Twistor Inspired Methods in Perturbative Field
Theory and Fuzzy Funnels

Simon McNamara

Thesis submitted for the degree of
Doctor of Philosophy (PhD)

of the University of London

Thesis Supervisor

Prof. Bill Spence

Department of Physics,
Queen Mary, University of London,
Mile End Road,

London, E1 4NS

e
Ya¥

August 2006



Abstract

The first part of this thesis contains two new techniques for the calculation of scattering
amplitudes in quantum field theories. These methods were inspired by the recent proposal
of a correspondence between the weakly coupled regime of the maximally supersymmetric

four dimensional gauge theory and a string theory in twistor space.

We show how generalised unitarity cuts in D =4 — 2¢ dimensions can be used to calcu-
late efficiently complete one-loop scattering amplitudes in non-supersymmetric Yang-Mills
theory. This approach naturally generates the rational terms in the amplitudes, as well as
the cut-constructible parts. We then show that the ideas of the Britto, Cachazo, Feng and
Witten tree-level on-shell recursion relation can also be applied to the calculation of finite

one-loop amplitudes in pure Einstein gravity.

The second part of this thesis is a study of the nonabelian phenomena associated with
D-branes. Specifically we study the nonabelian bionic brane intersection in which a stack
of many coincident D1-branes expand via a non-commutative spherical configuration into

a collection of higher dimensional D-branes orthogonal to the original stack of D1-branes.

We suggest a construction of monopoles in dimension 2k+1 from fuzzy funnels. We then
perform two charge calculations related to this construction. This leads to a new formula
for the symmetrised trace quantity. This new formula for the symmetrised trace is then

used to study the collapse of a spherical bound state of D0-branes.
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Introduction

The first three chapters of this thesis are concerned with twistor inspired methods in pertur-
bative quantum field theory. Chapter 1 contains an introduction to this subject. Chapter
2 shows that generalised unitarity in D-dimensions can be used to compute amplitudes in
one-loop QCD. Chapter 3 shows that finite one-loop gravity amplitudes can be computed
using on-shell recursion. The remaining two chapters are about fuzzy funnels. Chapter 4
contains a study of the duality between monopoles and fuzzy funnels. In Chapter 5 we

consider finite n effects on the collapse of fuzzy spheres.

Chapter 1 provides an introduction to the remarkable recent progress in understanding
perturbative quantum field theory which was initiated by Witten’s proposal of a duality
between weakly coupled N'=4 Super Yang-Mills and a string theory in twistor space CP3.
This duality explains the remarkable simplicity of certain amplitudes which is hidden by
standard Feynman diagram calculations. The unexpected beauty of scattering amplitudes is
exposed by writing colour stripped amplitudes in the spinor helicity formalism. The notion
of a twistor and the twistor transform of the maximally helicity violating amplitude (MHV)
are then reviewed. We then summarise the twistor space localisation of general amplitudes
and describe the string theoretic proposal. The twistor string theory has inspired many
new and efficient field theory techniques for the calculation of amplitudes. We review the
remarkable new insight that tree and loop level amplitudes can be built by joining multiple
MHYV amplitudes together. Finally we review the twistor inspired field theory techniques

of generalised unitarity and on-shell recursion.

In chapter 2 we show how generalised unitarity cuts in D =4 — 2¢ dimensions can be
used to calculate efficiently complete one-loop scattering amplitudes in non-supersymmetric
Yang-Mills theory. This approach naturally generates the rational terms in the amplitudes,
as well as the cut-constructible parts. We test the validity of our method by re-deriving
the one-loop ++++, —+++4+, ——++, —+—+ and +++++ gluon scattering amplitudes
using generalised quadruple cuts and triple cuts in D dimensions. We observe that triple
cuts are sufficient to compute complete amplitudes. Thus we can avoid the calculation of
two-particle cuts which are the most technically challenging to evaluate. In principle this
new method can be applied to more complicated and currently unknown amplitudes which

are important for the experimental programmes at hadron colliders.

12



In chapter 3 we show that the ideas of the Britto, Cachazo, Feng and Witten tree-
level on-shell recursion relation can also be applied to the calculation of finite one-loop
amplitudes in pure Einstein gravity. We show how to compute the five and six point all-
plus one-loop gravity amplitudes without having to consider boundary terms. We then
consider the recursive construction of the known one-loop —+++ gravity amplitude and
observe that the factorisation properties in complex momenta of this gravity amplitude are
similar to those of the one-loop —+++ amplitude in Yang-Mills. The new issue that arises
for the amplitude with a single negative helicity is the appearance of the one-loop three-
point all-plus nonstandard factorisation which gives single and double pole contributions
to the amplitude. We then attempt to calculate the unknown one-loop —++++ gravity
amplitude using on-shell recursion. Unfortunately we do not understand the single pole
under the double pole contributions of the three-point one-loop all-plus factorisation in this
amplitude so are unable to calculate the full answer. We review an unsuccessful proposal
for this missing term, and an unsuccessful attempt to avoid the nonstandard factorisations

using auxiliary recursion relations.

In chapter 4 we consider the nonabelian bionic brane intersection in which a stack of
many coincident D1-branes expand via a non-commutative spherical configuration into a
collection of higher dimensional D-branes orthogonal to the original stack of D1-branes. We
suggest a construction of monopoles in dimension 2k + 1 from fuzzy funnels. For k = 1 this
construction coincides with Nahm’s construction of monopoles, which is an adaptation of
the Atiyah, Drinfeld, Hitchin and Manin construction of instantons. For k = 1,2, 3 this gives
a finite n realisation of the duality between D1-brane and D(2k + 1)-brane world-volume
pictures of the non-commutative bionic brane intersection. We then perform two charge
calculations related to this construction. First we calculate the charge of the monopole
and get an answer in precise agreement with the size of the matrices in the fuzzy funnel.
Secondly we calculate the charge of the fuzzy funnel. To get this charge to agree with the
size of the matrices in the monopole beyond leading orders in 1/n, we propose a speculative
use of the symmetrised trace. A matching of the terms of the symmetrised trace with the
number of branes expected from the charge calculation then leads to a new and surprisingly

simple formula for the symmetrised trace quantity.

In chapter 5 we consider finite n effects on the time evolution of fuzzy 2-spheres moving
in flat space-time. We use the new formula for the symmetrised trace found in chapter 4 to

show that exotic bounces of the kind seen in the 1/n expansion do not exist at finite n.

13



CHAPTER 1

PERTURBATIVE FIELD THEORY AND
TWISTORS

1.1 Introduction

There are many interesting things yet to be understood about four-dimensional quantum
gauge theories like QCD. It has long been thought that phenomena such as quark con-
finement were related to strings. In 1974 't Hooft [3] presented a purely diagrammatic
argument suggesting that a gauge theory should have a dual description as a string theory.
This proposal did not identify which string theory is equivalent to four-dimensional gauge
theory and little progress was made until in 1997 Maldacena [4] proposed that the maxi-
mally supersymmetric gauge theory A'=4 Super Yang-Mills was equivalent in the 't Hooft
sense to Type IIB superstring theory on the target space AdSs x S°.

The 't Hooft expansion relates the strongly-coupled regime of a gauge theory to a weakly-
coupled string theory. The Maldacena correspondence therefore provides a perturbative
window into non-perturbative physics. Other dualities including mirror symmetry and
Montonen-Olive duality have demonstrated that the character of quantum field theories is
radically different in different parameter regimes. It would therefore be fascinating both
theoretically and phenomenologically to find a duality complementary to Maldacena’s, giv-
ing a weakly-coupled string theoretic description of the weakly-coupled gauge theory. A key
step in this direction was made in 2003 by Witten [5]. He suggested a remarkable duality
between weakly-coupled N'=4 super Yang Mills and a weakly-coupled B-model topological
string theory on the super Calabi-Yau manifold CP?. Intriguingly, the target space Ccpal4
has six bosonic real dimensions which are related to the usual four dimensional space-time

of the quantum field theory by the twistor construction of Penrose [6].

In principle the perturbative analysis of a gauge theory in terms of Feynman diagrams
is under control, but in practice the number of such diagrams grows very rapidly with the
number of external legs and the number of loops. Strikingly, after simplifying the huge
number of Feynman diagrams, the final answer is often simple and elegant. This strongly
hints at the existence of an underlying dual string theoretic description and was the challenge
set by Parke and Taylor in 1986 [7] when they discovered the expression for the tree-level
maximally helicity violating (MHV) amplitude. An MHV amplitude is one where all but

14



CHAPTER 1. PERTURBATIVE FIELD THEORY AND TWISTORS

two of the external gluons have the same helicity. When the MHV amplitude is written in
the spinor helicity formalism, it is given by a simple holomorphic function of just one of
the two spinors needed to describe the massless particles. Witten observed that all tree-
level gauge theory amplitudes, after a Fourier transform to twistor space, are supported on
holomorphically embedded algebraic curves. For the case of MHV amplitudes these curves
are simply straight lines. This beautiful geometrical localisation is totally hidden by the
Feynman diagram expansion and led to the string theoretic proposal that gauge theory

amplitudes could be obtained by integrating over the moduli space of D1-brane instantons.

Witten’s insight has motivated a revolution in our understanding of perturbative gauge
theory. Some of the most fruitful advances inspired by twistor string theory have been
powerful new diagrammatic rules for field theory calculations. In March 2004, Cachazo,
Svréek and Witten (CSW) [8] proposed elevating the MHV amplitude to an effective vertex
in a new perturbative expansion of the tree-level Yang-Mills theory. They observed that
amplitudes with more than two negative helicity gluons could be computed by joining
these effective vertices together with scalar propagators. In twistor string theory there
are several different prescriptions for integrating over curves. When calculating tree level
gauge theory amplitudes, one can either use a single instanton of degree d, or alternatively
d completely disconnected curves each of degree one connected by twistor propagators.
The disconnected prescription gives the remarkably efficient MHV diagram construction.
For example, the amplitude with three negative helicity and three positive helicity gluons
involves 220 Feynman diagrams [9, 10], but can be reconstructed from just 6 diagrams in

CSW'’s diagrammatic approach.

Despite its many successful achievements, twistor string theory leaves us with many
interesting open questions. It is clear that the twistor string theory proposed by Witten
fails at loop level because amplitudes receive contributions from closed string, conformal
supergravity states [11]. Surprisingly, a formalism which glues tree-level MHV vertices
together to form loops has been proposed by Brandhuber, Spence and Travaglini (BST) [12]
and used to correctly reproduce the one-loop MHV amplitude in supersymmetric Yang-
Mills. The twistor space localisation of gauge theory amplitudes therefore persists beyond
tree level to the quantum theory. Their method unified the MHV vertex construction
with the celebrated unitarity-based, cut-constructibility approach of Bern, Dixon, Dunbar
and Kosower (BDDK) [13,14]. This strongly suggests that there may be a version of
twistor string theory dual to pure N = 4 super Yang-Mills at loop level. Another open
problem associated with the duality at loop level is how the infrared singularities of the
gauge theory amplitudes arise in the string theory. In the one-loop amplitude the infra-
red divergent terms are those where one of the MHV vertices is a four-particle vertex. In
twistor space this corresponds to a localisation on a disjoint union of lines. So it is possible
that the transformation to twistor space also disentangles the infra-red divergences of the

amplitudes.

15



CHAPTER 1. PERTURBATIVE FIELD THEORY AND TWISTORS

The rest of this chapter provides an introduction to the recent progress in understanding
perturbative field theory. In the next section we define amplitudes via the Feynman rules.
In sections 1.2.2 and 1.2.3 we introduce colour stripping and the spinor helicity formalism,
which are two notational techniques that expose the hidden beauty of scattering amplitudes.
The notion of a twistor and the twistor transform of the MHV amplitude are reviewed in
section 1.3. We then summarise the twistor space localisation of amplitudes with more
than two negative helicity gluons and briefly describe the string theoretic proposal that
provides a natural framework for the twistor space properties of amplitudes. In section
1.4 we review the twistor string inspired MHV rules, which calculate tree-level amplitudes
with more than two negative helicity gluons by sewing MHV amplitudes together and also
correctly compute the one-loop MHV amplitude in supersymmetric theories by joining a

pair of tree-level MHV amplitudes together to form a loop.

In addition to the MHV rules, the twistor string has inspired many new and efficient
methods for the calculation of scattering amplitudes. One of these new techniques is the
notion of generalised four-dimensional unitarity [15]. We review the background to this
powerful tool in section 1.6. In Chapter 2 we present the new technique of D =4 — 2¢
generalised unitarity. We show how generalised unitarity cuts in D =4—2e dimensions can be
used to calculate efficiently complete one-loop scattering amplitudes in non-supersymmetric
Yang-Mills theory. This approach naturally generates the rational terms in the amplitudes,

as well as the cut-constructible parts. Chapter 2 is based on the work [1].

The recursion relation of Britto, Cachazo, Feng and Witten (BCFW) [16,17] is another
elegant and systematic method for the computation of tree-level Yang-Mills amplitudes.
In section 1.7 we review the proof of this recursion relation and some of its applications.
In chapter 3 we show that the ideas of BCFW recursion extend with many complications
to the finite amplitudes of one-loop pure Einstein gravity. This generalisation has a close
connection with the use of recursion relations in the calculation of the rational parts of one-
loop QCD amplitudes by Bern, Dixon and Kosower (BDK) [18]. This idea is remarkable
because it enables one to calculate very efficiently at one-loop without really performing

any loop integrals.

The calculation and understanding of scattering amplitudes is interesting because as well
as uncovering the hidden beauty of field theory and linking gauge theory to string theory, it
has also allowed us to calculate more efficiently in realistic theories of nature. Asymptotic
freedom [19,20] allows us to calculate scattering amplitudes as a perturbative expansion
in the strong coupling constant as(u), evaluated at a large momentum scale p where the
theory is weakly coupled. However, at hadron colliders the leading order tree-amplitudes
do not suffice to get a reasonable uncertainty and corrections from next to leading order
are important. A precise knowledge of QCD backgrounds for events involving several jets
is needed for maximising the potential for the discovery of physics beyond the Standard
Model at colliders like the Large Hadron Collider.

16



CHAPTER 1. PERTURBATIVE FIELD THEORY AND TWISTORS

1.2 Amplitudes in perturbative field theory

1.2.1 Feynman rules

The Lagrangian for a non-abelian gauge theory is
(7 1 a a a, a
L= ("0 —m) — (DAL - ,AL) + g ALty
aoc a vec 1 ea a ecC a 14
(D AL APV — PO A AD) (AR 4V (1)

Observable quantities are then calculated using perturbation theory. The textbook tech-
nique for performing this procedure is to draw and then compute Feynman diagrams. The

Feynman diagrams for a non-abelian gauge theory in Feynman gauge are given by:

Fermion vertex:

= gyt

gf**lg" (k - p)”
+9"°(p — @)
+9°(p — k)]

Three-point gluon vertex:

K

Four-point gluon vertex:
p g _7;92 [fabefcde (g,upguo _ g,u,ogup>

\\ — +facefbde (g,ul/gpa _ g;w'gl/p)
o . _|_fadefbce(guugpa _ gupgya)]
b,u
Ghost vertex:
b = —gfrpt
Ao
a . ¢
Fermion propagator Gluon propagator
_ Z(’Y“pu + m)éab /\/\(\/\/ _ —iguyéab
p p? —m? + ie p p? + i€

The first part of this thesis is about the calculation of amplitudes, however we will not use

the Lagrangian or the Feynman rules very much at all. One of the themes of the thesis
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is that the Feynman rules hide the simplicity of scattering amplitudes. In the next two
sections we introduce colour stripping and the spinor helicity formalism. These are the

formalisms which originally exposed the surprising simplicity of scattering amplitudes.

1.2.2  Colour stripped amplitudes

In pure Yang-Mills an n-point amplitude is a function of the ith gluon’s momentum vector
pi, polarisation vector ¢; and colour index a;. At tree level, the interactions are planar, so
a gluon amplitude can be written as a sum of single trace terms. This observation leads to

the colour decomposition of the gluon tree amplitude [9,10,21].

Are(pi e a) = g™ 2 Y Te(T%0 . T%)An(o(pr, 1), ..., 0(pn€n))  (1.2)
UESn/Zn

where g is the gauge coupling and the A,,(p;, €;) are called colour-ordered partial amplitudes.
These partial amplitudes do not carry any colour structure, but contain all the kinematic
information of the amplitude. S, is the group of permutations of n objects and Z, is the

subgroup of cyclic permutations, which preserve the cyclic orderings in the trace.

It is simpler to study these partial amplitudes than the full amplitude because they only
receive contributions from diagrams with cyclically ordered gluons. This is called colour
ordering. In colour ordered amplitudes, the poles and cuts can only occur in momentum
channels made out of sums of cyclically adjacent gluons. Hence the analytic structure of

partial amplitudes is simpler than that of the full amplitude.

At one-loop both single trace and double trace structures are generated. The colour

decomposition of the n-gluon one-loop amplitude is given by [22]:

A%ne—loop(pi’ €5y ai) = gn |: Z N, Tr(Taa(l) s Taa(n))An;l(U(ph 51)7 sy U(pna €n))
0ESH/Zn
[n/2|+1
+ YD) Tx(Twm L T ) (T T )
=2  0€Sn/Sn;c

X Ap.c(o(p1,€1), .., 0(Pns€n)) (1.3)

where Ap..(pi,€;) are the partial amplitudes. Z, and S, are the subgroups of S,, which
preserve the single and double trace structures. The A,.; are called primitive amplitudes.
Just like the tree-level partial amplitudes the A,.; are colour ordered. The A, for ¢ > 1
can be written as sums of permutations of the primitive A, amplitudes!. For the rest
of this thesis, when studying Yang-Mills amplitudes, we will ignore colour structure and

consider colour ordered amplitudes.

!See section 7 and appendix IIT of [13] for more details.
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1.2.3 The spinor helicity formalism

In this section we review the spinor helicity formalism [23] for the description of quantities
involving massless particles. This formalism is responsible for the existence of compact
expressions for tree and loop amplitudes. It introduces a new set of kinematic objects,

spinor products, which neatly capture the collinear behaviour of these amplitudes.

The complexified Lorentz group is locally isomorphic to
S0O(3,1,C) = Si(2,C) x Si(2,C) (1.4)

so finite dimensional representations of the Lorentz group are classified by (p, ¢) where p and
q are integer or half-integer valued. We write Ay, a = 1,2 for a spinor transforming in the
(%, 0) representation and Xd, a = 1,2 for a spinor transforming in the (0, %) representation.
The spinor indices of type (%, 0) are raised and lowered using the antisymmetric tensors

€ap and €® which satisfy ejo = 1 and €%y = 6%. The hy spinors transforming in the

1
)
and its inverse €.

representation (0, 5) are analogously raised and lowered using the antisymmetric tensor €;

AN =e®Ny Ay = e\’ and Py edi’xb , o = edbxi’ (1.5)

1
29
) representation

There is a scalar product for two spinors A and ) in the (

1
2

0) representation and an

analogous scalar product for two spinors X and X in the (0,
AN) = e ANP and  [AN] = e,5 AN (1.6)

These scalar products are antisymmetric in their two variables. Vanishing of the scalar
product (AX') = 0 implies A oc X' and similarly [AX'] = 0 implies A o< X'. All the As and As

in this formalism are commuting spinors. Note that they are not Grassmann variables.

The vector representation of SO(3,1,C) is the (1,1) representation. So a momentum
vector p#, = 0,...,3 can be represented as a bi-spinor p,q with two spinor indices a and
a transforming in the different spinor representations. More explicitly any four-vector p*

can be written as a 2x 2 matrix,

Paa = PMUZ(I (17)

where o = (1,5) and & are the usual 2x2 Pauli matrices. In this new notation we have
P"'pu = det(paa) (1.8)

If we now impose that the four-vector p* is massless, p?> = 0, then the determinant of the
associated 2 x2 matrix is zero and the rank of this matrix is less than or equal to one. So

a four-momentum p* being massless is equivalent to the fact that it can be written as the
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product of two (commuting) spinors

Paa = Aada (1.9)
For a given massless vector p* the spinors A\, and Xd are unique up to a scaling.
(MA) = (EAETA) for teC, t#£0 (1.10)
For real momenta in Minkowski space
A=+ (1.11)

where the + depends on whether the four-vector is future or past pointing. Thus the spinors
A are usually called ‘holomorphic’ and the spinors A ‘anti-holomorphic’. If we use complex

momenta then the spinors A and \ are independent.

It is customary, when writing amplitudes, to shorten the spinor helicity notation for
different particles i and j to (A\;A;) = (ij) and By XJ] = [ij]. It is common to shorten the
spinor helicity formalism further using (i7)[jk] = (i|7|k].

We now introduce some useful identities for manipulating quantities written in the spinor

helicity formalism. First we have the Schouten identity

(ig)(kl) = (ik)(Gl) — (il)(Gk) (1.12)

Amplitudes are often written in terms of traces of Dirac v matrices.

)] = (1 +)kiky) = 2hik; (1.13)
(i) am)mi] = (G (0 + 20 ikn) (1.14)
(i) ) lmn] ()] = (5 0+ 5 Kooy (1.15)
The Fierz rearrangement is:
(i) kalt) = 2068 5] (1.16)

Given a spinor helicity decomposition of the momentum p,, = /\aia, we have enough
information to determine the polarisation vector, up to a gauge transformation, of a gluon

of specific helicity. For a positive helicity gluon we have the polarisation vector:

ef, = [ore (1.17)

where p is a negative chirality spinor that is not a multiple of A. For a negative helicity
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gluon we have the polarisation vector:

e, = ~afa (1.18)

where p is any positive chirality spinor that is not a multiple of A. With these definitions
the polarisation vectors have no unphysical longitudinal modes as they obey the constraint
puet =0. The gauge invariance e — € + wp# of the polarisation vector is manifest in this
description since €' is independent of p up to a gauge transformation. To see this notice
that the p lives in a two dimensional space spanned by A and p, so a change in p is of the
form dp = ap + BA. The polarisation vector €' is invariant under the o term and the 8

term corresponds to a gauge transformation of the polarisation vector:

/\a}v\d
(pA)

Finally, calculating the linearised field strength F),, = 0,4, — 0, A, for a particle of helicity

sel. =8 (1.19)

+1 with Ay, = e:dexp(iwcéACXé) gives the answer:

F

aab

p = eabxdxbexp(imcé)\cxé) (1.20)

In bi-spinor notation the field strength is F .,; = Eabfdj) + €, fap where fgp and fai) are re-
spectively the self-dual and anti-self-dual parts of F. So the polarisation vector e correctly

gives an anti-self-dual field strength.

When an amplitude is written in the spinor helicity formalism it often takes a very
simple form. The most famous example of this is the MHV amplitude. The tree-level Yang-
Mills scattering amplitude with all outgoing gluons having positive helicity vanishes. The
amplitudes with one negative helicity gluon and all the rest positive helicity also vanishes. In
any supersymmetric Yang-Mills theory the vanishing of these amplitudes can be seen from a
supersymmetric Ward identity [24,25]. The tree-level gluon amplitudes of a supersymmetric
theory and a non-supersymmetric theory are, of course, the same, so these amplitudes also
vanish in pure Yang-Mills. The first nonzero amplitude is called the maximally helicity
violating (MHV) amplitude and has two negative helicity gluons with all the rest having
positive helicity. Once the momentum conserving delta function has been stripped off the

MHYV amplitude it is a very simple function of only the holomorphic spinors A;.

