd4ac(J8*2J—8-J(8’2)28.J+2A.J/q2)

= eé i J dyy Aedyp—i 3, [ dy;-A (A.0.28)
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Appendix D — Contraction Algebra

In this appendix we calculate some of the important contractions used in the main
work. From (3.2.38) in the main text it is straightforward to calculate simple cor-
relation functions. For example, for the product of derivatives of fields we may put
k = 0 in the generating function (since the k-dependence arose there because of the

exponential factors)

O, DX, () = g 20k =0

= g ([ €t (€) 2o (6.)

+ X} (€) 2 Gk =)

(A.0.29)

Jj=0

= 4rd'0,01G (€. &) + 01.XG (€) 91 X7 (&) (A.0.30)

where the latter term is the contribution due to the presence of the boundary.
Furthermore, to justify the expectation value of the exponential factor we may set

j = 0 and consider

(explik - (X (€) = X (€)= Z(j = 0,k)
— exp—ma K20 (,€)) - expik - (X () — X (£)).
(A.0.31)

The above results provide a further justification for the forms of (3.3.69) - (3.3.71)

and highlight the role played by the boundary.

We also present in this appendix the calculation of contractions between fields. This
can be determined by use of Z (j, k) but for the operator product expansion used
it is easier to see it by making use of Wick’s theorem and the previous results.

Specifically we are interested in the product of two fields of the form
ArelkB (A.0.32)

considered inside a correlation function. We note, however, that these fields are
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not considered normal ordered by themselves. By expanding the exponential and

applying Wick’s theorem we arrive at

Aueik-B _ Z (Zk‘) A* B
n.

> _ k)P [n—=1) (2))!
— A B (k) (BB el
Z thy L (=hoko)” ( L ) (n—1)! oy | M

[e's) S \—2A
N A v Rp\A (Zk) . (2/\)' n . AR DRR—2)
0D (k) (BY B o S ” L ARBP

. : (=kuky)* A (k)" a1
— nnRv. . vV Rp . PN .
2 hAB (BB CECEE A

[eS) . -k>n—2)\
Rk oo TR jupgn-ax
2 o BB

=ik, A" B" exp (—%kykpBﬁp) e B4 exp (—%k:,,k:pBlijE,?p) : Attt B
(A.0.33)

In the above equations the combinatoric factors come from the number of ways
of choosing the fields to take place in contraction and from the ordering of these
contractions amongst themselves. The form of the last line shows that we may
consider the product by working out contractions of term with itself and the cross
terms with others in the product. This result is used extensively in section 3.3 to
determine the product of fields arising in the perturbative expansion; in the main
work the field B is represented by the field X and the prefactor A by a derivative

0X. We may, for example, immediately extract the product

O XFe* N = Ardik*0,G exp (—md'k*Y) 1 X texp (—md' k) 1 9 XHeY
(A.0.34)
One may use the general iterative nature of Wick’s theorem along with the results
above to calculate more complicated products, as has been done in the main text.

We note here that the lack of normal ordering of each term in the product means that
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contractions between fields at coincident points are generated. Typically this leads
to Green functions at coincident points which diverge. This behaviour, coupled with
the boundary terms remaining in the normal ordered fields leftover after contractions

conspires to provide the results discussed in the paper.
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