AT 2T ... n—1Tn") = 0 (1.21)
AT 2t i, on—1TnT) = 0 (1.22)
AT 2 i, n—1t ) = (i) (1.23)

(12)(23) ... (n —1n)(nl)
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1.3 Twistors

1.3.1 The twistor transform

We define a twistor in the same way as Witten [5]. The spinor variables (A\,\) are related

to the twistor variables (A,u) by the following half Fourier transform:

~ 0
Ao — 1=
Z@u“
0
— = g 1.24
5 1 (1.24)

The choice to Fourier transform A rather than \ is an arbitrary one. Writing things in twistor
variables breaks the symmetry between positive and negative helicities. Later we will see
that the holomorphicity of the MHV amplitude has a natural geometrical interpretation in
twistor space. However with this choice of Fourier transform, the antiholomorphicity of the
amplitude with two positive helicity gluons and all the rest negative helicity will be hidden.
These anti-MHV amplitudes are usually called ‘googly’?.

This asymmetry will also be manifest in twistor inspired constructions such as the
CSW rules which we will review in section 1.4.1. In this method the construction of MHV
amplitudes is trivial, but the googly amplitudes are each constructed differently depending
on the number of negative helicity gluons they contain. For example the five-point googly
amplitude — — — 4+ + has one more negative helicity gluon than an MHV amplitude and is
constructed by joining two MHV amplitudes together. The six-point googly amplitude is
next-to, next-to MHV and constructed by sewing three MHV amplitudes together.

We now consider the effect of the transformation (1.24) on the representation of the
Lorentz and conformal symmetry generators. In spinor variables the Lorentz generators are

first order differential operators:

i 0 0 ~ i (~ 0 ~ 0
Jab 9 ( 0)\b +>\ba)\a> Jab B <)\ 8)\17 + b@)\é) ( 5)

In twistor variables these generators remain first order:

l 0 0 =~ { 0 0
Jab = 5 <)\aa)\b + Ab@x\“) o Ja = B (Mda,ui’ + Mi,w) (1.26)

In spinor variables the momentum and special conformal transformation generators are

respectively a multiplication operator and a second order differential operator. In twistor

2The term googly is borrowed from cricket where it refers to the ball bowled out of the back of the hand
by a leg spin bowler which spins the opposite way to the stock delivery.
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variables, however, these generators take a more standard form both becoming first order:

~ 82
P =XAa , Koo = — (1.27)
OO
0 0
Py =il v Koo = ipog— 1.2
i o i\ (1.28)

Finally, the dilatation operator is an inhomogeneous operator in the spinor variables:

i a9 ~ 0

In twistor variables the operator is homogeneous:

i 0 0

This simple representation of the four dimensional conformal group in twistor variables is
easy to understand. The conformal group of Minkowski space is SO(4, 2) which is the same
as SU(2,2). The complexification of this group to SI(4,C), has an obvious four dimensional

representation acting on the twistor Z = (A!, A2, ,ui, ,uQ). Twistor space is thus C*.

Tree amplitudes of gluons and more generally the quantum observables of N'=4 super
Yang-Mills are conformally invariant quantities. So it is natural to hope that they will have

a simple description in twistor variables.

1.3.2 The MHV amplitude in twistor space

Following Witten [5], we now consider the properties of amplitudes after they have been

half Fourier transformed to twistor space.

1 LN N, N
@npn /Hd2)\iexp <22Mm)\i) AN, A) (1.31)
i=1 i=1

The simplest case is the MHV amplitude (1.23). The MHV amplitude only contains an-

gle brackets and thus only has dependence on the space of XZ spinors through the usual

A, A) — AN, ) =

momentum-conserving d-function which multiplies the amplitude. Now recall the following

identity for the Dirac delta function

5(z) = - / " dk e (1.32)

"o o

We can use this to write the usual momentum conserving delta function as:

n 1 ' n .
4 _ 4_.aa T byb
o (;Zl pi> L /d x*exp | izy; g AN (1.33)

j=1
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where the integral is over the ordinary four dimensional space time. Thus the twistor
transform A(\;, p;) of the MHV amplitude is:

1 T ey ~ 74 4 ai N | MY
— (27T)2"+4/Hd Aiexp (ZZ:“M)‘@) /d exp mbe)\j)\j Ay ()
i=1 i—1 j=1
1 . n _ . n - ‘ n .
= Gop / d4zae AMHV () / [T Xexp [0 piad + iz AN
i=1 i—1 =1

1 n
AnMHV()‘l) (271')4 /d4.CL' H 52(,“"[& + $ad>\;‘l) (134)
i=1

So we are led to consider the following equation:
ta + Tag A\ =0 (1.35)

This equation is familiar from the twistor literature, where it plays a central role and is
known as the incidence relation. Traditionally the equation (1.35) is the definition of a
twistor. For a given x the equation (1.35) is regarded as an equation for A\ and p which
defines a degree one, genus zero curve. Complexified Minkowski space is the moduli space
of such curves. The transformed amplitude (1.34) will vanish unless (1.35) is satisfied for all
the gluons. So all n points (A\;,u;) in an MHV amplitude must lie on a degree one, genus zero
curve determined by z,4. See Figure 1.1. Alternatively, if A and p are given, then equation
(1.35) is an equation for xz. The set of solutions is a two complex dimensional subspace
of complexified Minkowski space that is null and self-dual. In the twistor literature this
subspace is called an a-plane. Twistor space is the moduli space of these a-planes. An
a-plane being null means that any tangent vector to the a-plane is null. An a-plane being

self-dual means that the tangent bi-vector is self-dual.

Figure 1.1: The result that MHV amplitudes are supported on degree one, genus zero curves
in twistor space is_equivalent to the fact that the MHV amplitude is a function of only the
As and not of the As.

At this point we should be more precise about what we mean by twistor space. The

space called twistor space in the last paragraph is in fact projective twistor space CP? and
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not the full twistor space C*. The wave function of a massless particle with helicity h scales
under (A, A) — (¢A,t71X) as t2". For example (1.20) describes a particle of helicity +1
and scales like t72. So a scattering amplitude will obey the following differential equation

for every particle 4 of helicity h;:

o ~, 0 ~ ~
AN NG ) AN, N i) = —2Ri AN, N, B 1.
( o 1&?) ( ) ( ) (1.36)

Rewriting this equation in twistor variables it becomes:

20 i O A s hi) = —(2he + 2)A(h g, B (1.37)
oxr T O

The operator on the left hand side of (1.37) is ZI% where Z! = (Al A?,,uli,,u?) is the

(2hi+2)  Since amplitudes are

twistor. So under Z,;I — tZiI amplitudes transform like ¢~
homogeneous functions of degree —(2h; + 2) in the twistor variable Z! we can identify

points of twistor space C* projectively and consider projective twistor space CP3.

Witten [5] proposed that the localisation of the tree-level MHV amplitudes extends
naturally to general amplitudes with ¢ negative helicity gluons and [ loops by suggesting
that in twistor space they are supported on holomorphic curves of the degree d and genus

g. Where d and g are given in terms of ¢ and [ by:

d = qg—1+1
g < 1 (1.38)

The tree-level MHV amplitude is the case ¢ = 2 and [ = 0 corresponding to d = 1 and
g=0.

(a) (b)

Figure 1.2: The twistor space localisation of tree amplitudes. Diagram (a) shows the local-
isation of an amplitude with three negative helicity gluons and diagram (b) an amplitude
with four negative helicity gluons.

In general it is difficult to explicitly half Fourier transform amplitudes as was done for

the MHV amplitude in (1.34). However the collinear and coplanar conditions on a set of
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points in twistor space correspond via the twistor transform (1.24) to differential equations
in the usual spinor variables [5]. For example the condition on three points Z/, ZJI ,Z1 in
CP? to be collinear is that:

OIFijkLZEIJKLZiKZJKZ]f 5 Lzl,...,4 (139)

After twistor transforming this becomes a differential operator. For L = 4 we have:

.0 L0 0
Fiji = (i) — + (ki) — + <Jk>§

z (1.40)
ONL oAl

Given a known amplitude differential operators can be applied to find the support of the

amplitude in twistor space. This confirmed the picture in Figure (1.2).

1.3.3 Twistor string theory

In [5] Witten proposed that the weakly coupled N'=4 gauge theory was dual to a string
theory with the super twistor space CP?* as the target manifold. The target spaces CcPp3i4
and AdSs x S® both have the symmetry group PSU(2,2/4) of N'=4 super Yang-Mills. The

space cpilN

is also a Calabi-Yau super manifold if and only if N =4. This enables one to
define a topological B-model with target CP?*. The topological string is quite different to
the usual super string theory of Maldacena’s duality [4] between strongly coupled N =4
super Yang-Mills and type IIB super strings on AdS5 xS°. The B-model has fewer dynamical
degrees of freedom than the full super string theories, having only massless states rather

than a full tower of massive ones.

With space filling branes, the open strings on CcPp34 reproduce the spectrum of N’ =4
super Yang-Mills. However, the topological B-model does not give the full set of interactions
of the gauge theory. While the + + — vertex is present, the — — 4 vertex is absent and
one has to add Dl-instantons to get this interaction. The closed strings of the B-model
describe the variations of the complex structure in the target manifold. These closed strings
give conformal supergravity [11], which is a non-unitary theory. It also appears that this
gravitational theory cannot be decoupled from the gauge theory and thus the twistor string
does not describe N' = 4 gauge theory at loop level. Recently twistor strings involving
Einstein gravity, rather than conformal supergravity, have been constructed [26]. It may

also be possible to decouple the closed strings in these new models.

Despite these unsatisfactory elements of the duality, Rioban, Spradlin and Volovich have
extracted tree amplitudes with many negative helicities from the B-model by integrating
over connected curves [27-29]. It was shown that integrating over connected curves is
equivalent to integrating over disconnected curves in [30]. The analysis of these disconnected

curves led to the efficient CSW rules which are reviewed in the next section.
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1.4 Field theoretic MHYV rules

1.4.1 The tree level CSW rules.

The geometrical structure in twistor space of the amplitudes, drawn in Figure (1.2), was also
the root of a further important development. In [8], Cachazo, Svréek and Witten (CSW)
proposed a novel perturbative expansion for on-shell amplitudes in Yang-Mills, where the
MHYV amplitudes are lifted to vertices, joined by simple scalar propagators i/P? in order to
form amplitudes with an increasing number of negative helicities. It is natural to think of
an MHV amplitude as a local interaction, since the line in twistor space on which an MHV
amplitude localises corresponds to a point in Minkowski space via the incidence relation.
All possible diagrams made of MHV amplitudes with a cyclic ordering of external legs have
to be summed. Applications at tree level confirmed the validity of the method and led to

the derivation of various new amplitudes in gauge theory [8,31-37].

To generalise the MHV amplitude to a vertex we need to explain what is meant by

Mg when pgs is not massless, as is the case for all the internal legs that join the MHV

amplitudes together. The CSW ‘off-shell’ prescription defining the A, for internal lines
carrying momentum pgg is to use:

X = Paatl (1.41)

where 7% is an arbitrary negative chirality spinor. The same 7 is used for all ‘off-shell’ lines

in all diagrams contributing to a given amplitude.

As an example of the CSW construction we now consider the five point — — — + +
amplitude. This amplitude is googly, so the amplitude is given by (1.23), but using hy

spinors in place of the A spinors:

A(17,27,37,47,5%) = i& (1.42)
o [12][23][34][51] '
In the twistor picture the — — — 4+ 4 amplitude is viewed as a next-to-MHV amplitude. In

CSW’s construction, next-to-MHV amplitudes are made by joining two MHV amplitudes
together. The diagrams in the CSW construction of this five-point next-to-MHV amplitude
are given in Figure 1.3. The diagram in Figure 1.3a gives the following product of two tree

amplitudes and a scalar propagator:

. <12>3 i . <k3>3
<Z <2k><k5><51>> (34)[43] <Z<34><4k>> (1.43)

We now use the CSW ‘off-shell” prescription (1.41) to define the brackets involving k.

(2k) — 2[k[n] = (2[3 + 4|n] (1.44)
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2 ] 1 ]
3 2
_ + - -
e B
+
4 3°
5% 47t
(a) (b)
+
5" ) 4 N
1 5
- ) 1_
3 2 2
(c) (d)

Figure 1.3: The MHV diagrams associated with the CSW construction of the simplest next-
to-MHYV tree-level amplitude A(1~,27,37,4%,5%). It is conventional to consider amplitudes
where all the momenta are outgoing, so an internal leg joining two amplitudes will have
different helicities labels at each end.

The brackets (k5), (k3), (4k) are similarly dealt with yielding the answer for Figure 1.3a:

(12)°(314/n]*

(L5317 B + 41603 + A (4137 (1-49)
The remaining three diagrams in Figure 1.3 are given by the three terms:
Z (23)2(1)2 + 3} N (12)2(3]1 + 2}
(45)(51)[23](4]2 + 3[n](2[3|n] (3[2[n] ~  (34)(45)[12](5[1 + 2|n](1]2[n](2[1[n]
Ny (23)°(1]51)" Lo

(34)(15)2[15](4]1 + 5[n](2[1 + 5[n](51n]

The sum of the four terms in (1.45) and (1.46) agree with the known answer (1.42). This
can be checked numerically by taking the arbitrary spinor to be |n] = |4] + |5] and using
the VegasShift [n] Mathematica program in Appendix B. It can be also be shown that the

construction is independent of the arbitrary reference spinor 7.

The CSW construction can of course be applied to amplitudes which are neither MHV or
googly. The first example of this is the next-to-MHYV six point amplitude. This amplitude
is constructed from six CSW diagrams, where as a Feynman rules calculation involves 220
diagrams [9,10]. The efficient CSW construction including the ‘off-shell’ prescription for
the internal legs can be proved simply and directly by realising that the CSW rules are an

example of BCFW on shell recursion [38]. This will be reviewed in section 1.7.3.
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1.4.2 The one loop BST rules

In [8], a heuristic derivation of the CSW method was given from the twistor string theory.
Rather unfortunately, the latter only appears to describe the scattering amplitudes of Yang-
Mills at tree level [11], as at one loop states of conformal supergravity enter the game,
and cannot be decoupled in any known limit. The duality between gauge theory and
twistor string theory is thus spoilt by quantum corrections. Surprisingly, it was found by
Brandhuber, Spence and Travaglini (BST) that the MHV method does succeed in correctly
reproducing the one-loop MHV scattering amplitude [12].

Figure 1.4: The BST construction of the MHV one-loop amplitude in N =4 super Yang-
Mills by sewing two tree-level MHV amplitudes together.

The BST method is given schematically by the diagram in Figure 1.4. The one-loop
MHYV amplitude is computed from:

A= Z dMAL(—ll,ml,...,mg,lg)AR(—lg,mg+1,...,m1—1,11) (1.47)

mima

where the full A'=4 multiplet can run in the loop. A; and Ar are MHV amplitudes with
the CSW ‘off shell’ prescription L; = I; + z;n. The measure dM is given by

d*Ly d*Ls

dM = 2m)*6W(Ly — 1y + P)—5 5> (1.48)
Ll L2

Using the decomposition d% = % d4l(5(+)(l2), BST showed that the measure dM can be
written as the product of two parts. The first part is a dispersive integral, which reconstructs
the amplitude from its discontinuities. The second part is a Lorentz-invariant phase-space
measure that computes the discontinuity of the diagram across the branch cut in the same
way as the two-particle unitarity cuts method of BDDK [13,14]. This method will be
reviewed in section 1.5. The calculation of BST has many similarities to the unitarity based
approach of BDDK. The main practical difference is that the MHV rules reproduce the cut-

constructible parts of an amplitude directly without having to worry about over counting.

In this sense the BST construction is a diagrammatic method.
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The twistor space picture of one-loop amplitudes is now in complete agreement with
that emerging from these MHV methods, which suggests that the amplitudes at one loop
have localisation properties on unions of lines in twistor space in agreement with (1.38).
An initial puzzle [39] was indeed clarified and explained in terms of a certain ‘holomorphic
anomaly’, introduced in [40], and further analysed in [41-45]. A proof of the MHV method
at tree level was given in [17] and more directly in [38]. At loop level it remains a (well-
supported) conjecture. Further understanding of the loop level MHV construction via the

Feynman tree theorem was gained in [46].

The initial successful application of the MHV method to N'=4 SYM [12] was followed by
calculations of MHV amplitudes in A'=1 SYM [47,48], and in pure Yang-Mills [49], where
the four-dimensional cut-constructible part of the infinite sequence of MHV amplitudes was
derived. However, amplitudes in non-supersymmetric Yang-Mills theory also have rational
terms which escape analyses based on MHV diagrams at one loop [49] or four-dimensional

unitarity [13,14]. It would be interesting to extend the MHV construction to higher loops.

1.4.3 Mansfield’s proof of the CSW rules

It is possible to construct a canonical transformation that takes the usual Yang-Mills action
into one whose Feynman diagram expansion generates the CSW rules. This transformation
was found by Mansfield [50]. The light-front quantisation of Yang-Mills leads to a formu-
lation of Yang-Mills in terms of only the physical degrees of freedom. There are no ghosts.
If one chooses the gauge Ag = 0 in light-front coordinates and integrates out the remaining

unphysical degree of freedom, one is left with a simple action:

4

_92

S / da? d3xtr<A2803()Ag - [D2,85A2]862[DZ,8@A2]) (1.49)
This Lagrangian can be written as a sum of four terms Lo + LT~ 4+ L™=+ 4+ L=F where
Lo is a kinetic term corresponding to a scalar propagator and the other three terms are
interaction vertices labelled by their helicity content. Mansfield showed that it was possible
to perform a transformation that eliminates the googly vertex L™~ and at the same time
generate the missing MHV vertices of the CSW rules. This transformation writes the kinetic
term and the three point googly interaction of the old field A, as the kinetic term of a new
field B:

Lo[A] + LTT7[A] = Ly[B] (1.50)

The transformation used by Mansfield is a canonical transformation in which By is a func-
tional of A, on the quantisation surface, but not As;. The remaining two terms of the
Lagrangian L~ t[A] + L=~ T1[A] when written in terms of By give the infinite series of
MHYV vertices that occur in the CSW rules. Further developments in this area can be found

in the papers [51,52]. In principle this idea should generalise to the quantum theory.
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1.5 BDDK’s two-particle unitarity cuts

Unitarity is a well known and useful tool in quantum field theory. Unitarity applied at the
level of Feynman diagrams usually goes under the name of the ‘Optical Theorem’. See for
example [53-57]. If we write the S-matrix as S = 1 4+ A then unitarity of the S-matrix
implies, for example, that the imaginary part of a one loop amplitude can be found by

considering the product of two tree amplitudes.

§TS=1 = TIm(A)~ATA (1.51)

Fach Feynman diagram contributing to an S-matrix element is real unless some de-
nominator vanishes, so that the ie prescription for treating poles becomes relevant. Thus
Feynman diagrams have an imaginary part only when the virtual particles in the diagram
go on shell. Let F(s) be a Feynman diagram, where s is a momentum invariant. We
now consider F'(s) as an analytic function of the complex variable s, even though we are
only interested in the result for external particles with real momentum. Let sy be the
threshold energy for the production of the lightest multi-particle state. For real s < sg the

intermediate state cannot go on shell, so F'(s) is real:
F(s) = (F(s%))" (1.52)

Both sides of this equation are analytic functions of s, so we can analytically continue to

the entire complex s plane. For s > sg this implies:
ReF(s+ie) = ReF(s —ie) , ImF(s+ie) = —ImF(s — ie) (1.53)

Thus, there is a branch cut across the real axis for s > sg. The ie prescription in the
Feynman propagator means that the physical scattering amplitude should be evaluated

above the cut at s + 7e.

The simplicity of tree-level amplitudes in Yang-Mills was exploited by Bern, Dixon,
Dunbar and Kosower (BDDK) in order to build one-loop scattering amplitudes [13,14]. By
applying unitarity at the level of amplitudes, rather than Feynman diagrams, these authors
were able to construct many one-loop amplitudes in supersymmetric theories, such as the
infinite sequence of MHV amplitudes in N'=4 and in N' =1 super Yang-Mills (SYM).
The unitarity method of BDDK by-passes the use of Feynman diagrams and its related
complications, and generates results of an unexpectedly simple form. For instance, the one-
loop MHV amplitude in N'=4 SYM is simply given by the tree-level expression multiplied

by a sum of ‘two-mass easy’ box functions, all with coefficient one.

Amplitudes in supersymmetric theories are of course special. They do contain ratio-

nal terms, but these are uniquely linked to terms which have cuts in four dimensions.
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In other words, these amplitudes can be reconstructed uniquely from their cuts in four-
dimensions [13,14] - a remarkable result. These cuts are of course four-dimensional tree-
level amplitudes, whose simplicity is instrumental in allowing the derivation of analytic,

closed-form expressions for the one-loop amplitudes.

I,

Figure 1.5: The s channel cut of a one-loop amplitude.

We now illustrate the computation of branch cut containing terms via the cutting pro-

cedure by considering the s-channel cut of a four point amplitude drawn in Figure 1.5.

ImA°Re1ooP (1 9 3 4)

[ s @)

X AT (—1y,1,2,19) AT (—1a,3,4,14)  (1.54)

s-cut

Now suppose the amplitude has the form A°"¢1°P = clog(—s) + - - - = c(log|s| — im) + - - -
The phase-space integral (1.54) computes the im term. We want both terms, so we replace
the phase-space integral by an unrestricted loop integral in which the the delta functions
have been replaced with propagators. This procedure is usually called ‘reconstruction of

the Feynman integral’:

A(1,2,3,4)

_ /d4—26z ATy 1,2, 15) AT (1, 3,4, Iy) (1.55)
s-cut 315 s-cut
Equation (1.54) involves only the imaginary part, but equation (1.55) contains both the
real and imaginary parts. This process of ‘reconstructing the Feynman integral’ will be
pushed further in chapter 2 to understand the new D-dimensional generalised unitarity
cuts. Equation (1.55) is only valid for terms with an s-channel branch cut. A similar cut
must be performed to compute the terms with a t-channel cut. In this way all terms with
cuts can be found. Combining the two cuts into a single function in a way that avoids over

counting gives the complete amplitude.
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In non-supersymmetric theories, amplitudes can still be reconstructed from their cuts,
but on the condition of working in 4 — 2¢ dimensions, with € # 0 [58-60]. This is a powerful
statement, but it also implies the rather unpleasant fact that one should in principle work
with tree-level amplitudes involving gluons continued to 4 — 2¢ dimensions, which are not

simple.

An important simplification is offered by the well-known supersymmetric decomposition
of one-loop amplitudes of gluons in pure Yang-Mills. Given a one-loop amplitude 4, with

gluons running the loop, one can re-cast it as
Ay = (Ag + 4Ar + 3A5) — 4(Ar+ A) + As . (1.56)

Here A; (As) is the amplitude with the same external particles as A, but with a Weyl

fermion (complex scalar) in the adjoint of the gauge group running in the loop.

This decomposition is useful because the first two terms on the right hand side of (1.56)
are contributions coming from an A =4 multiplet and (minus four times) a chiral N =1
multiplet, respectively; therefore, these terms are four-dimensional cut-constructible, which
simplifies their calculation enormously. The last term in (1.56), As, is the contribution
coming from a scalar running in the loop. The key point here is that the calculation of
this term is much easier than that of the original amplitude A,. It is this last contribution

which is the focus of chapter 2 of this thesis.

The root of the simplification lies in the fact that a massless scalar in 4 — 2¢ dimensions
can equivalently be described as a massive scalar in four dimensions [59,60]. Indeed, if L

is the (4 — 2¢)-dimensional momentum of the massless scalar (L?=0), decomposed into a

four-dimensional component /4y and a —2e-dimensional component (o), L := l(4) +1(_2¢),
one has L? := l(24) + l%_QE) = l(24) — 12, where l%_QE) := —u2 and the four-dimensional and

—2e-dimensional subspaces are taken to be orthogonal.

The tree-level amplitudes entering the (4 — 2¢)-dimensional cuts of a one-loop amplitude
with a scalar in the loop are therefore those involving a pair of massive scalars and gluons.
Crucially, these amplitudes have a rather simple form. Some of these amplitudes appear in
[59,60]; furthermore, a recent paper [61] describes how to efficiently derive such amplitudes
using a recursion relation similar to that of BCEFW. This recursion relation will be reviewed

in section 1.7.2.

Using two-particle cuts in 4 — 2¢ dimensions, together with the supersymmetric decom-
position mentioned above, various amplitudes in pure Yang-Mills were derived in recent
years, starting with the pioneering works [59,60]. In chapter 2 we show that this analy-
sis can be performed with the help of an additional tool: generalised (4 — 2¢)-dimensional

unitarity.
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1.6 Generalised Unitarity

The twistor string proposal of Witten [5] has inspired many new techniques for the calcu-
lation of scattering amplitudes in gauge theory and gravity. As reviewed in section 1.2.3
it is efficient to write amplitudes in the spinor-helicity formalism and many of these new
techniques make use of an analytic continuation of these spinors to complex momenta at
intermediate steps. For example the use of complex momenta allows for the use of on-shell
three-point amplitudes at intermediate steps. For a three-point on shell amplitude we have

the following kinematic constraints

0= P} =2P,.P; = (23)[32]
0= P? =2P3.P, = (31)[13]
0= P} =2P.P, = (12)[21]

For real momenta in Minkowski space, the spinors are also related by the additional con-
straint A = £\ and so any three-point amplitude must vanish. If we now use complex
momenta the \ and \ are independent and thus only one of the conditions A\; oc Ao o Ag
and A\ x Ao Xg could hold and we can use the other non-proportional spinors to formally
define three-point amplitudes. For example, we can define the three-point on-shell tree-level

Yang-Mills amplitudes by

ree — o— . 123 3 3 Y
Agt )(1 ,2 ,3+):z¥ and A} o Ay X A3

23)(31)
Agtree)(1+72+’3—) - 2[2[;]2%;1] and A} < Ao X A3 (1.57)

Working with complex momenta has enabled a dramatic generalisation of the two-
particle cut constructibility techniques to multiple cuts. [56, 57, 62-64] Constructing an
amplitude using two-particle cuts can be quite complicated since there are often many func-
tions which share the same branch cut. The various scalar integrals of the final amplitude
also have many different branch cuts so one coefficient appears in multiple cut equations.
Two-particle cuts also require complicated Passarino-Veltman reduction to write the tensor
integrals of the cut integrals in terms of the scalar integrals of the final amplitude. This
reduction results in large expressions for the rational coefficients of the scalar integrals. Of-
ten these complicated expressions are equivalent to simple formulae suggesting that there

is a more elegant way of computing them [44].

The idea which realises this goal, is to simply cut more propagators than the two which
are cut in a two-particle cut. This is called generalised unitarity. Just as a two-particle cut
replaces two propagators by two delta functions, a generalised cut replaces more propagators

by delta functions. Simultaneously cutting more legs reduces the overlap between the
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various cuts, thus making the disentanglement of the coefficients from the various cuts
much simpler. Since the additional delta functions give more on-shell conditions with which
to manipulate the cut integrand, generalised unitarity also reduces the complexity of the
required Passarino-Veltman reduction. In order to cut these extra legs it is crucial to use

three point vertices and therefore complexified momenta.

1.6.1 Quadruple cuts in N'=4 Super Yang-Mills

Generalised cuts most dramatic application is to the one-loop amplitudes of A" =4 Super
Yang-Mills [15]. The one-loop amplitudes of N'=4 Super Yang-Mills can be written as a
linear combination of only scalar box integrals with rational coefficients [13]. There are no
triangle and bubble integrals. The scalar box integrals can be thought of as the basis of a
vector space. Each one-loop amplitude is then a vector which can be written as a linear
combination of members of this basis. Performing the quadruple cut of an amplitude is
then a way of projecting this vector onto a specific member of the basis computing the
corresponding coefficient. Each scalar box integral is associated with a unique quadruple
cut. So for N'=4 Super Yang-Mills quadruple cuts can be thought of as a diagrammatic
method. Replacing all of the four propagators of a scalar box integral with delta functions
completely localises the integral onto the two solutions of the four on-shell conditions and no
Passarino-Veltman reduction is required. Quadruple cuts have thus reduced the calculation

of one-loop amplitudes in A'=4 Super Yang-Mills to multiplication of four tree amplitudes.

Figure 1.6: A simple quadruple cut to evaluate the coefficient of a one-mass box in the
five-point MHV amplitude in N =4 Super Yang-Mills.

We now present an explicit example of the use of a quadruple cut in the calculation
of the coefficient of a one-mass box integral in a one-loop MHV amplitude of N'=4 super
Yang-Mills. We consider the quadruple cut drawn in Figure 1.6. This particular example
of a quadruple cut is simple because only gluons propagate in the loop. In general all
the particles in the A/ =4 multiplet can run in the loop of a quadruple cut. The helicity

assignments of the internal legs in a quadruple cut must be chosen so that the three point
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vertices used do not give rise to unphysical constraints on the external momenta. For the
particular one-mass box in Figure 1.6 the only possible helicity assignment is the one given
in the diagram and with this helicity assignment it is only possible for gluons to propagate

in the loop.

To calculate the coefficient of the one-mass box in the amplitude we simply multiply

four on-shell gluon tree amplitudes together.

AU 170 AQT, 27, 1) Ay, 3%, 1) Al , 4%, 5%, 15)
| [l1l5]3 ) <l12>3 . [313]3 . <l3l5>3
- (2 [151][111]> <l <2z2><lgl1>> <Z [13z2][123]> <Z<l34><45><5l5>> (1.58)

We now use momentum conservation and on-shell conditions to eliminate as many of the Is

as possible. The numerator of (1.58) simplifies to:

2lisls]3]2 = (2|hls(4+5)3)°
= 2|14+ 5)|3)®
= —(21;12)3]3
= —(2/h]1]*(12)%[23°

The denominator of (1.58) simplifies to:

—(4l3lal [ 1](2]12|3](5[15[1] {45)

— (413201 1] (2|12 [3]{5]11[1](45)
— (202 [1]7 (511 13] (43)[32] (45)

So the quadruple cut (1.58) has the value

(12)°[23]? (2|11 1]
(34)(45) (5]h[3]

(1.59)

Now recall the conditions (1.57) on three point vertices in complex momenta. The three-
point vertices involving the external legs 1 and 2 give the conditions A;; oc A1 and Xh x Xg

which can be used to eliminate the remaining dependence on the loop momenta:

2lhf1] _ 21)[21]

= 1.60
B~ (123 o0

Thus the quadruple cut (1.58) gives the coefficient of the scalar box integral to be:
Atree(l_v 2_7 3+7 4+7 5+)(p1 + p2)2(p2 + p3)2 (161)

This answer was originally calculated using two-particle unitarity cuts in [13]. It has also
been calculated using loop-level MHV rules in [12]. In general it is not always possible to

eliminate the loop momentum from the quadruple cut in such a simple fashion and one
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has to explicitly solve the four on-shell conditions for the loop momentum in terms of the
external particles [15]. There are generally two solutions to this problem and the amplitude

is given by averaging over these two solutions.

The four dimensional quadruple cuts reviewed above have much in common with the D-
dimensional quadruple cuts that are presented in chapter 2. However the four dimensional
cuts only compute amplitudes to the leading orders in €, where as the D-dimensional cuts
that will be introduced in chapter 2 correctly compute to all orders in €. For example the
quadruple cut considered in Figure 1.6 should contain a pentagon term if true to all orders
in €, but there is no pentagon term in (1.61). These higher order in e contributions are
important in, for example, the study of iterative cross order relations that relate the higher
order in € terms in the one-loop amplitude to higher loop amplitudes [65-68]. For MHV
amplitudes in A/ =4 super Yang-Mills the dimension shifting relationship of [60] can be
used in conjunction with the D-dimensional generalised unitarity method in chapter 2 to

compute to all orders in e.

1.6.2 Triple cuts in A'=1 Super Yang-Mills

Generalised unitarity was also applied to N'=1 SYM, in particular to the calculation of the
next-to-MHV amplitude with adjacent negative-helicity gluons [69]. These amplitudes can

be expressed solely in terms of triangles, and were computed in [69] using triple cuts.

We now consider the simple example of the triple cut of a the MHV amplitude in
N =1 Super Yang-Mills with the two negative helicity gluons adjacent. This example
was instrumental in our understanding of the procedure of ‘reconstructing the Feynman
integral” which enabled us to understand how to compute the D-dimensional triple cuts of
chapter 2. The MHV amplitude with adjacent negative helicity gluons has been computed
using two particle cuts [59,60] and MHYV rules [47,48] and is particularly simple as it does
not contain any box integral terms. The absence of boxes can also be seen immediately
by considering the quadruple cuts and realising that all helicity assignments result in an

unphysical constraint on the external momenta.

The two helicity assignments contributing to this triple cut are given in Figure 1.7. The
amplitudes in this cut involve many positive helicity gluons, a single negative helicity gluon
and a pair of fermions f or a pair of scalars s. These amplitudes are related to the usual

gluon amplitudes by:

A(oovgy o fy o 1D = g’;;Agluons (1.62)
1.\ 2
A(g;S;S%) = <Z§§2Ag1U0ns (163)

3A new calculation based on localisation in spinor space was also introduced in [70].
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(a) (b)

Figure 1.7: The diagrams in the triple cut of the one-loop MHV amplitude for N =1 Super-
Yang Mills.

The triple cut contains four terms corresponding to a fermion and a scalar running in the

loop of the two diagrams in Figure 1.7:

(Ll |2) (Ulals|1) 210da]2) (@l [2)(1]ial 1) (2012 15]1)

friple cut = P2Q2(23)...(n1)  P2Q2(23)...(n1)
(Lmi1[2)(1l2ls|1)(2]0l5]2) — (1|mla|1)(1]l2l3]2) (2|01 15|2)
P202(23) ... (n 1) P202(23) ... (n 1)
A28 et
_ o tro (12 Lym) (1.64)

Unlike the quadruple cuts, which completely localise the integral, triple cuts cut only three
of the propagators and there is still some integration left to do. In this example it appears

we are left with the following integral:
/ A2 5 (12)5F (12)5* (12) 18 (1.65)

However, calculation of this integral reveals that it is proportional to m* and therefore the
triple cut (1.64) vanishes. So initially, it appears that triple cuts do not allow us to compute
the amplitude. The correct procedure is to ‘reconstruct the Feynman integral’ by replacing

the delta functions in (1.65) by propagators to give the integral:

4—2¢ léi
442 (1.66)

Ri313

Inserting the result of this integral into (1.64) yields an answer in agreement with two-
particle cuts [59,60] and MHV rules [47,48].
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1.7 The BCFW recursion relation

Another new technique for calculating amplitudes is the Britto, Cachazo, Feng and Witten
(BCFW) recursion relation for tree-level Yang-Mills amplitudes [16,17]. This elegant tech-
nique is based on only two very general properties of amplitudes, analyticity [53,57] and
factorisation on multi-particle poles and hence the idea of BCFW recursion is applicable
in many different contexts. Scattering amplitudes can be regarded as analytic functions of
many complex variables, the (complexified) kinematic invariants they depend on. However,
in order to fully use the powerful theorems of complex analysis, it is useful to map scat-
tering amplitudes to a function of one complex variable. To this end, BCFW considered
the following deformation of an amplitude which shifts the spinors of two of the n massless

external particles labelled ¢ and j and involves a complex parameter z:

Al — N

N o= -z

N o= Atz

N — A (1.67)

This deformation does not make sense for real momenta in Minkowski space which satisfy
A= 4+, but is fine for complex momenta. Under this shift, the shifted momenta p;(z) and
p;(z) remain on-shell for all z and p;(z) + p;(2) = pi(0) + p;(0). So the shifted amplitude
A(l,...,pi(2),...,pj(2),...,n) is an on-shell amplitude for all z. In BCFW recursion the
deformed amplitude A(z) proves useful for calculating the undeformed amplitude of physical
interest A(0). It is possible and often useful to consider more general deformations than
(1.67) which still preserve momentum conservation for all z. For example more exotic shifts
have shown that the tree-level CSW rules [38] are an instance of BCFW recursion and
multiple shifts have been used to eliminate boundary terms in a generalisation of BCFW

recursion to one-loop QCD amplitudes [18].

The BCFW recursion relation emerges from considering the following integral where the

contour of the integral C' is the circle at infinity,

1 dzA(Z)

2m Jo z

(1.68)

Assuming that A(z) — 0 as z — oo then the Cauchy residue theorem writes the amplitude

we wish to calculate A(0) as a sum of residues of A(z)/z,

A0)=— Y Res{A(Z)} (1.69)

z
poles of A(z)/z
excluding z=0

For tree-level Yang-Mills, A(z) has only simple poles. The pole at z = 201 is associated
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with the shifted momentum invariant (p,(z) + --- + py(z))? becoming zero. The residue
at this pole is then given by factorising the shifted amplitude on this pole in the shifted
momentum invariants,
A(Z) } h i —h
Res = Al (z==z AL (z=x% 1.70
U2 = S e o e 0T

where the sum is over the possible helicity h of the intermediate state. The left and right
shifted amplitudes Ay, and Ag are, of course, only defined for z = z,,. when the shifted
momentum invariant (pg(z)+---+pp(2))? is zero. The inverse squared momentum associated
with the pole which appears between the left and right shifted amplitudes, is reminiscent of
a scalar propagator and is evaluated with unshifted kinematics. Since a shifted momentum
invariant involving both (or neither) of the shifted legs ¢ and j will remain unshifted and
not give rise to a pole, the shifted legs i and j will always appear on opposite sides of
the factorisation. So this procedure constructs an n-point amplitude from amplitudes with
fewer legs. The use of complex momenta is essential throughout for the shifts to make sense

and also the factorisation onto three point amplitudes.

Figure 1.8: A diagrammatic representation of the BCFW recursion relation. The sum is
over all factorisations into pairs of amplitudes and the possible helicity of the intermediate
state.

1.7.1 A four-point example

In this section we review an explicit example of BCFW recursion. We show how to compute
the tree-level four-point MHV Yang-Mills amplitude A(17,2%,37,47) from the three-point
amplitudes given in equation (1.57). To do this we use the standard BCFW shifts in (1.67)
with ¢ = 1 and j = 2. It is standard to denote the shifted spinors ¢ and j with hats.

The first thing to do is to consider which shifted momentum invariants can vanish
causing the shifted amplitude to develop singularities. In our case there is just one shifted
momentum invariant which can vanish (1 +4)% = (2 + 3)2. In this four-point example the

singularity in the shifted amplitude is caused by individual shifted spinor brackets vanishing.
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The shifted brackets [14] and (23) both vanish at the same point 2. in the complex z plane.

Zpole = @ = —m (1.71)
Now we want to understand the factorisation at this pole. Recall the kinematic conditions
for three point amplitudes in complex momenta given in (1.57). At the pole we have the
condition |1] o |4], which implies that the 1 and 4 legs are part of a three-point A(1~, k~,4")
amplitude. Similarly, |2) o |3) at the pole implies that the 2 and 3 legs are part of the
three-point A(37, /%*, Q*) amplitude. So the single recursive diagram in this construction

is the one given in Figure 1.9.

N _ A+
R
4% 3

Figure 1.9: The recursive diagram in the BCFW construction of A(1~,2%,37,47).

To calculate the four point amplitude A(17,2%,37,4") we simply multiply the two
three-point amplitudes, evaluated with shifted kinematics at z = 2p,, by the scalar prop-
agator for the diagram,

i

(23)[32]

_ (R i (. L2k
— Gy an) ) 23)[32] \[23][34]
i (1]%(2]
(41)(23)[23]% (4]e[3)

i (1]3]2)°
(412(3]

A(17,2%.37.47) = A1 k,47) A3, kT, 2%

(13)°
(41)(23)(24)

= 1

(1.72)

where we have eliminated & using the momentum conservation formula k = 2+3. To remove

the remaining hat from this expression we use the value of z at the pole (1.71),

<24> = <24> + zpole<14>
B (23)(14) (21)(34) | (24)(31)  (12)(34)
= (24) — 7<13> = <24> — (13) + (13) = (13) (1.73)

where the simplification uses the Schouten identity (1.12). Using (1.73) in (1.72) gives a
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result in agreement with (1.23):

(13)*

A(17,2%,37,47) = 1) (23) (34)(41)

(1.74)

1.7.2 Generalisations of BCFW recursion

The idea of the BCFW recursion relation has been generalised to many other situations
in perturbative field theory. These include tree-level amplitudes with fermions and scalars
[71,72] tree-level gravity amplitudes [73,74] and tree-level amplitudes with massive particles
[61]. The recursion relation has been generalised to compute the rational part of one-loop
QCD amplitudes [18,75-78]. On-shell recursion has also be used to determine the coefficients

of integral functions appearing in one-loop scattering amplitudes of gauge theories [79].

Once the three-point vertices of a theory in complex momenta have been specified, no
further information is required to use BCFW recursion to compute all the higher point
tree-amplitudes. The generalisation of BCEFW recursion to tree-level gravity [73,74] uses

the following three-point gravity amplitudes which are just the square of the Yang-Mills

amplitudes:
el oh . <12>3 2 ~ ~ ~
Ms(17,27,37) = zm and A\ o A2 o< A3 (1.75)
bogb gy o (02
M3(1 ,2 ,3 ) = Zm and )\1 0.8 )\2 0.8 )\3 (176)

A complication that arises in the generalisation of BCFW recursion to other field theories
is understanding the behaviour of the shifted amplitude at large z. In [17] the vanishing
at infinity of an appropriately shifted Yang-Mills amplitude was proved by analysing the
Feynman diagrams. For tree-level gravity there is no complete proof of the absence of
boundary terms. In the appendix of [74] the KLT relations were used to prove that A(z) — 0
as z — oo for amplitudes with up to eight gravitons. The KLT relations [80] relate tree-level

Yang-Mills amplitudes to tree-level gravity amplitudes.

It is also possible to perform BCFW recursion for tree amplitudes with two adjacent
massive scalars and many massless gluons [61]. These tree-level amplitudes will be impor-
tant in the next chapter, as they are the building blocks of the new method of D-dimensional
generalised unitarity for the calculation of complete one-loop QCD amplitudes. In this case

the three-point amplitudes are given by:

Al K1) = Ag(i k1) = (il (1.77)
(q1k)

At K1) = As(i k1) = e (1.78)
[kqo]

42



CHAPTER 1. PERTURBATIVE FIELD THEORY AND TWISTORS

Where [; and [y are the massive scalars and k is a massless gluon. ¢; and g2 are arbitrary
reference vectors that are not proportional to k. Higher point amplitudes can be built
recursively from these three-point amplitudes using standard BCFW shifts on the massless
external legs. As in the massless case the shifted amplitude has simple poles coming from
internal propagators 1/P(z)2. The only difference in this case is that the propagator is now

a massive one.

In chapter 3 we will present a generalisation of BCFW recursion to the one-loop finite
amplitudes of pure Einstein gravity. This generalisation has much in common with the

generalisation of BCFW recursion to the rational parts of one-loop QCD amplitudes of [18].

1.7.3 Risager’s proof of the CSW rules

The CSW rules for Yang-Mills tree amplitudes are just one instance of BCFW recursion.
This elegant proof of the CSW construction was discovered by Risager [38]. Instead of using
the standard BCFW shifts (1.67) Risager used more exotic shifts that give precisely the
CSW diagrammatics. These shifts were then used to provide a CSW style construction for

tree-level gravity [81].

The choice of BCFW shifts that coincide with the CSW rules are those that affect the
shifted momentum invariants corresponding to the propagators in the set of CSW diagrams
and none of the others. To construct CSW rules for a next-to-MHV amplitude the shifted
momentum invariants must contain at least one negative helicity gluon and the compliment
of the shifted momentum invariants must also contain at least one negative helicity gluon.
This set of invariants are affected by a shift on every negative helicity gluon. For the
three-point googly amplitudes not to contribute only the anti-holomorphic spinors must be
shifted.

For the CSW construction of a next-to-MHV amplitude, Risager found some explicit
shifts. A next-to-MHV amplitude has three negative helicity gluons. These gluons will be
labelled 1,2,3. We start by considering the following sum of three standard BCFW shifts:

N — n+z1rA + 22 + 23733
A — A — 2111
Ay — X2 — 2oron)

)\3 — )\3—237“377 (1.79)

This sum of shifts preserves momentum conservation. If we now choose z1 =29 =23 =2 and

r1={(23), ro=(31),r3=(12) then n becomes unshifted. This can be seen by contracting the
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shifted n with an arbitrary spinor a and using the Schouten identity (1.12).

(ha) = (na)+ z((23)(al) + (31)(a2) + (12)(a3))
= (na) + z((2a)(31) — (21)(3a) + (31)(a2) + (12)(a3))
= (na) (1.80)

Thus we have the shifts that we require to split a next-to-MHV amplitude into a sum of

diagrams containing all the possible pairs of MHV amplitudes:

}V\l — Xl — Z<23>
Xg — XQ — Z<31>
X3 — A3 —z(12)7 (1.81)

n
n

where 77 is completely arbitrary spinor. Of course the 7 in these shifts is the same 7 as
appeared in the CSW ‘off-shell” prescription (1.41). BCFW recursion gives an on-shell
explanation of CSW'’s ‘off-shell’ prescription. The off-shell prescription is just the process
of writing the shifted internal legs of the on-shell recursive diagram in terms of the unshifted
external legs. For example if one is calculating the — — — + 4+ amplitude using Risager’s
shifts, one has the same diagrams as occur in Figure 1.3. Figure 1.3a gives the same algebra
as (1.43) where the internal leg & is always on-shell and usually denoted by k. One then

eliminates the k from the various brackets like this:

(2k) = =L

_ - (1.82)

where the [kn] in the denominator of (1.82) will cancel overall since the expression (1.43)
has the same number of ks in the numerator as the denominator. So (1.82) exactly parallels
the example of CSW’s ‘off-shell” prescription in (1.44).

In chapter 3 we will use Risager’s shifts for a different purpose. In chapter 3 we will
present a generalisation of BCFW recursion to the one-loop finite amplitudes in pure Ein-
stein gravity. Using the standard BCFW shifts to calculate the all-plus one-loop amplitude
in pure gravity recursively results in a boundary term, however using Risager’s shifts to

shift only the holomorphic spinors does not involve a boundary term.
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CHAPTER 2

GENERALISED UNITARITY FOR PURE
YANG-MILLS

The main point of this chapter is the observation that generalised unitarity is actually
a useful concept also in 4 — 2¢ dimensions; in turn this means that generalised (4 — 2¢)-
dimensional unitarity is relevant for the calculation of non-supersymmetric amplitudes at
one loop. In particular in this chapter we will be able to compute amplitudes in non-
supersymmetric Yang-Mills by using quadruple and triple cuts in 4 — 2¢ dimensions. This
is advantageous for at least three reasons. First of all, working with multiple cuts simplifies
considerably the algebra, because several on-shell conditions can be used at the same time;
furthermore, for the case of quadruple cuts the integration is actually completely frozen [15]
so that the coefficient of the relevant box functions entering the amplitude can be calculated
without performing any integration at all. Lastly, the tree-level sub-amplitudes which are
sewn together in order to form the multiple cut of the amplitude are simpler than those
entering the two-particle cuts of the same amplitude. In principle further progress with this
approach will not require major new conceptual advances, and the method will be directly

applicable to more complicated and currently unknown amplitudes.

2.1 Generalised Unitarity in D = 4—2¢ Dimensions

Conventional unitarity and generalised unitarity in four dimensions have been shown to be
extremely powerful tools for calculating one-loop and higher-loop scattering amplitudes in
supersymmetric gauge theories and gravity. At one-loop, conventional unitarity amounts to
reconstructing the full amplitude from the knowledge of the discontinuity or imaginary part
of the amplitude. In this process the amplitude is cut into two tree-level, on-shell amplitudes
defined in four dimensions, and the two propagators connecting the two sub-amplitudes are
replaced by on-shell delta-functions which reduce the loop integration to a phase space
integration. In principle this cutting technique is only sensitive to terms in the amplitude
that have discontinuities, like logarithms and polylogarithms, and in general any cut-free,
rational terms are lost. However, in supersymmetric theories all rational terms turn out to
be uniquely linked to terms with discontinuities, and therefore the full amplitudes can be

reconstructed in this fashion [13,14].
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Furthermore, in supersymmetric theories the one-loop amplitudes are known to be linear
combinations of scalar box functions, linear triangle functions and linear bubble functions,
with the coefficients being rational functions in spinor products. So the task is really to
find an efficient way to fix those coefficients with as few manipulations and/or integrations

as possible.

The method based on conventional unitarity introduced by BDDK in [13,14] does not
evaluate the phase space integrals explicitly (from which the full amplitude would be ob-
tained by performing a dispersion integral), rather it reconstructs the loop integrand from
which one is able to read off the coefficients of the various integral functions. In practice
this means that for a given momentum channel the integrand (which is a product of two
tree amplitudes) is simplified as much as possible using the condition that the two internal
lines are on-shell, and only in the last step the two delta-functions are replaced by the
appropriate propagators which turn the integral from a phase space integral back to a fully-
fledged loop integral. The resulting integral function will have the correct discontinuities in
the particular channel, but, in general, it will also have additional discontinuities in other
channels. Nevertheless, working channel by channel one can extract linear equations for
the coefficients which allow us in the end to determine the complete amplitude. However,
because of the problem of the additional, unwanted discontinuities, this does not provide a
diagrammatic method, i.e. one cannot just sum the various integrals for each channel since

different discontinuities might be counted with different weights.

It is natural to contemplate if there exist other complementary, or more efficient methods
to extract the above mentioned rational coefficients of the various integral functions, and if
in particular we can replace more than two propagators by delta functions, so that the loop
integration is further restricted - or even completely localised. The procedure of replacing
several internal propagators by d(*)-functions is well known from the study of singularities
and discontinuities of Feynman integrals, and goes under the name of generalised unitarity
[56,57]. What turns generalised unitarity into a powerful tool is the fact that generalised

cuts of amplitudes can be evaluated with less effort than conventional two-particle cuts.

The most dramatic simplification arises from using quadruple cuts in one-loop ampli-
tudes in N/ =4 SYM. In this case it is known that the one-loop amplitudes are simply given
by a sum of scalar box functions without triangles or bubbles [13]. Each quadruple cut
singles out a unique box function, and because of the presence of the four §(*)-functions the
loop integration is completely frozen; hence, the coefficient of this particular box is simply
given by the product of four tree-level scattering amplitudes [15]. An important subtlety
arises here because quadruple cuts do not have solutions in real Minkowski space; therefore

at intermediate steps one has to work with complexified momenta.

At this point we can push the analogy with the ‘reconstruction of the Feynman integrand’

a step further. Using the on-shell conditions we can pull out the prefactor which is just
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the product of four tree-level amplitudes in front of the integral, and the integrand of the
remaining loop integral becomes just a product of four 6(f)-functions. If we now promote
the integral to a Feynman integral by replacing all 6(t)-functions by the corresponding

I we arrive at the integral representation of the appropriate box function. Note

propagators
that no over-counting issue arises, because each quadruple cut selects a unique box function,
and the final result is obtained by summing over all quadruple cuts. In some sense, one can

really think of this as a true diagrammatic prescription.

As we reduce the amount of supersymmetry to N’ =1, life becomes a bit more com-
plicated, since the one-loop amplitudes are linear combinations of scalar box, triangle and
bubble integral functions. No ambiguities related to rational terms occur however, thanks
to supersymmetry. It is therefore natural to attack the problem in two steps: First, use
quadruple cuts to fix all the box coefficients as described in the previous paragraph. Second,
use triple cuts to fix triangle and bubble coefficients. Note that the triple cuts also have
contributions from the box functions which have been determined in the first step. The
three 6(t)-functions are not sufficient to freeze the loop integration completely, and it is
advantageous to use again the “reconstruction of the Feynman integrand” method, i.e. use
the on-shell conditions to simplify the integrand as much as possible, and lift the integral to
a full loop integral by reinstating three propagators. The resulting integrand can be written
as a sum of (integrands of) scalar boxes, triangles and bubbles, after standard reduction

techniques, like Passarino-Veltman, have been employed.

At this point it is useful to distinguish three types of triple cuts according to the number
of external lines attached to each of the three tree-level amplitudes. If p of the three
amplitudes have more than one external line attached, we call the cut a p-mass triple
cut. Let us start with the 3-mass triple cut. The box terms can be dropped as they
have been determined using quadruple cuts, the coefficients of three-mass triangles can be
read off directly, and the remaining terms, which are bubbles or triangles with a different
triple cut, are dropped as well. Special care is needed for 1-mass and 2-mass triple cuts.
First let us note that any bubble can be written as a linear combination of scalar and
linear 1-mass triangles or scalar and linear 2-mass triangles depending on whether the
bubble depends on a two-particle invariant, tzm = (p; + pis1)?, or on a r-particle invariant,
tET] = (pi+...+pirr_1)%, with r > 2. Therefore, what we want to argue is that two-particle
cuts are not needed and that 1-mass, 2-mass and bubbles can be determined from the 1-
mass and 2-mass triple cuts. Now every 1-mass triple cut is in one-to-one correspondence
with a unique two-particle channel t?] = (p;+pit1)? and allows us to extract the coefficients
of 1-mass triangles and bubbles by only keeping terms in the integral depending on that
particular t?] and dropping all boxes and triangles/bubbles not depending on that particular

variable. The 2-mass triple cut is associated with two momentum invariants, say P? and

1We thank David Kosower for discussions on this point.
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Q?, and we only keep 2-mass triangles and bubbles that depend on those two invariants.

In non-supersymmetric theories we have to face the problem that the amplitudes contain
additional rational terms that are not linked to terms with discontinuities. This statement is
true if we only keep terms in the amplitude up to O(e®). If we work however in D = 4 — 2¢
dimensions and keep higher orders in €, even rational terms R develop discontinuities of
the form R(—s)™¢ = R — elog(—s)R 4+ O(¢?) and become cut-constructible?. In practice,
this means that, in our procedure, whenever we cut internal lines by replacing propagators
by 6(H)-functions we have to keep the cut lines in D dimensions, and in order to proceed
we need to know tree-amplitudes with two legs continued to D dimensions. Because of
the supersymmetric decomposition of one-loop amplitudes in pure Yang-Mills, which was
reviewed in the Introduction, we only need to consider the case of a scalar running in the
loop. Furthermore, the massless scalar in D dimensions can be thought of as a massive
scalar in four dimensions L? = 1%4) + l(2_2€) = l%4) — p? whose mass has to be integrated
over [59,60]. Interestingly, a term in the loop integral with the insertion of “mass” term
(u%)™ can be mapped to a higher-dimensional loop integral in 4 + 2m — 2¢ dimensions with
a massless scalar [59,60]. Some of the required tree amplitudes with two massive scalars
and all positive helicity gluons have been calculated in [59,60] using Feynman diagrams and
recursive techniques, and more recently all amplitudes with up to four arbitrary helicity

gluons and two massive scalars have been presented in [61].

The comments in the last paragraph make it clear that generalised unitarity techniques
can readily be generalised to D dimensions and be used to obtain complete amplitudes in
pure Yang-Mills and, more generally, in massless, non-supersymmetric gauge theories. The
integrands produced by the method described for four dimensional unitarity will now contain
terms multiplied by (u?)™ and, therefore, the set of integral functions appearing in the
amplitudes includes, in addition to the four-dimensional functions, also higher-dimensional
box, triangle and bubble functions (some explicit examples of higher-dimensional integral
functions can be found in Appendix A). For example the one-loop ++++ gluon amplitude,
which vanishes in SYM, is given by a rational function times a box integral with p inserted,
LipY] = (—e)(1—€) 1§72 = —1/6+ O(¢). Hence this amplitude is a purely rational function

in spinor variables.

In the following sections we will describe in detail how this procedure is applied in
practice Specifically, using generalised unitarity in 4 — 2¢ dimensions we will re-calculate
the all-orders in e expressions of all one-loop, four gluon scattering amplitudes in non-
supersymmetric Yang-Mills, that is +++4, —+++, and the two MHV amplitudes ——++
and —4+—+; and finally, the five-gluon all-plus helicity amplitude +++4+4. These am-
plitudes have already been computed to all orders in € in [59], and we find in all cases

complete agreement with the results of that paper. The examples we consider are comple-

2The idea of using unitarity in D = 4 — 2¢ dimensions goes back to [58], and was used in [59,60].
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mentary, as they show that this method can be applied to infrared finite amplitudes that are
purely rational (whose supersymmetric counter parts vanish), as well as to infrared diver-
gent amplitudes containing both rational and cut-constructible terms. These calculations
are described in Section 3 and Section 4. In Appendix A we have collected some useful

definitions and formulae.

2.2 The one-loop ++++ amplitude

The one-loop ++-++ amplitude with a complex scalar running in the loop is the simplest
of the all-plus gluon amplitudes, and was first derived in [82] using the string-inspired
formalism. The expression in 4 — 2¢ dimensions, valid to all-orders in €, is computed in [59]

and is given by 2 [12][34]
1

scalar 14+ o+ o+ 4+\ __
AT, 27,3747 = (4m)2—< (12)(34)

K, (2.1)

where? .
K, = I4[u4] = —€(l— e)[fzS_QE =%

In this chapter we closely follow the conventions of [59], with

+0(e) (2.2)

i d g fl,p?)
(2m)* (2m) 72 (12 — p2) - (1L - 0 KG)? — 2]
(2.3)

where K; are external momenta (which, in colour-ordered amplitudes, are sums of adja-

I i) = i) [

cent null momenta of the external gluons) and f(I, %) is a generic function of the four-

dimensional loop momentum [ and of ;.

The amplitude with four positive helicity gluons is part of the infinite sequence of all-
plus helicity gluons, for which a closed expression was conjectured in [83,84]. The result for

all n is given by

) (i112) [i9i3) (isia) [i471]
487 1<iy <ig<iz<ia<n (12) (23) -+ (n1)
or alternatively
/) SivioSiaia — Sit1iaSiois T SiiiaSioia — 4’i€(i1i2i3i4)
A, = — 5 Z i1i29igia i1d3Sigiq 144 5igi3 (2.5)
967 R (12) (23) - - - (nl)

where €(abed) = €,,ps0"0"c?d”. As € — 0, (2.1) becomes

A= me <12><2§§<§Z> (41) (26)

3Notice also that [12][34]/((12)(34)) = —s12523/({12)(23)(34)(41)).
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We see that this amplitude (2.1) consists of purely rational terms, which are cut-free in four

dimensions. We now show how to derive (2.1) from quadruple cuts in D=4 —2¢ dimensions.

1+ 2+

4t 3+

Figure 2.1: One of the two quadruple-cut diagrams for the amplitude 17273%Y4T. This
diagram is obtained by sewing tree amplitudes (represented by the blue bubbles) with an
external positive-helicity gluon and two internal scalars of opposite ‘helicities’. There are two
such diagrams, which are obtained one from the other by flipping all the internal helicities.
These diagrams are equal so that the full result is obtained by doubling the contribution from
the diagram in this Figure. The same remark applies to all the other diagrams considered
in this chapter.

Consider the quadruple-cut diagram in Figure 2.1, which is obtained by sewing four
three-point scattering amplitudes® with one massless gluon and two massive scalars of mass
p?. From [61] we take the three-point amplitudes for one positive-helicity gluon and two

scalars:

(q|l1|K]
(gk)

where 11 + lo + k = 0. Here |¢) is an arbitrary reference spinor not proportional to |k). It

AQF K ) = A(L RS = (2.7)

is easy to see [61] that (2.7) is actually independent of the choice of |g).

The D-dimensional quadruple cut of the amplitude ++-++ is obtained by combining

four three-point tree-level amplitudes,

(@1l [1] {g211212] (gslls]3] (gallal4]
(@l)  (@2)  (g33)  (qad)

(2.8)

The reference momenta ¢;,i = 1,...,4 in each of the four ratios in this expression may be

“In the following for the purpose of calculating the (generalised) cuts we drop factors of i appearing in
the usual definition of tree-amplitudes and propagators. For quadruple and two-particle cuts this does not
affect the final result, while for triple cuts this introduces an extra (—1) factor which we reinstate at the end
of every calculation.
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chosen arbitrarily. Then, using momentum conservation,
lo =11 — ko ) ly =13 —ky (2.9)

the fact that the external momenta are null, and that the internal momenta square to 2,

it is easy to see that

(1] (gellal2) —  ,[12]

(1) (g2) H (12) (2.10)
and similarly

(gsll]3] (qallald] — ,[34]

(q33)  (qud) H (34) (2.11)

so that the above expression (2.8) becomes simply
(2.12)

Finally, we lift the quadruple-cut box to a box function by reinstating the appropriate
Feynman propagators. These propagators then combine with the additional factor of u?
in (2.12) to yield the factor iK,/(47)?~¢ which is proportional to the scalar box integral
defined in (2.2). Including an additional factor of 2 due to the fact that there is a complex
scalar propagating in the loop, the amplitude (2.1) is reproduced correctly.

Figure 2.2: One of the possible three-particle cut diagrams for the amplitude 172T3T4T,
The others are obtained from this one by cyclic relabelling of the external particles.

Next we inspect three-particle cuts. One of the three tree-level amplitudes we sew in the

triple-cut amplitude is an amplitude with two positive-helicity gluons and two scalars [60]

[12]

IF,1270y) = i
AULALZ00) = W b = 7]

(2.13)

Consider, for example, the three-particle cut defined by 17,2% (37,4%), see Figure 2.2.
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Using (2.7) and (2.13), the product of the three tree-level amplitudes gives

(1) (@2) G4l —ks)? — p?]
with lo =11 — k9. As for the quadruple cut, it is easily seen that, on this triple cut,
1|1 112 12
(lull] (@] 2 [12] (2.15)
(1) (g22) (12)
where we used 2 = [2 = [2 = p2. The triple-cut integrand then becomes
12][34 4
[12][34] [ (2.16)

- (12)(34) [(la — k3)? — 7]

which, after replacing the three 6(t) functions by propagators, integrates to (2.1), where
we have included an additional (—1) factor following the comments in footnote 4 of this
chapter. The factor of 2 in (2.1) comes from summing over the two ‘scalar helicities’. The

same result comes from evaluating the remaining triple cuts.

We remark that in the case of the quadruple cut we did not even need to insert the
solutions of the on-shell conditions for the loop momenta into the expression coming from
the cut. This is not true in general; for example, for the five gluon amplitude discussed

below the sum over solutions will be essential to obtaining the correct amplitude.

2.3 The one-loop —+++ amplitude

The one-loop four gluon scattering amplitude —++-+, with a complex scalar running in the

loop, is given to all orders in € by [59]

; - 2i 24)? st [t(u—s s(u —
AFHT(17, 27,37 ,4%) = (dm)2< [12](2{3) (]34> [41]5 [t( - ) sy + 3 - D 1ye)
_ ts—quQ(S)_ st—2uJ2(t)+;;;J4+K4:| (2.17)

We will now show how to derive this result using generalised unitarity cuts.

First consider the quadruple cut (see Figure 2.3). The product of tree amplitudes gives

(1l {g21l212] (gslls]3] (qalla]4]

D] (22)  (g33)  (qud) (2.18)
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2+

4t 3+

Figure 2.3: The quadruple cut for the amplitude 1273741,

It is straightforward to show that, on the quadruple cut,

(g3ll313] (qallald] 5 [34]
(g33)  (@u4) aEYY
(1llq1] {gall2|2] — [23] (31)
nol = o (i - o)
and hence the quadruple cut in Figure 2.3 gives
Qur 2t 3t =iy B8 [ E i) (2.19)

In order to compare with (2.17) it is useful to notice that

4] [23] (31) _ [24]2 st
31 Bl (23) © (e EhEn Y (2.20)
We conclude that the first term in (2.19) generates
¢ [24]2 st
(4m)?=e <[12]<23> (34) [41]u> 4 (2:21)

where the prefactor in (2.21) comes from the definition (2.2) and (2.3) for the function Kjy.

The second term in (2.19) corresponds to a linear box integral, which we examine now.
We notice that the quadruple cut freezes the loop integration on the solution for the cut.
In the linear box term in (2.19) we will then replace [; in [2]l1]1) by the solutions of the

cut, and sum over the different solutions.
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Specifically, in order to solve for the cut-loop momentum /; one has to require
B==f=i=p,
h=lg—ki,lo=1l1—ko,lg=1lo—ks,ly =Il3—k4 (2.22)

In order to solve these conditions, it proves useful [15] to use the four linearly independent

vectors ki, ks, ks and K, where

K, = €upo kT K5 kS (2.23)
Setting
l1 = aky + bky + cks + dK (2.24)
one finds
t 1 s
-~ ph== = 2.2
a 2u ) 2 ) c 2u )] ( 5)
2
g ] sty
stu?
where
s = (k‘l +k‘2)2 , b= (kg +k‘3)2 , U = (/Cl +/€3)2 (2.26)
and s +t+ v = 0. Then one has
I+ s
2[]1) — RI=—5—1) = ¢ [2B]1) = —5[23]@1) (2.27)

where lf denotes the two solutions for the quadruple cut. The square root drops out of
the calculation (as it should, given that the amplitude is a rational function). We conclude

that the second term in (2.19) gives®

i [24]? st st
e (e ) o (2:28)

where
Jn = Ly’ (2.29)

Again, the prefactor in (2.28) arises from the definition (2.3). In total the quadruple cut
(2.19) gives

21 st
(4W)2_6N(K4 ; %J4) (2.30)

where we have again included a factor of two for the contribution of a complex scalar. This

result matches exactly all the box functions appearing in (2.17).

®Recall that in our conventions ¢ := (23)[32].
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4t

Figure 2.4: The two inequivalent triple cuts for the amplitude 1-2731T4T,

We now move on to consider triple cuts. We start by considering the triple cut in Figure
2.4(a), which we label as (17,27, (37,4%)). It may be shown that this triple cut yields the

following expression:

w2 @) = i i (< - ) e
e 34 o) 3

(34) (23)[31]

The first line in (2.31) clearly contains the (negative of the) term already studied with
quadruple cuts — see (2.19) (For an explanation of the relative minus sign see again footnote
4 of this chapter).

We now reconsider the linear box term (second term in the first line of (2.31)), and
study its Passarino-Veltman (PV) reduction. As we shall see, this box appears also in other

triple cuts See (2.43). Let us consider the linear box integral

AF — / d*ly d % 2 1
C @t @m) 7 (1 - )~ k2)? = Pl = ke — k) — e[l + k)2 - ?22]32)

On general grounds the integral is a linear combination of three of the external momenta,

AF = okl + BEL + vk (2.33)

55



CHAPTER 2. GENERALISED UNITARITY FOR PURE YANG-MILLS

For the coefficients we find

o = _@471'32_6 %[— tJy — 2J3(8) + 2J3(t)} (2.34)
1 1

T G

v o= —# %[&]4 — 2J3(s) + 2J3(t)}

Taken literally, this means that from the linear box in (2.31) we not only get the J; function
but, altogether:
iN

st t t
(dm)— < Jy — EJg(S) + ng(t)) (2.35)

20”4
Summarising, the PV reduction of the first line of the triple cut (2.31), lifted to a Feynman
integral, gives:
iN st t ¢

—— | K —Jy — —J —J3(t 2.36

(dm)?— < 4+ 0w’ T 3(s) + y 3( )) (2.36)
The last term in (2.36) is clearly spurious — it does not have the right triple cut, and has
appeared because we lifted the cut-integral to a Feynman integral; hence we will drop it.
In conclusion, the triple cut (17,21, (3%7,4%)) in Figure 4a leads to

iN

= <K4 + %h _ ZJ3(5)> (2.37)

We now consider the last term in (2.31), which generates a linear triangle, whose PV

reduction we consider now. The linear triangle is proportional to

L d4l1 d—QeH /1’2 llf
B .— /(271')4 (2m) =2 (12 — p2)[(I1 — k2)2 — p2][(I1 + k1)? — 12 (2.38)

On general grounds,
Bt = 0K + TkY (2.39)

and hence
2|B|1) =0 (2.40)

We conclude that the second line in (2.31) gives a vanishing contribution, so that the content

of this triple cut is encoded in (2.37).

Next we consider the triple cut labelled by ((17,2%),3%,4") and represented in Figure
2.4b, which gives
2[34] 23] 2<31> (12) 1

TC((17,2%),3%,4%) = pu EPEE AR + @(3”2@] (e Cr)

34] (1|31l —2315)2]
G A 23 B

~

(2.41)
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The first term of (2.41) clearly corresponds to the function K, already fixed using quadruple

cuts. The second term can be rewritten as follows. Introducing Iy := Iy + ko, we have

g;;«m = 2l + gg’iwﬁwwﬂ (2.42)
therefore we can rewrite (2.41) as
1 T -
34] [ (1311, —230]2]  [23] (31)
o <<12>[1221 I [311<23>> (2.43)

We know already that the PV reduction of the first line of (2.43) corresponds to (2.36) —
with the term containing J3(t) removed — so we now study the second line, which will give

new contributions.

The second term in the second line corresponds to a scalar triangle, more precisely it

gives a contribution
iN
- W J3(s)

The first term corresponds to a linear triangle, and now we perform its PV reduction. The

(2.44)

relevant integral is

L d4lg d_2€,u, M2 l,l21
cr = /(277)4 (27)=2¢ (12 — p2)[(ly — k3)? — 1i2][(l2 + k1 + k2)2 — pi2] (2.45)

On general grounds,
Ct = XK + K (k1 + ko) (2.46)

A quick calculation shows that

i 2 i 1
— B — = ——— = 24
N = 6~ SR6)| s = g Sh0) (247)
The first term in the second line of (2.43) gives then
iN u u—t
_2J J 2.48
()= < S J3(s) + — 2(8)> (2.48)

where N is defined in (2.20). Altogether, the second line of (2.43) gives

e (03200 + ) w0
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whereas from the first line of the same equation we get

iN st t
—— | K —Jy - - 2.
(dmye—e < 4 + 2uJ4 ng(S)) (2.50)
where we have dropped the term J3(t) for reasons explained earlier.

We conclude that the function which incorporates all the right cuts in the channels

considered so far is equal to the sum of (2.49) and (2.50), which gives

iN
(47‘(‘)2_6

u—t

(KV%ZA—Zh@y-@+Z}M@+ b@) (2.51)

52
Using —t/u —1—u/s = s/u—u/s, (2.51) becomes

iN
(47)2—e

st s U u—t
Kyt oJi+ (2= 2) J 2.52
<4+2u4+u S) J3(8) + = 2(8)> (2.52)
To finish the calculation one has to consider the two remaining triple cuts. The remaining
cuts are (47,17,(2%,3%)) and ((47,17),27,3"). These cuts can be obtained from the

previously considered cuts by exchanging s with ¢.

Our conclusion is therefore that the function (including the usual factor of 2) with the

correct quadruple and triple cuts is:

2N st s u u—t
e (Kt S (S - 2 J 2.53
(4m)2—< ( it 2u L u s 3(s) + 52 2(5) (2.53)

t U u—S
+ (* - ;) J3(t) + — JQ(t)>
This agrees precisely with (2.1) using the identities
tlu—s) s sfu—t) _t u (2.54)
su  u s tu  u t '

2.4 The one-loop ——++ amplitude

We now turn our attention to the one-loop four point amplitudes with two negative helicity
gluons. We start by considering the one-loop amplitude A§2r (1=, 27, 3% 4+), which is
given by [59]°

Alglree
(471') 2—e

t 1 1
At gt =2 (L L+ ) es)

SHere for simplicity we drop the functions I; and I2(0), which are zero in the massless case [59]. We also
include a factor of two as we are considering complex scalars.
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4+

Figure 2.5: The quadruple cut for the amplitude 1727 374T.

To begin with, we consider the quadruple cut of the amplitude in Figure 2.5. It is given

by
(1lh]q1] (2[l1]g2] (gslls]3] (qalla|4]

2.56
Tal Bal (@63 (ad) (2:56)
By choosing ¢1 =2, ¢ =1, g3 = 4, q4 = 3, (2.56) can be rewritten as
. t tree , 4
where ( >3
12
oo — 2 2.58
Ai "23)(34)(41) (2.58)

Reinstating the four cut propagators and integrating over the loop momentum, (2.57) gives

_(ﬁ;l <2K4> (2.59)

where Ky is defined in (2.2).

Next we consider triple cuts. We begin our analysis with the triple cut in Figure 2.6(a).
This yields

p234]  (Uhla] (2lhfe] _ —u4<1 2)[34] 1 (2.60)
(34)2(12-3) 1]  [2¢] [12](34) 2(l2-3)
which, upon reinstating the cut propagators and performing the loop momentum integration
gives
AZree t
— -K 2.61
e (29) 200

This function had already been detected with the quadruple cut, as discussed earlier.
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Figure 2.6: The two inequivalent triple cuts for the amplitude 1-27374T,

Next we move on to consider the triple cut in Figure 2.6(b). This yields

(Lsl4]* 2lh|q1] (goll2]3]

2.62
26000 2ol (@3) (262
We can re-cast (2.62) as follows. Firstly, we write
1|i3]4 l 14 2(l3 - 4)(1|l
el _ (043 2001} 263
(223) (34) (34)
and secondly
1|l3]4](2|l 2|14 2(l3 - 4)(2|1]4 2(l3 - 4)(2|l3]4
(i) _ o QAL 2 DR L 2 DEE 0
2 1] [12] [12] [12]
The expression (2.62) becomes a sum of six terms T;, i = 1,...,6, where

(1]4]3])(2[1]4]*

h= Enn a0 -4

n, — (4Bl
: HB34)[12]

Ty (1]4|3](2[l5] 4]0

#(34)[12]
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(2[1]4)(1]13|3)1

= —E0ng

T (211]4)(1]13]3)2(13 - 4)

o t(34)[12]

T, — _ (A[I13](2]t3]4]2(13 - 4) (2.65)

#(34)[12]

Next we replace the delta functions with propagators, and integrate over the loop momen-
tum. To evaluate the integrals, we use the linear, quadratic and cubic triangle integrals in

4 — 2¢ dimensions listed in the Appendix. The integration of the expressions gives

Airee t
T -1 (K
T <4w>2-6<s )

T, — (;fl;ie < - tJ3(t)>
T35 — — (;%;ee (Zl‘s(t) - 1J2(t)>
4

(4m)%2=< \ 2s s
Alree t 3 1Y 62 U 62
Ts — T\ T 2 - (25 + t)IQ (t) = 157 () (2.66)

We now use (A.26) in [59] or (A.7) of this thesis, relating Ja(t) to Io(t) and I3~ *¢(t). This

gives:
1 1
Ts + T — —AYee (J2(t) - tIS_2€(t)> (2.67)
S

Adding up the six T; terms, and including the usual factor of two, we obtain

2Atree t 1 1 o
_(4”# <5K4 - gJQ(t) - EIS 2 (t)> (2-68)

which precisely agrees with (2.55).

2.5 The one-loop —+—+ amplitude

Now we consider the one-loop amplitude with a complex scalar in the loop, A% (17, 2%, 37, 47F),

which is given by [59]
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1 st s242 o st g
Aicalar(li, 2+’ 37, 4+) - _9 (471_)275“42% <u2K4 _ = Iff 2¢ + EI?? Qe(t) (269)
st 6o st(s —t) st(t — s) s t
+ EI'?) (S) — Tjg(t) - 73‘]3(8) + ?JQ(t) + EJQ(S)

S 76-2¢ b 1626 ts? st?
+ EIQ (t) + @IQ (8) + 512(15) + $I2(S)

4" 3

Figure 2.7: The quadruple cut for the amplitude 1727374T.

The relevant quadruple cut is represented in Figure 2.7, and gives:

(Lhlg1] {g21l212] (3[ls]qs] (qallalga]
Ta]  (e22) [Ba] (@4

- 2 2
R (<13>u +<12><3h\2]> ([24]u [34](3\11\2]>

et 2GR SHEIP
= <u RGN T @ (2.70)
where <13>4
tree __ .
AT = "12)(23)(34) (41) (2.71)

Averaging over the two solutions of the quadruple cut we obtain the following expression:

t 2) 2t2 3t3
i "2yl ) (2.72)

Z-Atree v 4
4 <u2 e 2ut
After reinstating the four cut propagators and integrating over the loop momentum, (2.72)
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gives

1 tree st 25%t> s3t3
— A - Ky ——Js— — 1L 2.
(47)%—e A < w2 ud Ja ut (2.73)

We now use the identity (A.26) in [59] or see (A.5) of this thesis. We ignore all functions
that do not have a quadruple cut to write this quadruple cut as:

1

st 5212
(47[-)276 AZree( - ?KLL + Ii)‘—2e>

(2.74)

u3

Figure 2.8: The only independent triple cut for the amplitude 1-27374" (the others are
obtained from this one by cyclic relabelling of the external gluons).

We now consider triple cuts. There is only one independent triple cut, and we consider,
for instance, the triple cut in Figure 2.8, which gives

(LI3]4]*  (3|I3|q2] (qu]l1]2]
2t(s-4) Bl (02 (2.75)

Using straightforward spinor manipulations, and taking into account properties of the cut

momenta, one finds that the above expression may be expanded as a product of two sets of
terms. The first is

(lsl4)(Blilaa] _ p*GIU) _ #3420 - 9)Blisl] 2.76)
BT 13 3 13 |

whereas the second is

(Lisl4){qllal2] _ p2(1]4)2] o (LRI 2(0s-4)(1ls[2]

@2) (24) Ry 24 (2.77)
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The expression (2.75) becomes then a sum of nine terms R;, i = 1,...,9, where

(1]4/2](3[1[4] "

= R0 -1
R, = (LRI 4]
2 1324205 - 1)
(3L is[2]
= =)
b (A2)BI4)
YT TR )
R (A2 4] (1]ls14]
i [13)(24)2(1s - 1)
_ Blls4)(1sl2)
= Thaes
(1]4]2](3|13]4] 2
N 824
Ry — (2Bl
t[13](24)
Ry =  (3lIs]4)(1]I512]2(15 - 4) .

+13](24)

The term R5 becomes a quadratic box integral when the three delta functions are replaced
with propagators. We can use the properties of the cut momenta to re-write Rs as a sum
of terms which will give a box integral, a linear box integral and a linear triangle integral
as follows,

(AL2AB L2 2031l (411[2)[413004]

Rs = T [13]2(24)2(15 - 4) + 132240205 -4)  [13]2(24) (2.79)

We now replace the delta functions with propagators and integrate over the cut momenta.
Note that one must drop any terms without cuts in the ¢-channel. This must be used for
all the linear box integrals that appear above. Using the results for the linear box and the

linear, quadratic and cubic triangle integrals in 4 — 2¢ dimensions listed in the Appendix
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gives

B A‘iree
(47T)2_€

2,2 2
st st
—Js— —=J3(t
203t WP 3()>

(
(
(
7~ (G
(
(
(
(

A;clree 82t2 83t3 S2t3 SZt
Ry — _(47T)2_€ e Js + 2y Iy + oA Ig(t)-i— e Iz(t)
Ao (st
R =~ \ w2 2<t)>
Airee s
R — — Jo(t
T e e >>
Zree 82 62
R — — =137t
8 (47T)2_€ u2 3 ()>

Alree st s s\ 6o s2 6 o
- — —=1I(t — — — | I7(t) + < I3 (¢ 2.
By = (- pah®+ (g - ) B0+ 51 H0) @s0)
Now we use (A.26) in [59] or see (A.5),(A.6) and (A.7) of this thesis. Ignoring all terms
without cuts in the ¢t-channel, it is easy to show that the sum of these nine terms leads to
the result

242

1 t t
Atfcut(lf’2+’3f74+) — _(47.‘.)276“4266 (;K4 . 5u3 12—25 + %15—26(75)

st(s —t) s S 6_9 ts?
— ———— I3+ =)+ —17() + —L(t 2.81
")+ Shlt) + 180 + b)) (281)
Next, one must also include the corresponding terms coming from the s-channel version
of the of triple cut in Figure 8. This just yields (2.81) with ¢ replaced by s. Combining
these two expressions, without double-counting the box contributions (which appear in both
cuts), and including the usual factor of two, one precisely reproduces the amplitude for this

process (2.69)
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2.6 The one-loop +++++ amplitude

The five-gluon all-plus one loop amplitude, with a scalar in the loop, is given by [85]

As(1F,27,37,47 5%) = 512523 + 523534 + 534545 + S45551

{
9671’205

+851812 + 4i€(1234) (2.82)

where C5 := (12)(23)(34)(45)(51) and e(abed) = € p0 albcPd?.

An expression for the five-gluon amplitude valid to all orders in e appears in [60],

(1 — N .
A?)?élllar(l+a 2+7 3+a 4+’ 5+) = 5,52547_‘_)2_62 |:523534I§1)’8 2 + 834545149)’8 2
‘i‘5>’45851If))’g_Q6 + 5518121'51)’8_2E + 3123231}&5)’8_26
+4i(4 — 2€) 6(1234)151026} (2.83)

The result (2.82) is obtained from (2.83) by taking the ¢ — 0 limit, where [60]

1
, e(l—e) 302 — TR e(l—e)Ii" 2 =0 (2.84)

e(l—e) I 2 —

[

3+

Figure 2.9: One of the quadruple cuts for the amplitude 172737475,

Here we will find that we can reproduce the full amplitude using only quadruple cuts in
4 — 2¢ dimensions. Let us start by considering the diagram in Figure 2.9, which represents

the quadruple cut where gluons 4 and 5 enter the same tree amplitude. The momentum
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constraints on this quadruple cut are given by
R,
h=li—k,lb=U—-ky,l3=10—k3s,ls =1l3—ks—Fks (2.85)

It will prove convenient to solve for the momentum I3, which we expand in the basis of
vectors ki1, ko, ks and K, where K is defined in (2.23). One finds that the solution of (2.85)
is given by’

ls = aky + bky + cks + dK (2.86)
with
t 1 s
a—%,b——§7c——1—%, (287)

i - 4+ | st+4p*u
stu?

where the kinematical invariants s, t, u are again defined by (2.26), but now s + ¢t + u =
(k4 + k5)2.

Considering the diagram in Figure 9, the product of tree-level amplitudes entering the

quadruple cut can be written as

(@]l [1] (g2|l2]2] (qg3|ls|3] p? [45] (2.88)
(1) (@2)  (g33) (45) [(Is — ka)?* — 7] '
Using (2.10), and choosing g3 =2, (2.88) can be recast as
4120 48] 1 @3 i Tr_(512354)
M 02) (45) (28) (s — ka)? — 12— (12)(23)(34)(45)(51) (I3 — ku)? — 422
o p Try (1230343) + Try (1231342) (2.80)
— (12)(23)(34)(45)(51) (I3 — ka)? — pi? '
Using momentum conservation, and
Tv, (abed) = 2[(ab)(cd) — (ac)(bd) + (ad)(be) + ie(abcd)} (2.90)
it is easy to see that
Try (1231343) + Try (1231342) 4(12)(23) - 4 (39 €(12153) — (12)¢(23413) 291)

(I3 - ka) (I3 - k4)

"We notice that, had we solved for I;, the solution would have taken the form (2.24) with the same
coefficients a, b, ¢, d of (2.25) - but with u defined by u = —s — t — (ks + ks5)>.
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We set
V(l3) = ie(12033)(3-4) — i€e(23413)(1 - 2) (2.92)

Now we wish to sum the expression (2.89) over the solutions (2.87), including a factor of 1/2.
Writing these solutions as lg: = x + y, where y contains the term involving the momentum
K, it is straightforward to show that

ZTr+ 123l343l3+k3r+(123l342) _ 1(12)2-3) _4V(x)((;..44))2:(‘;(,?1))(g4) (2.93)
nd V@) 4) - V)4 i i
v)(@-4) - Vy)y-4) _ i o
wap (yoap at ey [<z;-4> G 5 e
Summarising, we have found that
Tr (1231343) + Try (1231342)
Z + l3 k4)+
) 1 1
= 4(1-2)(2-3) + 2ip>e(1234) [(@-4) + B _4J
. 1 1
— 812823 — 42”26(1234) |:(l§_ _ ]{;4)2 _ MZ + (ZS_ _ k‘4)2 _ 2:| (295)

From (2.89), we see that the full amplitude in the quadruple cut is obtained by multiplying
(2.95) by —u*/C5. Next, we lift the cut integral to a full Feynman integral, and get

2“4{ dip? (1234)( ! + ! ﬂ
— 22— |S S — 41 €
s [ (I3 —ka)2—p? (5 = ka)? = p?
—W [I£5)’4_25[u4] s12 523 + ST 20 6(1234)]
- CZE)EST);_G) [312 S93 I8 726 4 4 (4 — 26)6(1234)1510—26] (2.96)

where the factor of 2 in the first line of (2.96) comes from adding, as usual, the two possible
quadruple cuts of the amplitude (which are equal, since they are obtained one from the

other by simply flipping all the internal ‘scalar helicities’).

Let us now discuss the result we have found. The first term in the last line of (2.96)
gives the s192893 term in (2.83). The other quadruple cut diagrams, which come from cyclic
relabelling of the external legs, will similarly generate the other €(1234)-independent terms
n (2.83). Finally, the €(1234) term in (2.96) — a pentagon integral term — matches the
€(1234) term in (2.83).

Thus we have shown that the five gluon amplitude +++++ may be reconstructed

directly using quadruple cuts in 4 — 2¢ dimensions.
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2.7 Future directions

2.7.1 Higher point QCD amplitudes

Recently there has been much interest in techniques which enable efficient calculation of
the unknown six point gluon amplitudes. See [77,78,86]. It would be useful to understand,
at next-to-leading order, events such as the W + 4 jet background to top-quark production
for the experimental program at the Large Hadron Collider. It is therefore important to

push the D-dimensional generalised unitarity technique to higher point amplitudes.

Using D-dimensional generalised unitarity to compute higher point amplitudes involves
some subtleties that it would be interesting to understand. In this section we give a concrete
example which involves the six point all-plus one-loop amplitude. This amplitude has been

calculated using D-dimensional two-particle unitarity cuts in [60].

e(l—e) i

A%calar(l-ﬁ-?Q""’3+’4+,5+,6+) = 2(47‘(’)2_6 <12><23><34><45><56><61>

X | = Z tr[kmki1+1,¢2—1k¢2éé¢2+17i1_1]1'§;12;§2
1<i1<i2<6
+(4—20) > eli+1,i+2,i 43,0+ 40
i=1

+(4— 26)tr[123456]lé0_2€] (2.97)

Figure 2.10: A puzzling quadruple cut of the siz point all-plus amplitude.
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The quadruple cut in Figure 2.10 gives the answer:

1*[12] 11°[34] (q111515] {g2|l6|6]
(12)[(ls — Fk1)? — p2] (34)[(I2 — k3)? — p?] (@15)  (q26)
o [12][34][56] 1

[
=y (2.98)
(12)(34)(56) [(l6 — k1)* — p?][(l2 — k3)* — p?]
It is tempting to interpret the quadruple cut in (2.98) as giving a just hexagon integral
term. At first sight this appears to be different to the known amplitude (2.97), which
gives a different coefficient for the hexagon integral and also involves a pentagon term that
appears to be absent from this quadruple cut. It would be interesting to understand how

the equations (2.98) and (2.97) are consistent with each other.

We have observed in this chapter that full amplitudes can be computed by just consid-
ering quadruple cuts and triple cuts and that ordinary two-particle cuts are not needed.
This surprising result is very significant, since two-particle cuts are by far the most techni-
cally challenging to calculate. It would be very interesting to understand the more general

systematics of when triple cuts are sufficient.

2.7.2 Higher loops, integrability and the AdS/CFT correspondence

Maldacena’s correspondence [4] relates the seemingly intractable planar limit of N'=4 super
Yang-Mills at strong coupling to free strings in AdSs x S®. Supersymmetry protects some
quantities, but it is less clear how the simplicity of the strongly coupled regime might be
manifested in the perturbative series of unprotected quantities like amplitudes. A strong
hint of this simplicity has been observed in iterative cross-order relations in higher-loop
amplitudes [65,66]. Remarkably the two-loop four-point amplitude can be written in terms

of the one-loop amplitude.

_ 1

2
S [MO] + 1P @MDe) + O+ ED(e) (2.99)

where Mfll) is the n-point I-loop MHV gluon amplitude divided by the tree amplitude. There
is a similar iterative formula which writes the three-loop four-point amplitude in terms of
the two-loop and one-loop four-point amplitudes [67]. This led to the conjecture that the

formula for the all-loop MHV amplitude is the exponential of the one-loop answer:

M, = exp [i al ( FO(MD (1) + ¢O + E}P(e))] (2.100)
=1

These formulae are based on sophisticated four-point and five-point, two-loop and three-loop

unitarity computations.
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These iterative gluon amplitude relations involve the function f(®)(e). This function is
in fact related to the large spin anomalous dimension of the leading-twist operator in the
gauge theory:

Tr(D*2?) - - (2.101)

where s is the spin of the operator and the leading-twist refers to the 2. In the limit s — oo

this anomalous dimension is expected to scale logarithmically:
A = s+ f(g)log(s) + O(s°) (2.102)

The function f(g) is the €® term in f()(e) of the iterative gluon amplitude formula. The
function f(g) is only a function of the 't Hooft coupling g*> = ¢2,;N. In a remarkable
calculation [87] the anomalous dimension of the leading-twist operator, for arbitrary spin,
was calculated to three loops in QCD. It appears that the most transcendental part of this
QCD answer is the N'=4 super Yang-Mills result [88]. The large s anomalous dimensions

calculated using the iterative gluon amplitude technique are in agreement with this answer.

The anomalous dimensions of operators in N' =4 super Yang-Mills are believed to be
integrable and can be calculated using the Bethe ansatz. See for example [89]. At one-loop,

the leading-twist spin s anomalous dimension is given by:

. 1 u + % ’ S —uy — i
A= : 2 ) =T 2—— (2.103)
2] (—) ==
Gk

It is conjectured that the one-loop Bethe ansatz can be extended to all loops via the following

deformation of the spectral parameter wu:

2

u:x+g— ot =a(utd) (2.104)
x
The all loop Bethe ansatz is:
i 1 ik 2 S up —u; — i
A=S"L_* (k) =11 ==—2— (2.105)
kzxg X, X, jl_[lukujJrz
J#k

Remarkably Eden and Staudacher [90] have managed to write these equations, for large s,

in terms of an integral equation. This allows explicit calculation of the f(g) function:

flg) = 4¢° + 164" /OOO dt‘]l;ft)a(t) (2.106)

where J is a Bessel function and the density of the Bethe roots o(t) satisfies the integral
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equation:

___ 1 1.Ji(gt) 2/00 o ((J1(gt)Jo(gt’) — Jo(gt)J1(gt’)
o(t) = et/ﬂ—l{Q gt tg 0 dt gt — gt’

) a(t’)} (2.107)

These equations can be easily be solved order by order to a very high number of loops using

a program such as Mathematica. The answer to four loops is:

flg) = 4¢° —4¢(2)g" + (4¢(2)* + 12¢(4))g°
—(4€(2)3 + 24¢(2)C(4) + 4¢(3)? +50¢(6))g® + - - - (2.108)

The first three loops are in agreement with the result derived from QCD using the transcen-
dentality principle [88]. The four loop result is new and Bern et al. have announced that
they are currently testing it using unitarity techniques and the iterative gluon amplitude
approach. If (2.108) breaks down, then BMN scaling and the transcendentality principle
both breakdown at four loops [90]. It would also be very interesting to understand the Eden
Staudacher equation for large g to see if it matches the energy of the appropriate spinning

string as predicted by Maldacena’s AdS/CFT correspondence [91]:

energy = f(g) = 2v/2g + %10{;(2) +0 (;) (2.109)

The AdS/CFT correspondence tells us that certain field theories reorganise themselves
into a higher-dimensional dual description, but we do not really understand how this hap-
pens. It is thought that the underlying mechanism is open/closed string duality in which
the stack of D-branes in the open string theory are traded for a warped geometry with
only closed strings. The duality between Chern-Simons gauge theory on S? and topolog-
ical strings on the resolved conifold is an example in which the holes in the open string
description explicitly close up to form closed string world-sheets [92]. Unfortunately the
't Hooft expansion of N’ =4 super Yang-Mills has not yet been understood explicitly in
such terms. Greater understanding of the twistor string proposal and of open/closed string
duality, along the lines of [93], will perhaps enable us to also view the large N duality of

N =4 super Yang-Mills in a manner close to the well understood topological examples.
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CHAPTER 3

ON-SHELL RECURSION RELATIONS FOR
ONE-LOOP GRAVITY

3.1 Introduction

The idea of the BCFW recursion relation [16,17] was introduced in section 1.7. BCFW
recursion exploits a complex deformation of an amplitude and the Cauchy residue theorem
to construct an amplitude from a set of factorisations which involve amplitudes with fewer
legs. BCFW recursion was originally considered in the context of tree-level Yang-Mills
amplitudes. As BCFW recursion is based on the very general properties of analyticity
[53-57] and factorisation on multi-particle poles, it is applicable in many different contexts in
perturbative field theory [61,71-74]. In this chapter we consider the generalisation of BCFW
recursion to one-loop finite amplitudes in pure gravity. Pure gravity is renormalisable at one-
loop [94]. See the review [95] for what is known about the renormalisability of (super)gravity

theories in various dimensions.

In the last chapter we presented the method of D-dimensional generalised unitarity which
calculates an amplitude to all orders in € where the dimensional regularisation parameter is
defined to be 4 — 2¢. In the ¢ — 0 limit these amplitudes contain two types of term: Those
which have a branch cut and those which are purely rational functions, independent of e.
This can be seen explicitly using the formulae in equation (A.4) of appendix A. As reviewed
in section 1.5 of the introduction, calculating with four dimensional unitarity cuts only
gives the terms of the nonsupersymmetric amplitude which have cuts in four dimensions,
but misses the rational parts of the amplitude (which are not linked to the cut containing

terms).

Remarkably, the ideas of BCFW recursion can be applied to the calculation of these
rational parts of QCD amplitudes. This has been studied in the series of papers [18,75-78].
A low point one-loop amplitude calculated using Feynman rules, unitarity or even the gener-
alised unitarity of the last chapter, can be used to compute the rational terms of the higher
point amplitudes recursively. Calculating the rational terms of an amplitude in this way
avoids many of the complications of D-dimensional unitarity, including the disentangling
of the various cuts, the complicated Passarino-Veltman reduction, and the involvement of

higher-point integral functions such as pentagons. In this way BCFW recursion offers the
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remarkable possibility of calculating loop amplitudes without really performing the loop

integrations.

In [18], Bern Dixon and Kosower (BDK) initiated the use of BCEW recursion to calculate
the rational parts of one-loop amplitudes by considering the QCD all-plus amplitude and
the amplitude with a single negative helicity gluon. Since these amplitudes vanish at tree-
level, they are infrared finite at one-loop. So these one-loop amplitudes are purely rational

functions, as tree-level amplitudes are.

In tree-level Yang-Mills, the structure of multi-particle factorisation means that in gen-
eral only simple-poles result from performing shifts on an amplitude [17]. As explained
in [18] the same is almost true for the rational terms of one-loop QCD amplitudes. The
splitting amplitudes in all helicity configurations except (+ + +) and (— — —) only involve
lone powers of spinor products and hence only single-poles. The (4 + +) splitting function
has the form [ab]/(ab)? [13]. So the three-point one-loop all-plus factorisations will give rise
to double poles, when the shifted (ab) vanishes. These factorisations, along with all the
other three-point one-loop factorisations, are called nonstandard factorisations and are the

main complicating factor in the extension of BCFW recursion to one-loop.

Since QCD tree-level amplitudes with more than three legs and less than two negative
helicity gluons vanish, the one-loop all-plus amplitude is finite and also has no multi-particle
poles. So the shifted all-plus amplitude only has simple-poles coming from the collinear
singularity of the tree-level (—;++) splitting amplitude. Once shifts without a boundary
term have been found, the all-plus amplitudes can be constructed recursively by sewing
all-plus loop amplitudes with fewer legs to tree amplitudes [18]. In section 3.2 we show that

the all-plus one-loop gravity amplitudes behave in a similar way.

Remarkably the ideas of BCFW recursion can be extended to more general QCD one-
loop amplitudes such as the amplitude with a single negative-helicity gluon [18]. As can be
seen by, for example, performing the BCFW shifts on a known amplitude, there is an added
complication in this one-loop recursion as performing a shift results in the appearance of a
double pole. As explained in [18] these double poles are precisely due to the appearance of
three-point all-plus one-loop vertices. BCFW'’s use of the Cauchy residue theorem does, of
course, extend to this case since although the double-pole in A(z) does not have a residue,

recall that we are integrating A(z)/z which does have a residue

L) o

Factorisation at a double pole will therefore take the form:

7 Ap (3.2)
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It is clear even on dimensional grounds that A; and Ar cannot both be amplitudes. So
the three-point one-loop all-plus factorisation will involve a vertex with the dimensions of
an amplitude times a momentum squared. As pointed out in [18] this may seem puzzling
at first sight, but it can be understood from the structure of the one-loop three-vertex used

for obtaining, one-loop splitting amplitudes [13,96,97]:

N, [12)[23][31]
“'o6r2 K2,

AP @t 2t 3) = (3.3)
So the three-point one-loop all-plus amplitude is either zero or infinite even in complex
momenta as it involves both the A and A variables. To compute the recursive double pole
terms associated with the three-point all-plus factorisations, BDK propose the use of the
following vertex, which has the right dimensions and is only a function of the \ variables:
v (1t 2+, 3%) = ——_[12)[23)[31 3.4
il ) = — o3 121123][31] (3.4)
In section 3.3 we will observe that the double poles in the one-loop — + ++ pure gravity

amplitude can be understood in an analogous way. For one-loop gravity we use the vertex:
wiP(1%,2%,3%) = C([12][23)[31])? (3.5)

where we will fix the numerical coefficient C' of this vertex by comparison with the known
—+4++ gravity amplitude. This amplitude was calculated using D-dimensional two-particle
unitarity cuts in [98]. These three-point all-plus gravity factorisations are only double poles
in complex momenta. In real momenta the double pole terms in the — 4+ + + 4 gravity
amplitude look like [ab]*/(ab)?, so there is no pole at all. The one-loop gravity splitting

functions vanish.

The three-point one-loop all-plus factorisation also contains a single pole term [18]. The
description of this ‘single pole under the double pole term’ is more tricky. In [18] BDK
arrived at a candidate single pole under the double pole by proposing that the single pole
differed from the double pole by a factor of the form:

S(ar, K+, a9) K2 S(by, —K ™, by) (3.6)

In this factor, K? is the propagator that is responsible for the pole in the shifted amplitude.

This factor, when multiplying the double pole, cancels one of the two K2 in the double pole

term to give a single-pole term. The legs b; and by are the external legs on the three-point

all-plus vertex. In [18] experimentation revealed that the legs a1 and ag are to be identified

with the external legs of the tree amplitude part of the recursive diagram which are colour

adjacent to the propagator. The ‘soft factors’ are given by:
(ab)

S(a,st,b) = Tas)(sh) , S(a,s,b) = — (3.7)
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In section 3.3.1 we will explicitly review this construction for the simplest case of the four-
point one-loop — + ++ Yang-Mills amplitude. We demonstrate in section 3.3.2 that a
remarkably similar procedure can also be applied to the single poles in the — + ++ one-loop

gravity amplitude.

We then attempt to construct the unknown one-loop — + + + 4+ gravity amplitude
using on shell recursion in section 3.4. Unfortunately our understanding of the three-
point all-plus nonstandard factorisations gained from studying the known — + ++ one-loop
gravity amplitude has not allowed us to generalise to this unknown case yet. We have
been unable to find ‘single pole under the double pole’ terms which are consistent with the
symmetries and limits of the amplitude. A method for calculating Yang-Mills amplitudes
avoiding all nonstandard factorisations was given in [77]. We review this method in section
3.6 and calculate the — + + 4+ 4+ Yang-Mills amplitude using only standard factorisations.
Unfortunately, extension of these ideas to the — + 4+ + + one-loop gravity amplitude does
not immediately work, but we are hopeful that ideas along these lines will soon enable the

construction of this amplitude.

3.2 The all-plus amplitude

An ansatz for the n point one-loop amplitude in pure Einstein gravity in which all the
external gravitons have the same outgoing helicity was presented in [99]. This ansatz agrees
with explicit computations via D-dimensional unitarity cuts for n < 6 [100]. This amplitude
corresponds to self-dual configurations of the field strength. The amplitude is also related
to the one-loop ‘maximally helicity-violating’ (MHV) amplitude in N =8 supergravity via
the ‘dimension-shifting’ relation of [100]. The explicit expression for this amplitude is:
i
(47)2 960

MVt 2t oty =— > h(a, M, b)h(b, N, a)tr[Fakrckekn]  (3.8)

1<a<b<n
M,N
In this formula, a and b are massless legs and M and N are two sets forming a distinct

nontrivial partition of the remaining n — 2 legs. The first few half soft functions h(a, S, b)

are given by

O Pt
- 12]
He L2 = T e
) 12)23 2331
e 230 = g ) (o) (a3 30 (2981 a2) @) (1) (1)
[31][12]
N (3.9)

(31)(12)(a3)(30)(a2) (20)
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In the following sections we show that the five and six point amplitudes can be con-
structed recursively. Inspection of the all-plus amplitude (3.8) shows that the standard
BCFW shifts [17] give a boundary term. The following shifts, which first appeared in [38],

eliminate a boundary term for suitable choices of 5

)\1 = )\1 + 2[23]7’]
Aa = X+ 2[31]n
A3 = A3+ z[12]p (3.10)

When we construct the five-point all-plus gravity amplitude recursively from the four point
we use 1=A4 + A5. For construction of the six-point all-plus amplitude from the five-point
amplitude we use 7= A4 + A5 + A\¢. We choose the shifts (3.10) because they do not give
any boundary term, but these shifts were invented for another purpose. In [38] they were
used to show that the CSW rules [8] for tree-level gauge theory are just a specific instance
of the BCFW [17] recursion relation. See section 1.7.3 of this thesis. These shifts were then
used to obtain a CSW-style formalism for calculating graviton scattering amplitudes in [81].
Applying the shifts (3.10) to the all-plus amplitude (3.8) gives a shifted amplitude M,(ll)(z)
with only simple-poles. In the next sections we show that the residues at these poles can

be computed from standard recursion relation diagrams.

3.2.1 The five-point all-plus amplitude

In this section we use on-shell one-loop recursion to recompute the known five-point all-plus
amplitude from the known four-point all-plus amplitude. The four-point all-plus amplitude

(3.8) is given explicitly by

. 2
(D14 ob at 40y & 1 ([12][34] 2 2
M, (17,2737, 47) = — — t+t 3.11

A28 = e ((12)<34> (87 + st +7) (3.11)
Where s = (p1 + p2)? and t = (pa + p3)?. This four-point all-plus amplitude was first

computed using D-dimensional unitarity-cuts in [98].

In the construction of the five-point all-plus amplitude, the shifts (3.10) give rise to nine
different diagrams corresponding to the nine different angle brackets that the shifts can
make singular. Using the symmetric choice of 7 = Ay + A5 there are only two distinct types
of diagram to compute and then the remaining diagrams are straight forward permutations
of these two diagrams. All the recursive diagrams contain a four-point one-loop amplitude
joined to a tree-level + 4+ — amplitude. The first type of diagram has two shifted external
legs attached to the tree-level + + — diagram. There are three of these diagrams associated
with the three simple-poles (12) = (23) = (31) =0 in the shifted amplitude. The diagram
associated with the pole <i§> =0 is given in Figure 3.1. The second type of diagram has a
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shifted and an unshifted leg attached to the tree-level ++ — amplitude. There are six of this
type of diagram associated with the simple-poles (14) = (15) = (24) = (25) = (34) = (35) =0
in the shifted amplitude. The diagram associated with (15)=0 is given in Figure 3.2.

s A+
g (L —
A+ o+

Figure 3.1: The diagram in the recursive expression for ]\{,El)(lJr7 2% 3T,4% 57 associated
with the pole (12) = 0. The amplitude labelled by a T is a tree-level amplitude and the one
labelled by L is a one-loop amplitude.

The diagram in Figure 3.1 contributes

1) 5 > i 0) 5+ 4 5
M} )(3+,4+,5+,K1+2)K—12M§ )1+, 2t —Kp) (3.12)

Where the three-point tree amplitude is given by

3 2
MmOt 2t 37) = —i (z [2[;]2[1310 (3.13)

substituting this tree-level amplitude and the one-loop result (3.11) into (3.12) yields

i1 [34]4712)° ((34)%[34)% + (34)[34](45)[45] + (45)%[45]?)

(4r?60  (12) (5|12 (51K |22

We can eliminate K 12 from this expression using
(5|K|1]% = (25)%[12]* and (5|K|2)* = (15)?[12)?

Figure 3.1 gives (i?) =0 which corresponds to a pole in the complex z-plane at

(12)
(nlt +2[3]

It is then easy to show that

s [BEs)(2)

= e
o 4)s) ()
1 = Gnres
a4 — _ (12)[12](n4)
B = BY e
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using = Ay + A5 gives the final contribution from Figure 3.1 and (3.12).

i1 [12)([34] — [35))" a2\
(47r)260<12>(<14>+<15>)2(<24>+<25>)2{<<34> [34]—[35]) 34

+ ((34) — [5’2]2)—[1[?50 [34](45)[45] + <45)2[45]2}(3.14)

The contributions from the diagrams corresponding to the poles (23) =0 and (31) =0 are

given by cyclically permuting the external legs {1, 2, 3}.

4t st
N -
3F{L*

5+ 1+

Figure 3.2: The diagram in the recursive expression for Mél)(1+, 2% 3T,4% 5T) associated
with the pole (15) = 0.

We now consider the second type of diagram. Figure 3.2 contributes

)
Kis

A

MRt 3T 4t K — MO (5,11, k) (3.15)

again using (3.11) this yields

i1 [23]4715)° ((23)%[23]% + (23)[23](34)[34] + (34)%[34)?)

(4m)7 60 (15) IR 52

We can eliminate K15 from this expression using
(4 K[1)? = (45)[15)% and (4|K|5)% = (14)2[15)?

Figure 3.1 gives (15) = 0 which corresponds to a pole in the complex z-plane at

)
~ [23](n5)
It is then easy to show that
S (45)(nl)
e
gy (502 31
= B )
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(15)[12](n4)
[23](n5)

using 7 = \g + A5 gives the final contribution from Figure 3.2 and (3.15).

(34) = (34) -

i1 [15][23]* B 2
B0 (15492 (1) 7 (151)° { ((23)(23] + (15)(14] - [13)))

+((23)[28) + (15)(([14] - [15])) <<34> [34] + <15>[[21§]H?“‘4>

+ <<34> 34] + %;”34]) } (3.16)

The contributions from the diagrams corresponding to the poles (25) =0 and (35) =0 are
obtained by cyclically permuting the external legs {1,2,3}. The diagram corresponding to
the pole (14) =0 is obtained from the (15)=0 diagram by interchanging legs 4 and 5. The
remaining diagrams corresponding to the poles (24) =0 and (34) =0 are then obtained by
cyclically permuting the external legs {1,2,3} of the (14)=0 diagram.

We have checked numerically that each of the terms in the recursion relation agree with
the residues of the shifted known answer (3.8) and so the sum of the nine recursion relation

terms are in agreement with the thirty terms of the known answer (3.8).

See Appendix B for a Mathematica program that can be used to compare amplitudes
numerically. The command evalnormal [X] can be used for this purpose. The Appendix
also contains a command, evalshift [X] that can be used to compare the individual residues

of amplitudes under various shifts.

3.2.2  The six-point all-plus amplitude

In this section we recompute the known six-point all-plus amplitude from the five-point all-
plus amplitude. We again use Risager shifts (3.10), but now choose = Ay+A5+Xg. Just like
the previous five-point case all diagrams contain a one-loop all-plus amplitude and a + + —
tree-level amplitude. There are again two types of diagram. The first type of diagram
corresponds to having two shifted legs attached to the three-point tree-level amplitude.
There are three of these diagrams associated with the three poles (12) = (23) = (31) = 0.
The diagram associated with the pole (23) = 0 is given in Figure 3.3. The second type
of diagram corresponds to having a shifted and an unshifted leg attached to the three-
point tree-level amplitude. There are nine of these diagrams associated with the nine poles
(14) = (15) = (16) = (24) = (25) = (26) = (34) = (35) = (36) =0. The diagram associated with
the pole (16) =0 is given in Figure 3.4.
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N
1+ At
6" 2
+ -
+ A4
5 3
i+

Figure 3.3: The diagram in the recursive expression for Mél)(ﬁ', 2+ 3T,4% 5T 67) associ-
ated with the pole (23) = 0.

The first type of recursive diagram is given in Figure 3.3. This contributes:

i

0) 5+ 5 o
M0 (2,3, — k) (3.17)
23

MVt 5T 6%, 11, K)
The Mél)(+ + + + +) amplitude contains thirty terms (3.8). Fortunately the symmetries
in the shifts and the choice for |n) =|4) + |5) + |6) reduce these thirty terms to the following

ten terms plus the two cyclic permutations involving {4,5,6} of these ten terms.

(4m)? (23)(14)(15)(24)(25)

) (
;

—~
—
N

o~ ~ | —~
—~ >
w

~ Ot

(3.18)
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The diagram in Figure 3.3 is associated with (23) =0 or equivalently with

(23)
2= (3.19)
(nl2 +31]
using this value for z it is then simple to rewrite the brackets containing hats in (3.18) in
terms of the external legs. We have checked numerically that the expression (3.18) plus the

permutations agrees with the residue at (23)=0 of the known amplitude (3.8)

4" i 6"
+ -
N
3t 1t
2+

Figure 3.4: The diagram in the recursive expression for ]\45(1)(1+7 2+ 3T,47 5T 67) associ-
ated with the pole (16) = 0.

The second type of recursive diagram is given in Figure 3.4. This contributes:

MY (287,47 57, K)o MY (67,11~ Ki) (3.20)
16

Just like the other term, the Mél)(+ + + + +) amplitude contains thirty terms, but the

symmetries of the shifts and the choice of |) = |4) + |5) + |6) reduce these thirty terms to

the following set of terms and permutations:

(4m)? (16)(45)
3

(3.21)

We also include three other sets of terms which are the same as (3.21) but with 2, 3 swapped,
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4,5 swapped and with 2,3 and 4,5 swapped

8i | [16][45][23]3(23)((31)[31] + (36)[36])°
(4m)? (16)(45)(24)(25)(14)(15)(36)>
_ [16][24]3[25)*(24) (25) ((31)[31] + (36)[36)) (3.22)
(16)(34)(35)(14)(15)(36)> '

8i | [16][24]3[34]3(24) (34) ((15)[15] + (56)[56])
(47)>2 (16)(56)2(25)(35)(12)(31)
[16][23][45]° (45) ({15)[15] + (56)[56])* (3.23)
(16)(56)2(24)(34)(23)(12)(31) '

8i | [16][45]((12)[12] 4 (26)[26])%((31)[31] + (36)[36])>
(4m)? (16)(45)(24) (25) (34) (35) (26)2(31)2
_ [16][23]((14)[14] 4 (46)[46])((15)[15] + (56)[56]) (3.24)
(16)(46)2(24)(25)(34)(35)(15)2(23) '

So (3.21) plus permutations contributes 20 terms, (3.22) plus permutations contributes 4
terms, (3.23) plus permutations contributes 4 terms and (3.24) contributes 2 terms. So we
correctly have a contribution from all 30 terms in the five-point all-plus amplitude. The

diagram in Figure 3.4 is associated with <16> =0, or equivalently with:

(3.25)

We have checked numerically that the sum of these terms agrees with the residue of the
shifted known amplitude (3.8).

We have shown that the five and six point all-plus amplitudes can be calculated using
on-shell recursion. It would be interesting if it were possible to find some shifts that left the
stucture of the all-plus one-loop amplitudes (3.8) written in terms of the half soft functions

(3.9) explicit. The half soft functions satisfy the recursion relation [100]:

Z h(%Avr)h(QaBaT)<q,KAKB|q><T|KAKB’T> = _K% h(ch7r) (326)

ACC
B=C-A

It would be interesting if it were possible to find some shifts that exploited this recursion
relation in some way. It would be good to use BCFW recursion to calculate the n-point

all-plus gravity amplitude for all n.
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3.3 The one-loop — + ++ amplitude

3.3.1 — + ++ in Yang-Mills

In [18] the five, six and seven-point one-loop Yang-Mills amplitudes with a single negative
helicity gluon were derived from on-shell recursion. Unlike the all-plus amplitude of the
previous section these amplitudes contain the significant complication of the three-point
all-plus nonstandard factorisation from which there is both a double pole and a single pole
contribution. In this section we review their construction for the simplest four-point case.
The — + ++ amplitude was first calculated by other methods in [82].

i (24)[24)3

AP 2084 = oo [12](23) (34)[41] (3.27)

We will consider recursion based on the standard BCFW shifts on [1] and |2):

A= A

/\1 — Xl—ZXQ
Ao — Ao+ z)\

A2 = Ay (3.28)

These shifts applied to the amplitude do not give a boundary term and give a shifted

amplitude which is singular at a single point in the complex z-plane.

(53) = (13)(=—b) , [i4] = 42(z ~b)
__(23) _ [14]
where b= 3 2 (3.29)

So applying the shifts (3.28) to the known amplitude (3.27) yields:

W) e 4 i (12)[24) 1 (13)(14) 1
AP 2,835,406 = 5o (30)(31) ((z 02 T 3ay(12) (- = b)) (3.30)

We can now write the original amplitude Afll) (1-, ot 3+, 47)(0) as a sum of residues of the
poles that occur in the function Ail)(i_, Q+,3+,4+)(z)/z. In this case there is only one
pole at z = b. Following [18] this single residue will be explained recursively by splitting it
up into two parts. The first part comes from the double pole in (3.30) and the second part
comes from the single pole in (3.30). There will be a one-to-one map between the terms of
this expansion and the terms of a recursion relation based on the shifts (3.28).

i (12)(13)[24] ~ (12)(13)[24] (14)(23)

(1)1 _
AP 285 40 = 5o 1 s e3P (1260 (3:31)
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1- 2%
-+

Figure 3.5: The recursive construction OfAil)(l_, 21, 3%,4%) via shifting |1] and |2) involves
this nonstandard factorisation diagram.

We now review the origin of the two terms in (3.31) from a BCFW recursion relation.
Recalling that both terms are associated with (23) =

is in Figure 3.5.

[14] = 0 the corresponding diagram

BDK [18] reproduced the double-pole term in (3.31) recursively from Figure 3.5 using
the one-loop all-plus vertex V}fl)(%— + +) which was introduced in (3.4).

G i (K2R 3] (K1)
Vi RA2NST) = G i 29 (R
i (12)(13)[24]

T 9672 (23)2(34) (3.32)

1

0 a o
Ag )(4+7 1+7K23)(K223)2

The ‘single pole under the double pole’ term in (3.31) differs from the double pole term

by the factor: (14)(23)
14)(23
7“2) (34) (3.33)

As reviewed in the introduction, the candidate explanation (3.6) for this factor given in [18]
uses the ‘soft factors’ given in equation (3.7) with the following prescription:
(14)(23)[23]>  (14)(23)

S, K,4) K282, —Ky3,3) = TR - 1260 (3.34)

3.3.2 — 4 4+ in Gravity

The —4++ one-loop gravity amplitude was calculated using two-particle unitarity cuts with
a D-dimensional scalar running in the loop in [98]. We use the normalisation conventions
of [100].
1
MV 2% 3t 4ty = L~
1 (17,27,37,47) (47)2 180

(12)[23][24]
[12](23)(24)

)2 (s + st +t2) (3.35)

Remarkably the recursive procedure for Yang-Mills which was reviewed in the last section
extends very simply to this gravity case. Just as in the Yang-Mills case we consider the
standard BCFW shifts on |1] and |2) given in (3.28). Applying these shifts to the known
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amplitude does not give a boundary term and introduces singularities at two different points

in the complex z-plane.

(24) = (14)(z —a) where a:—gi; (3.36)
(23) = (13)(z —b) where b:—ggi (3.37)

When we later reconstruct this amplitude from a recursion relation the residues at these
two points will come from different diagrams. It is not a surprise that there are more
recursive diagrams in gravity than there are in Yang-Mills, because in gravity there is no
cyclic ordering of legs like there is for the colour ordered amplitudes of Yang-Mills. Under
the shifts (3.28) the amplitude (3.35) becomes

s i1 [{12)%[23])%[24]? 1
MP(72530 406 = g < <i3[>2<]14[>2] CEOECEDE
(12)3[23]3[24]2 1
(13)(14)*[12] (z —a)*(z — b)

(3.38)

We now separate out the different poles using the following partial fraction expansions:

1 B 1 -
(z—a)?(z=0)2%  (a=b*z—0a)? (a—b)3(>—a)
1 2
a0 G=0?  (a=bP(z-0b)
1
(z—a)2(z—b)  (a—b)(z—a)? B (a—0)2%(z—a) * (a—0)%(z—b)

where a — b can be simplified using the Schouten identity:

B (24) (23)_ (12)(34)
S T T 3 (3.39)

We can now write the shifted amplitude as a sum of terms associated with the various
different types of pole at different locations.
i1 [(12)%[23]%[24)2 1

M (7,230 40 ) = @210 | (342 (r—a)
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Finally we can write the original amplitude M, il) (17,2%,3%,4%)(0) as a sum of residues
of the function Mil)(i_,ﬁ+,3+,4+)(z)/z at the poles of various types and locations in

complex z-plane.

a i1 [(12)%(14)2[23]%[24])? B
M41 = GnZiso o1)2(34)2 double-pole, z = a (3.41)
2(9312[9
+ (12 ><< >> ([??j)]Q[ ik < 8;;8&;) single-pole, z = a (3.42)
+ 12) << >> ([3?513)]2[ ik double-pole, z = b (3.43)
(12203208042 (_(a)@3\]
e ({12 )| ool 2= (40

We will now reconstruct these four terms from the diagrams of a recursion relation. There
will be two diagrams corresponding to the two locations, in the complex z-plane, where there
are poles in the shifted amplitude Mil) (i_, 2+,3%,4%)(2). The pole at z=a is associated
with [13] = (24) =0 and corresponds to Figure 3.6a. The other pole at z =b is associated
with [14] =(23) =0 and corresponds to Figure 3.6b.

s et 5+
-+ -+

3t 4t 4F 3t
(a) (b)

Figure 3.6: The recursive construction of Mil)(l_,2+,3+,4+) via shifting |1] and |2) in-
volves these two nonstandard factorisation diagrams.

The double-pole term in (3.43) can be reconstructed recursively from Figure 3.6b using
the new three-point one-loop all-plus gravity vertex W?fl)(+ + +) which up to a constant is

the square of the Yang-Mills vertex and was introduced in (3.5)

(LK3](1|K2)” (1K)
(23)%(41)*  (4K)?

MO (17, K, A7)y W3V (21,8, - Kfy) = —C (3.45)

(K33)?

We will later fix the numerical constant C' by comparison with the known answer (3.43).

We now use the following relations to write the K in terms of the external legs.

(UK = (12+3]3)* = (12)*[23]”
(UK = (1]2+3[2)* = (13)*[23]
(1K) (URP2PP (124312 _ (13)°
(4K)? ( 2+3J2]2  (34)°

WE2P (3.46)
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So (3.45) reproduces the spinor algebra of the known double pole residue at z = b (3.43).

(12)%(13)2[23]%[24]°

—-C 3.47
(23)2(34)? 340
By comparison with (3.43) we can fix C' in the new vertex W3(1)(+ + +) to be:
1 1
C=———F%5— 3.48
(47)2 180 (348)

The other term (3.44) corresponding to Figure 3.6b is the residue of the single-pole
underneath the double pole at z = b. This single-pole term differs from the double-pole
term (3.43) and (3.45) up to a sign in the same way as in the Yang-Mills amplitude (3.31):

—orrag = S K, 4)K35(2, — Ky, 3) (3.49)

where the ‘soft factors’ are the same as were used for Yang-Mills (3.7). This suggests the

following candidate for the single pole under the double pole in gravity:

A A 1 A A
77 5@ Ky W, (2,37~ ) (3.50)
Figure 3.6a is the same as figure 3.6b, but with the external legs 3 and 4 interchanged. The
two terms (3.41) and (3.42), associated with the point z=a, correspond to the Figure 3.6a

and are similarly found by interchanging legs 3 and 4.

3.4 The one-loop — + + + + Gravity amplitude

The — + + + + one-loop gravity amplitude is unknown. We now attempt to construct it
using on-shell recursion. We use the shifts (3.28) on |1] and |2) and hope that they will not
involve a boundary term. In Yang-Mills, shifts of the form [—,+) have been observed to
be free of large-parameter contributions [77,101]. This observation extends to the — + ++
gravity amplitude and we hope that it extends further to the — 4+ + + + gravity amplitude.

The shifts (3.28) give nine different recursive diagrams. The shifted amplitude has
simple-poles associated with [13]=[14] = [15] =0. The simple pole associated with [15] =0
corresponds to the standard recursive diagram in Figure 3.7. The shifted amplitude will
also have simple-pole associated with (23) = (24) = (25) = 0. The simple pole associated
with (23) =0 corresponds to the standard factorisation diagram in Figure 3.8. Finally there
are also nonstandard factorisations in the shifted amplitude corresponding to the poles
associated with (23) = (24) = (25) =0. These nonstandard factorisations contain a one-loop
three-point all-plus vertex and contribute double poles and also single poles under these

double poles. The diagram for the nonstandard factorisation associated with the a pole at
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<Q3> =0 is given in Figure 3.9. There are just three types of diagram to calculate; Figures
3.7, 3.8 and 3.9. The remaining diagrams can be obtained from these by permuting the
external legs {3,4,5}.

5t 4"
Figure 3.7: The diagram in the recursive expression for Mél)(l_, 2%, 3%, 4% 51 correspond-
ing to a simple-pole associated with [15]=0.

First consider Figure 3.7. This contributes:

0)/7— fre i 1) 4 >
MY (17 K, 5%) g MY (27,37, 47, K (3.51)
15

where the M?EO)(— — +4) amplitude is given by the square of the Yang-mills amplitude times
—i and the Mil)(+ + ++) amplitude was given in (3.11). So (3.51) yields:

i1 P e (1K) (1K) ) [23)(34)34] | (34)2[34)
Lt ( > <p3]-+ + )

 (47)260 (51)3 (5K) (4K) (23) (23)2

We now use the following relations to eliminate Kis.

(1|K4* = (15)*[45]°
(1K)*  [25
(K2 [12]2
(1K)*  _ (15)%[25)°
(4K)? (34)2[23]

Figure 3.7 is associated with 0 = [15], or equivalently to a pole located at z = [15]/[25]. It

is then easy to show that:
(34)[45]
[25]

So the final contribution of Figure 3.7 resulting from (3.51) is:

i 1 (15)[25)*
" (47)2 60 (34)2[12]2[15]

([23]2[45}2 + [23][34][45][25] + [34]2[25]2) (3.52)

There is no colour ordering in gravity, so Figure 3.7 is invariant under swapping the external
legs labelled 3 and 4. Use of the Schouten identity shows that the result (3.52) is also
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invariant under swapping 3 and 4.

1 o+
5t \/D+ (T
4+W 37

Figure 3.8: The diagram in the recursive expression for Mél)(l_, 2%, 3%, 4% 51 correspond-
ing to a simple-pole associated with (23)=0.

Next we consider Figure 3.8. This contributes:

— MV (2%, 3%, ~Ky) (3.53)

Where the M?EO)(Jr + —) amplitude is the square of the Yang-Mills one times —i and the
Mil)(— + ++) amplitude was given in (3.35). So (3.53) yields:

i1 (142452237 1 <[4f(]) <<14>2+(14)(45)[45]+<452[45]2

(4m? 180 (452023 (@K \ (3

)
[3K] 1 1

[14] [14]

We use the following relations to eliminate Kos

AK2]? = (34)°[23]?
4K (15)%[45)?
BKJ2  (12)2[23]?

Figure 3.8 is associated with 0 = (23), or equivalently to a pole located at z = —(23)/(13).

It is then easy to show that:
R 35)[45
I
(13)

So the final contribution of Figure 3.8 resulting from (3.53) is:

i 2 2 4
T = <12$23§135,;>£2<§{4[?25<]45>2 (114)2(35)” + (14)(45){53){13) + (45)2(13)°)  (3.55)

Figure 3.8 is invariant under swapping the external legs labelled 4 and 5. Use of the Schouten

identity shows that the result (3.55) is also invariant under swapping 4 and 5.

Finally we consider contributions from the diagram in Figure 3.9. This diagram contains
a three-point all-plus vertex so there will be two contributions from this diagram. As we

saw in the four-point example the three-point all-plus vertex gives a single and a double
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N
1 2t

Figure 3.9: The diagram in the recursive expression for Mél)(l_, 2+ 3T,4% 57 correspond-
ing to the double-pole associated with (23)=0.

pole term. First consider the double-pole term.

1
(K3y)?

MO (i, Ky, 47, 5%) WiVt 3t — k) (3.56)

where the one-loop three-point all-plus vertex Wél)(+ + +) is the new vertex which was

introduced in (3.5) and the M, io) (——++) amplitude is given via the following KLT relation:

MO 27,344 = 2121400 27, 3%, 41 A0 (1 27 4t 3%)
(12)7[12]

= TUIB)(14) (23) (24) (34)2 (3:57)
So (3.56) yields:
(1[K]2]*(1] K |3 ( |A|A]<1K><1ff>
(14)(15)(23)*(45)* (4K)(5K)
We now use the following relations to eliminate the hats.
(K27 = (13)%[23" , (UK = (12)%123]° , (1|K|[1] = (45)[45]
k) (13 (k) (13
4K) (34 7 (5K)  (35)
So the double-pole contribution (3.56) from Figure 3.9 is:
(12)2(13)*[23][45] 559

(14)(15)(23)2(34) (35)(45)

We fixed the coefficient C' in (3.48) by comparison with the known — + ++ one-loop gravity
amplitude. Figure 3.9 is invariant under swapping the external legs labelled 4 and 5. The

result (3.58) is also invariant under swapping 4 and 5.

The other contribution from Figure 3.9 is from the ‘single-pole underneath the double-
pole’ term. Unfortunately this final term posses a problem. Inspired by the corresponding
term (3.44) in the known — + ++ gravity amplitude we might guess that this ‘single-pole

under the double-pole’ term differs from the double-pole term by a now familiar factor of
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the form introduced in (3.6). Recall that this factor has the form:
S(ar, K+, a3) K2 S(by, —K ™, by) (3.59)

Experimentation in Yang-Mills [18] led to a; and ag being the legs colour adjacent to the
propagator in the tree-level amplitude of the recursive diagram. This prescription cannot
extend to gravity since there is no colour ordering of the external legs. If we are to use a
factor of this form in gravity we have to choose two of the three external legs attached to
the tree diagram in Figure 3.9 to be a; and as. In the — + ++ gravity amplitude we did not
encounter this decision because the tree amplitude in the recursive diagram only has two
external legs. However, since a factor of this form is antisymmetric under swapping a1 and
as, even in the — 4+ 4+ gravity example, the lack of ordering of the external particles means

that this factor has an ambiguous sign. For Figure 3.9 there are three possible choices:

e s e a L (14)23)[232  (14)(23)
5(17K;§>4)K23S(27 _K23’3) - <1’K|3]<4‘K|2} - <12><34> (3'60)
. 2 @ e o (15)(23)[23]*  (15)(23)
S(1, Ky5,5)K335(2, —Kyy,3) = RS — (1265 (3.61)
: 2 o5 _p— m _  (23)(45)[23]7  (13)(23)(45)

It is perhaps natural to guess that a sum of these terms might give the correct ‘single pole
under the double pole’ term. Figure 3.9 is symmetric under swapping legs 4 and 5, so we

require a sum of factors which share this symmetry. An appropriate sum of factors is:

. <<14><23> . <15><23>> (3.63)

However this proposal is incorrect as it does not give an amplitude which is symmetric
under the interchange of legs 2 and 3. It is usually believed that an amplitude with the
correct collinear and soft behaviour is the correct amplitude, but we have been unable to

find a guess of this final term with the correct properties.

There are at least three possible ways that we might be able to calculate the missing
‘double pole under single pole’ terms. We could learn how to describe these factorisations
by studying the factorisations of known amplitudes in Yang-Mills and then hope to extend
these ideas to gravity. Some further examples of ‘single pole under double pole’ terms in
Yang-Mills and gravity can be found in the next section. In section 3.6 we will review an
unsuccessful attempt to use auxiliary recursions to completely avoid these problematic non-
standard factorisations. Finally we could calculate the amplitude using traditional unitarity

based techniques.
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3.5 The description of nonstandard factorisations

Any recursive diagram containing a three-point one-loop part is termed a nonstandard
factorisation [77]. Nonstandard factorisations are the complicating feature in the extension
of the BCFW recursion relation from tree level amplitudes to the rational parts of one-loop
amplitudes. For example factorisations involving the three-point all-plus amplitude give
two types of term, a double pole term and a single pole under the double pole term. While
the description of the double pole in terms of a three-point all-plus vertex appears to be
independent of the choice of shifts, the description of the ‘single pole under the double pole’
as differing from the double pole term by a single factor of the form SP?S is not universal,
even in Yang-Mills. It only seems to work for the simplest BCFW shift on |1] and |2).

3.5.1 — 4+ + + in Yang-Mills with |1],|3) shifts

The — 4+ + + + Yang-Mills amplitude is given by

N, 1 [25]3 (14)°[45](35)  (13)3[32](42)

AWM 2%, 3T 47 5T) = -
5 (10208545 50) = ige s e | T iapn] T (12)@3)(@5)2  (15)(54)(23)?

(3.64)

We now consider the standard BCFW shifts on |1] and |3). We apply these shifts to the

amplitude and use partial fractions to separate the various poles. If we then put z=0 we

have rewritten the amplitude in a form where there is a one to one correspondence between
terms in this expansion of the amplitude and the terms of the recursion relation associated
with the shifts.

4o i92[7]:2 <24>[23[i]53][13] (3.65)
" <45>22[?i]23] [13] (3.66)

i <13<>2<2§%<>1<i>53>[;1(52}4>2 (3.67)
<45§>1<25§><<1§i>%g£>2 (1 Hm) (3.68)

- <13<>2<2i1<>1é>43>[22(j5>2 (3.69)
s (2 ) 6

The terms in this expansion are in one-to-one correspondence with the diagrams in Figure
3.10. The term (3.65) corresponds to diagram 3.10(a). The term (3.66) corresponds to
diagram 3.10(b). The term (3.67) corresponds to diagram 3.10(c). The term (3.68) cor-
responds to diagram 3.10(d). The term (3.69) corresponds to diagram 3.10(e). The term
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(3.70) corresponds to diagram 3.10(f).

A + + 3+
! e Vsl
>®- @ 3" >® O
+ 4+ /1\_ b 5+
5 (a) (b)
1 2+ 1 3
st (L st—(T) +@<
it 3 4/\/ A+
(c) (d)
N
5 » ot o
N
b bl
+ ¥ 4+
5t (e) 4 5 ()

Figure 3.10: The diagrams in the recursive expression for Aél)(l_, 2% 3%, 47 5T with shifts
on |1] and |3).

The recursive description of the terms (3.65) to (3.70) is well understood with the excep-
tion of the two factors relating the ‘single pole under double pole’ terms to the corresponding
double pole terms. Thus we require a full explanation of the factors in (3.68) and (3.70).
These factors can be explained as a sum of BDK style SP2S terms.

The ‘single pole under double pole’ factor in the term (3.68) is ‘explained’ in a BDK
fashion by looking at the diagram in Figure 3.10(d) and considering the legs colour adjacent

to the propagator:

+5(1, kT, 4)K938(2,k7,3) = +——F—

(3.71)

where = is included as we are unsure of the correct way to assign a sign to this term. We
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cannot think of an explanation or rule for the factor of 2 that must appear in (3.68).

The spinor algebra that appears in factors in (3.70) can be similarly ‘explained’, but for
the diagram in Figure 3.10(f) we do not consider the colour adjacent legs to the propagator.
The first factor in (3.70) is equal to:

+S(1,k",2)K34S(3,k™,4) = +———

(3.72)

We cannot think of a sensible explanation for the factor of 2 that appears in front of this
first term in (3.70). The second factor in (3.70) is equal to:

+S(1,kT,5)K34S(3,k™,4) = +—F—

(3.73)

It would be interesting to find an explanation for the factors in (3.68) and (3.70).

3.5.2 — 4+ ++ in gravity with |1],]2),3),|4) shifts

In this section we give an example of a set of shifts for which the ‘single pole under the
double pole’ in the — + ++ gravity amplitude (3.35) are not of the form SP?S:

11— 1] = 2(12] + [3] + [4])
la) — a)+2z|1) for a=2,3,4 (3.74)

The ‘single pole under the double pole’ associated with (23) = 0 differs from the double
pole by a factor of the form:

(14)(23) 1 (_2<13)
(12)(13) (23) + (34) + (42) (14)

((21) + (14)) + ((21) + (13))) (3.75)

In these shifts SP2S is equal to:

C e Aol oay (14)(23)  (21) + (13)
S(1,k%,4)k235(2,k7,3) = 13)(12) 23) + (3D £ (@) (3.76)

So in these shifts the ‘single pole under the double pole’ does not have the form SP2S.
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3.6 Avoiding nonstandard factorisations

It is possible to calculate amplitudes in Yang-Mills without having to consider nonstandard
factorisations [77]. See also the review [101] of this remarkable method. These papers point
out that it is possible to find shifts which avoid non-standard factorisations, but that these
shifts will generically have a boundary term. Using a pair of shifts in two independent
complex parameters the authors then exploited this fact to calculate complete amplitudes
avoiding the consideration of any nonstandard factorisations. We now briefly review their
method for the simple case of a purely rational amplitude. The pair of shifts are called the

primary shift and the auxiliary shift:

Ni— A — le

rimary shift: [7,1 J J 3.77

primary [ 1) {)\l_mhuz/\j (3.77)
Xa = Ag — WA

auxiliary shift: [a, b) @7 fa TR (3.78)
Ap — Ap + wq

The primary shift is chosen to have no nonstandard factorisations, but it will have a bound-
ary term and the auxiliary shift will have no boundary term, but it will include non-standard

factorisations. These two shifts give rise to two recursion relations for the amplitude:

A(l)(o) — TInf A, + RD,recursive 7,0 (379)
! [id) "
Aq(zl) (0) — Rg,recursive (a, b) + RE,non—standard [a, b) (380)

We now apply the primary shift to the recursion relation for the auxiliary shift (3.80) to

extract the large z behaviour of the primary shift:

Inf A, — Inf RD:recursive [a, b) + Inf RD,non—standard [a, b) (3 81)
n — .

i) PN iy "

where the Inf operation is defined to be the constant term in the expansion of the shifted

term about z = co. We wish to avoid calculating terms involving nonstandard factorisations

so we will assume that the following condition holds.

Inf er?,non-standard [a.8) — (3.82)
7.0
Since we do not, in general, know how to calculate the terms involving nonstandard factori-
sations it is, of course, difficult to check explicitly if the condition (3.82) holds for a given
pair of shifts. However, if one calculates an amplitude assuming that (3.82) holds and the
resulting amplitude has the correct collinear and soft behaviour, then the amplitude is cor-
rect and the condition (3.82) must have been true. Thus if we assume the condition (3.82)

and use (3.81) to calculate the boundary term in (3.79) we can calculate the amplitude
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without considering any nonstandard factorisations:

An(O) — Inf RD,recursive [a,b) + RD,recursive 7,0 (383)
iy " "

3.6.1 The — + + + + Yang-Mills amplitude

The following simple example exhibiting the possibility of calculating an amplitude using
auxiliary recursions to avoid all nonstandard factorisations is not mentioned in [77], but is
closely related to examples that they do consider in their paper. First recall that the known
answer for the amplitude is

N, 1 [25]3 (14)3[45](35)  (13)3[32](42)

(11— =1
A 25354050 = i s | Tl (120857 (19) (54) 2517

The three terms above will be called term 1, term 2 and term 3 for the purposes of this
section. As shown in [18], if we consider the standard BCFW shifts on |1] and |2) then
term 1 and term 2 come from standard factorisations and term 3 comes from a nonstandard
factorisation. See Figure 3.11. Term 1 comes from the pole associated with [15] = 0. Term
2 and term 3 both come from the pole associated with (23) = 0. Term 2 is a standard
factorisation, but term 3 involves the nonstandard three-point one-loop all-plus vertex.
In [18] term 3 was computed by understanding this nonstandard factorisation as a sum of

two terms called a double pole term and single pole under the double pole term.

A_ /\+
+ 5+ )
+ + - + + -
3 5
+
A+ 1 4 3
term 1 term 2
A_ /\+
1 2
+ -+
5
+
4t 3
term 3

Figure 3.11: The diagrams in the |1] |2) shift of Agl)(l_,2+,3+,4+, 51).

In this section we show how to use auxiliary recursions to calculate the amplitude without
considering either of the two types of term associated with the three-point one-loop all-plus

nonstandard factorisations. We will consider the following pair of shifts. The primary [j,1)
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shift is on |4] and |5). This shift has no nonstandard factorisations, but does have boundary
term. The auxiliary [a,b) shift is on |1] and |2). This shift has no boundary term, but does
have nonstandard factorisations. From the discussion in the previous paragraph we know
that

RT]? ,recursive [a, b)

= term 1 + term 2 (3.84)

er?,non—standard [a,b)  _ term 3 (385)

Since we are recalculating a known amplitude we can explicitly check if the condition (3.82)
is satisfied. If we perform the [j,[) shift on term 3 (put hats on |4] and |5)) and then consider
large z then the term is O(1/z) so the condition (3.82) is satisfied:

Inf RD-non-standard [a,b) — 1nf term 3 = 0 (3.86)
7.0 [5,)
So it will be possible to calculate the — + + + + Yang-Mills amplitude without considering

any nonstandard factorisations using this pair of shifts.

Now we summarise the details of actually calculating the amplitude. First we use (3.84)
to calculate the first term in (3.83):

I{nf) RD-recursive [a,b) _ I[nf> (term 1 + term 2) = term 1 + term 2 (3.87)
Jil 5,0

As explained in the previous section, this part should be thought of as the boundary term
in the primary shift. Finally we have to calculate the recursive diagrams in the primary
[7,01) shift on |4] and |5). There is only one diagram associated with these shifts. This is
the diagram corresponding to a pole at (15> = 0. See Figure 3.12. Calculating this diagram

gives the second term in (3.83).
Rprecuwrsive 1)  term 3 (3.88)

So putting (3.87) and (3.88) into the equation (3.83) constructs the full amplitude.

A, (0) = term 1 + term 2 + term 3 (3.89)
+
4 5+
3+ - +
2t !

Figure 3.12: The diagram in the |4] |5) shift of Agl)(l_,2+,3+,4+, 51).

98



CHAPTER 3. ON-SHELL RECURSION RELATIONS FOR ONE-LOOP GRAVITY

Unfortunately trying to follow this example directly to calculate the one-loop —++ 4+
gravity amplitude does not work. In gravity a shift generally involves more factorisations
since in gravity there is no cyclic ordering condition on the external legs like there is in
Yang-Mills. Using the primary shift on |4] and |5) will not work for gravity since some
of these extra factorisations are nonstandard. The shift on |[4] and |5) involves the poles
associated with (52) = 0 and (53) = 0. These include contributions from the three-point

one-loop all-plus factorisation.

Despite the fact that the procedure for avoiding nonstandard factorisations in Yang-
Mills does not immediately extend to gravity, we are hopeful that the results from various
shifts can be combined in some way to compute the unknown ‘single pole under double pole’
terms in — + + + + gravity amplitude. The results for the other simple BCFW shifts of the
— + + + + are collected in appendix B.2. Appendix B.2.1 contains the recursive diagrams
in the [4],|5) shift. Appendix B.2.2 contains the diagram in the |2], |1) shift.

Calculating the —+-+4+ amplitude using old methods such as D-dimensional unitarity,
or D-dimensional generalised unitarity would tell us the answer for the missing ‘single-pole
underneath the double pole’ terms. Understanding the — + + + + gravity example would

perhaps shed light on the general description of this type of nonstandard factorisation term.
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CHAPTER 4

THE ADHM CONSTRUCTION AND D-BRANE
CHARGES

In this chapter we suggest a construction of monopoles in dimension 2k + 1 from fuzzy
funnels. For k = 1 this construction coincides with Nahm’s construction of monopoles [102],
which is an adaptation of the Atiyah, Drinfeld, Hitchin and Manin (ADHM) construction
of instantons [103]. For k = 1,2,3 this gives a finite n realisation of the duality between
D1-brane and D(2k 4 1)-brane world-volume pictures of the non-commutative bionic brane
intersection [104-106]. We then perform two charge calculations related to this construction.
First we calculate the charge of the monopole and get an answer in precise agreement with
the size of the matrices in the fuzzy funnel. Secondly we calculate the charge of the fuzzy
funnel. To get this charge to agree with the size of the matrices in the monopole beyond
leading orders in 1/n we propose a speculative use of the symmetrised trace. A matching
of the terms of the symmetrised trace with the number of branes expected from the charge
calculation then leads to a new and surprisingly simple formula for the symmetrised trace

quantity.

4.1 Introduction

It is well known that the world-volume theory of N coincident D-branes, arising from
open strings stretching between the D-branes, is a nonabelian U(N) gauge theory [107].
The massless world-volume theory of the D-branes also contains scalar fields describing
the transverse fluctuations of the branes. For many coincident D-branes these coordinates
are matrix-valued in the adjoint of the U(N) gauge group. The matrix-valued coordinates
can be interpreted in terms of non-commutative geometry. The world-volume dynamics
of these D-branes has revealed the phenomena of the dielectric effect [108,109], where D-
branes expand via non-commutative configurations into higher dimensional D-branes. The
first example of the dielectric effect was that D0-branes in an external RR four-form field
expand into a non-commutative two-sphere. This configuration is interpreted as a bound
state of DO and D2-branes. For a review of nonabelian phenomena on D-branes see [110].

An introduction to the large subject of D-brane physics can be found in [111].

In this chapter we consider the static configurations of many coincident D1-branes ex-

panding along their world-line into an orthogonal collection of coincident D(2k + 1)-branes.

100



CHAPTER 4. THE ADHM CONSTRUCTION AND D-BRANE CHARGES

In contrast to the dielectric effect this configuration has no nontrivial background fields.
There are two different world-volume descriptions of this brane configuration, one coming
from a solution to the world-volume theory of the D1-branes and the other from a solution
to the world-volume theory of the D(2k+1)-branes. The duality between these different de-
scriptions of the same configuration of branes was considered in the limit where the number

of D1-branes is large in the references [104], [105], [106] for the cases k = 1,2, 3 respectively.

The D1-brane world-volume picture of this configuration is to consider solutions with
only 2k + 1 of the transverse scalars ®;(s) turned on, where 0 < s < oo is the world-volume
coordinate on the set of coincident straight semi-infinite D1-branes. As shown in [104-106]

there is a solution called a fuzzy funnel which involves the ansatz
®i(s) = f(s)Xi(k,n) (4.1)

where the X;(k,n), with i = 1,...,2k + 1, are the matrix coordinates of the fuzzy S
at level n = 1,2,3,... The Fuzzy two-sphere was first introduced in [112]. Generalisation
to the fuzzy four-sphere appeared in [113,114]. Extension to higher dimensions occurred
in [115,116).

For the fuzzy two sphere, the matrix coordinates X; are simply a representation of the
lie algebra of SU(2). The use of non-abelian coordinates rather than the normal commu-
tative coordinates reduces the infinite space of functions on the ordinary sphere to a finite
dimensional subset defining a fuzzy sphere. The space of functions on the two-sphere can be
written as a polynomial expansion in the three coordinates on three dimensional flat space

x;, with the additional two-sphere constraint x;x; = 1, giving a set of functions of the form:
1 2
Fa) = 7O+ fDai + [ wnwn + 4 £ w0+ (4.2)

where the coefficients fz(f)lr are totally symmetric and traceless. Just as the commutative
coordinates satisfy the constraint x;xz; = 1, the matrices in the representations of SU(2)
satisfy a similar condition:

XiXi=n(n+2) (4.3)

where the X; are matrices of dimension n + 1. If we normalise the X; so that they satisfy
X;X; = 1, then the commutator of the X; will vanish in the large n limit and we will recover
ordinary commuting coordinates. The emergence of the ordinary sphere as the dimension
of the representation of SU(2) increases, can also be seen from the space of functions.
The effect of changing the commutative coordinates to noncommutative coordinates is to
truncate the set of functions (4.2). For example, if we use the two dimensional representation
of SU(2), given by the Pauli matrices, then any polynomial in these matrices which is
quadratic or higher degree, can be written in terms of a single Pauli matrix using the

relation o;0; = 20;; + i€;j,0,. Thus the space of functions is reduced to a set given by
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just the f(© and fi(l) terms of the expansion (4.2). This space of function has dimension
1+ 3 = 4. In general [112] the n+1 dimensional representation truncates the expansion
(4.2) at the nth term. The functions f(") for > n will be absent. We now count the size of

this space of functions. The number of degrees of freedom in the symmetric traceless fl-(i)””

is given by:
1 T 1 r—2
Ti=1 Ti=1

We now add up the degrees of freedom in f© to f(™ to get dimension of the truncated

space of functions:
n

> @r+1)=(n+1) (4.5)
r=0
So the space of functions of the fuzzy two-sphere at level n has dimension N? = (n + 1)?

which is the same as the size of the matrices in the fuzzy sphere.

The generalisation of the fuzzy two-sphere to the fuzzy 2k-sphere [115,116] involves
the matrices X;, which are related to the representation of SO(2k + 1) with k£ dimensional

nn n
279959

the Young tableaux which is rectangular with k rows and § columns. The dimension of the
representation of SO(2k + 1) with highest weight vector (A1,..., ) is given by the Weyl

highest weight state ( ). For n an even integer this representation corresponds to

character formulal:

2 -2 .
. _ J 7
dlm2k+1 = H m H 71 (46)
1<i<j<k *? ti=1
where ) )
li:)\i+k—i+§ , mi:k—i+§ (47)
The fuzzy sphere X; [115,116] correspond to the representation with highest weight state
(5,%,...,%) and thus their dimension is given by:
. . k
n+2k—(i+j)+1ygpn+2k—20+1
N(k,n) = 4.8
(k)= ]] 2% — (i+j) + 1 1] 9%k — 21+ 1 (48)

1<i<j<k

Just like the fuzzy two-sphere case, the use of these noncommutative coordinates truncates

the space of functions on the classical 2k-sphere to a subset defining the fuzzy sphere. In

the limit n — oo the full infinite set of functions on the sphere is recovered, but for n finite

the space of functions has dimension N(k,n)? [115]. In fact in the large n limit, a space of

higher dimension than a skp(Eef)e emerges [118]. Since the size of the fuzzy sphere matrices
+

X; grows like N(k,n) ~n~— 2 , this higher dimensional space is k(k + 1)-dimensional and
given by the coset space? SO(2k + 1)/U (k) [118]. The generalisation of the relation (4.3)

!See for example page 408 of [117].

2This coset space is actually the twistor space of the 2k-sphere. See for example [119].
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to these higher dimensional spheres takes the form:
Xi(k,n)Xi(k,n) = c(k,n)Ingn > c(k,n)=n(n+2k) (4.9)
where the quantity c¢(k,n) is usually referred to as the quadratic Casmir since:

[Xl,XJ][X],XZ] = 2]{7 c(k:,n)lN(k’n) (410)

The alternative picture of this brane configuration comes from the D(2k + 1)-brane
world-volume theory and is a monopole solution. This involves turning on a gauge field and
a single matrix valued transverse scalar field. The original papers on the D3-brane spike
are [120-122]. For the D5-brane monopole see appendix B of [105]. The generalisation
to higher dimensional branes appeared in [123]. It was argued in the papers [104-106]
that these different descriptions should agree for large n. The arguments for this appear
in, for example, the discussion at the end of [104]. The nature of the agreement is that
the number of branes in the two descriptions match at large n. The two descriptions are
valid in complimentary regions of the configuration. The solution to the D1-brane world-
volume is valid far from the position of the D(2k + 1)-brane when the radius of the spike is
small. The D(2k + 1)-brane solution is a good description in regions of the D(2k + 1)-brane

world-volume a long way from the centre of the monopole.

However, there are indications that a more precise relationship should hold. For the D1-
branes expanding into a D3-brane (the & = 1 case) there are three excited matrix valued
transverse scalar fields. The condition for minimum energy, coming from the action of [110],

is that they satisfy Nahm’s equation:

0P;

% = ’iEijk[cI)j, (I)k] (411)

See section 2 of [105]. One can also derive this equation from the requirement that some su-
persymmetry is preserved [104]. Since the work of Nahm [102] it has been known that there
is an invertible transform that takes the matrix solutions to Nahm’s equation and constructs
a monopole solution in a gauge theory with a precise gauge group and with a precise charge.
The charge of the monopole is simply given by the size of the ®; matrices. Nahm’s con-
struction of monopoles is an adaption of the ADHM construction of instantons [103]. This
was shown to be relevant to D-brane intersections in the papers [124-127]. In [128] Nahm'’s
adaptation of the ADHM construction was identified with a bound state of D1-branes and
D3-branes. The ADHM construction was used to understand the AdS/CFT correspondence
in [129-131]. More recently there has been work explaining that the ADHM construction is
Tachyon condensation [132-134]. D-brane and M theory inspired generalisations of Nahm’s

equation have also been considered in [135-138].

In Section 4.2.1 we review Nahm'’s construction for the k¥ = 1 configuration, where the

103



CHAPTER 4. THE ADHM CONSTRUCTION AND D-BRANE CHARGES

D1-branes expand into D3-branes. This example of Nahm’s construction is well known. See
for example section 4.5 of [139]. In this case the Nahm data, or solution to the D1-brane
world-volume theory, is a fuzzy funnel made of fuzzy two-spheres. For the fuzzy two-sphere

the X; are just the lie algebra of SU(2) times a radial profile function:
1 .
Oi(s)=-X; i=1,2,3 (4.12)
s

Nahm’s construction takes these N by N matrices and constructs of a U(1) Dirac monopole
with charge N =n + 1 from them. The step from Nahm data to the monopole involves
finding the space of normalisable solutions to a certain Dirac operator which depends on the
Nahm data. The monopole gauge field is then constructed from this space of normalisable
solutions. For fuzzy two-sphere Nahm data, this Dirac equation has a single normalisable
solution. The single eigenvector means that the monopole will have gauge group U(1) and

its charge will be the size of the matrices in the Nahm data which is N=n + 1.

In this D1 1 D3 example, the single normalisable solution of the Dirac equation corre-

sponds to the eigenvector of the following matrix, which has eigenvalue nf — r:
fXi(1,n) ® Xi(1,1) + Iy myxn(1,n) @ 2iXi(1, 1) (4.13)

where in this kK = 1 case, the x; for i = 1,2, 3 are the world volume coordinates on the flat
orthogonal D3-brane and r = /(22 + 23 + 23). We would now like to guess what to do for
k > 2. It is natural that the construction of the monopole in the higher dimensional cases

involves finding the space of eigenvectors with eigenvalues nf — r of the matrix:
[Xi(k,n) @ Xi(k, 1) + IN(kn)x N (k) @ 2:Xi(k, 1) (4.14)

Where the x; for i = 1,...,2k+ 1 are the world-volume coordinates on the D(2k + 1)-brane
and now r = /(23 +---+a3,_ ;). The D-brane duality studies in [104-106] strongly suggest
that Nahm’s construction for the D1 1 D3 system, which starts from the fuzzy two sphere,
should generalise to the higher dimensional cases. That is, monopoles in higher dimensions

can be constructed from higher dimensional fuzzy spheres.

It turns out that the matrix (4.14) does have nf —r as an eigenvalue and the dimension
of the eigenspace is N(k — 1,n + 1). Arguments to show this are given in section 4.2.2.
This leads us to construct a monopole from the space of N(k — 1,n+ 1) eigenvectors. The

constructed gauge field is given by:

1

Az) = ———mM—
u(i) 2r(r + xok11)

Luv(k,n)zy , Agpga(zi) =0 (4.15)
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where the indices p,v = 1,...,2k. The matrices I, (k,n) are defined by:
Tup(k,n) = —%[Xa(k —1,n+1), Xp(k — 1,n+ 1)]
Teop(k,n) = X(k—1,n+1) (4.16)

where the indices a,b,c = 1,...,2k — 1. This monopole has appeared in [123], but now it
is proposed to be linked precisely with the Nahm data for the fuzzy sphere (4.1).

We then perform two charge calculations as a consistency check of the proposed construc-
tion. The first charge calculation is the kth Chern class of the D(2k+1)-brane world-volume

o) Jo o

This counts the number of D1-branes in the monopole solution to the D(2k + 1)-branes

monopole:

world-volume theory since the Ramond-Ramond two-form couples to the kth Chern class
in the Chern-Simons part of the world-volume action. As in the usual ADHM construction,
consistency requires that the charge of the monopole must equal the size of the Nahm data
matrices X; from which it was constructed. So the monopole charge should be N(k,n).
We show that this is the case in section 4.3.1 using an identity that relates N(k,n) to
N(k —1,n+ 1), which we prove in section 4.3.2.

The other charge calculation we consider is for the fuzzy funnel solution of the D1-
branes world-volume theory. This appears in section 4.3.3. We compute the coupling of the
N(k,n) D1-branes to the Ramond-Ramond potential C?**2. This counts the number of
D(2k + 1)-branes in the fuzzy funnel solution to the D1-branes world-volume theory. The

relevant term comes for the Chern-Simons term in the action of [108,109]:

RN - k22

o /StrP [(ipig) " C* ] (4.18)
The consistency of the ADHM construction requires that the number of D(2k + 1)-branes is
N(k—1,n+1) which in the ADHM construction was the dimension of the eigenspace with
eigenvector nf — r. The dimension of this eigenspace is equal to the size of the matrices in

the monopole that gets constructed.

This second charge calculation does not yield precisely N(k — 1,n + 1), but does agree
for the first two orders in the 1/n expansion. This appears to be a non-trivial check of
the n + 1 argument in the N(k — 1,n + 1). We then observe a possible mechanism for
corrections to the sub-leading terms of this charge calculation so that there is agreement
with the answer N(k—1,n41). The details of this suggestion are at the start of section 4.4.
The 1/n corrections proposed come from the symmetrised trace and were first calculated
for the fuzzy two-sphere in [140]. The symmetrised trace quantity first appeared in [141].

The observation of a matching between the required corrections and the first few orders of
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the symmetrised trace suggests an all orders prediction for the symmetrised trace quantity.
It is surprising that this is possible given the apparent complexity of the symmetrised trace
quantity when written in terms of chord diagrams [140]. This prompted a guess of an exact

formula for the symmetrised trace. For the fuzzy two-sphere the proposed answer is very

simple: .
Q(im_:il) i(%)Qm for n even
%sw(xixi)m _ :: (4.19)
Q(Zn_i:l) :1 (20 —1)*™ for n odd

The existence of a systematic construction of the general term in the symmetrised trace was
anticipated on page 9 of [104]. We have checked that (4.19) is true up to m = 6, but have
no general proof. The dynamics of fuzzy two-spheres will be studied using this formula in

chapter 5.

In summary, the proposal is that a fuzzy S?* funnel made of N (k,n) D1-branes expands
into a collection of precisely N(k — 1,n + 1) D(2k + 1)-branes. This is an extension of the
previous results that appeared in [104—106] which proposed the leading large n terms of this

relation.

4.2 The ADHM construction

4.2.1 Review of Nahm'’s construction for D1 L D3

In this section we review Nahm’s construction of Monopoles [102]. A useful review on
monopoles can be found in [142]. We consider the case of the construction that takes a
representation of SU(2) and constructs a U(1) monopole. This example is well known in
the literature, see for example section 4.5 of [139]. The brane configuration that corresponds
to this construction is D1 L D3 bion [104].

The starting point for Nahm’s construction consists of one dimensional scalar fields
®;(s) where i = 1,2,3 which satisfy Nahm’s equation (4.11). In D-brane language this is
a solution to the world-volume theory of many coincident D1-branes. The construction of
the Monopole then proceeds in two steps. The first step is to calculate all the normalisable

solutions to the following Dirac equation:

(@i(s) + xi) @ Xi(1, 1)|ulxi, 5)) = aas\U(% s)) (4.20)

where we have used the fuzzy sphere notation X;(1,1) for the usual Pauli matrices to save
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having multiple notations for the same matrices. The normalisable condition is that:

/(]Oods<u(azi73)|u(xi,s)> < o0 (4.21)

The normalisable solutions to the (4.20) form a vector space with an orthonormal basis
{|ua(zi, s) >} where the index « runs over the elements of the basis. The second step in

Nahm'’s construction is to calculate the fields of the monopole using the formula:
Oees = [ dstuaer,9)lshus(as)
[ 0
(Aaas = i [ dstualn )| g-lus(er. ) (122)

We now consider the D1 L D3 bion case in which a U(1) monopole is constructed from

the following Nahm data which is just the fuzzy two sphere representation of SU(2):
1
S

To explicitly construct the monopole corresponding to this Nahm data, we have to first
find the solutions to the Dirac equation (4.20). As we have already pointed out in the
introduction this amounts to finding the eigenvalues of the matrix (4.13). Recall that this

matrix has the form:
fXi(1,n) ® Xi(1,1) + Iy myxn(1,n) © 2iXi(1, 1)

To calculate the eigenvalues of (4.13), we first use spherical symmetry to rotate this matrix

into the following matrix:
fXi(l,n)® X;(1,1) + rl ® X3(1,1) (4.24)

where r = /(2% + 23 + 23). The standard way to label the irreducible representations of
SU(2) is in terms of the representations spin j, where 2j = n The states of the spin j

representation are then |j, m) where m = 5,7 —1,...,—j.
Jjm) = 5 +1)l5.m)

J3lj,m) = mlj,m) (4.25)

The matrix (4.24) is a product of two representations of SU(2) which can be decomposed

as a sum of two irreducible representations as follows:

spin(j) ® spin(1) = spin(j + 1) @ spin(j — 1) (4.26)
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Two of the eigenvectors and eigenvalues of the matrix are easily found:
(FXm e X0+ e X))+ 5+ 5 = f+n)li+5i+3)
(FXi(tm) @ XL, ) + 1@ Xs(LD)[j+ 4,5 — %) = (af=r)li+3+D)

The eigenvector with eigenvalue nf —r will be the single normalisable solution to the Dirac
equation from which we will construct the monopole. The remaining eigenvalues can be

found by considering the following pair of vectors:

J=gm) = =bim=3)g.3)+alim+3)3-3) (4.27)
where
w1\ a1\
+m+ 3 —m+3
a = ]7 2 5 b= ]4 2 (428)
25 +1 25 +1

The second part of the matrix (4.24) acts on these states as follows:

Lo X3(L DI+ 5,m) = aljim—3)15,3) = blim+ )13, —3)
1 1
1o X3(L 1) —3m) = =bljym—3)l5.3) —alim+3)l3,—3)

= —2ab|j + 3, m) — (a® = b?)|j + %, m) (4.29)

thus the eigenvalue problem has been reduced to finding the eigenvalues of the following

two by two matrix:

25 f + (a® — b?)r | —2abr (4.30)
—2abr =205+ 1)f — (a® - b?)r
The eigenvalues of this matrix are:
—fEV(25+ 122+ 12 +2(25 + 1) (a® = ) fr)
= —f £V + 122+ 7" +dmfr) (4.31)

The only normalisable solution of the Dirac equation is the one corresponding to the
eigenvector with eigenvalue nf —r. It is then simple to use this eigenvector and the integrals
(4.22) to get the gauge field of a U(1) monopole with charge n + 1.
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4.2.2 Generalisation to higher dimensions

As explained in the introduction there is a natural generalisation of the D1 1 D3 case to
the higher dimensional D1 1 D(2k + 1) situation. This involves finding the eigenvectors of
the matrix (4.14) which has the form:

The eigenvalues of this matrix are:
nf—r  nf+r . (CDPFEV((n+p) 2+ 0%+ 2frq) (4.32)

where p=1,...,kand ¢ =n—1,n—3,...,—n + 1. This claim is based on the following
group representation decomposition. The matrix (4.14) is formed from a product of two
representations of SO(2k + 1) which can be written as a sum of irreducible representations
of SO(2k + 1). This is where the possible values for p in (4.32) come from. Each of these
irreducible representations of SO(2k + 1) can be written as a sum of irreducible represen-
tations of SO(2k). This is where the possible values of ¢ in (4.32) come from. Writing the
matrix (4.14) with respect to a suitable ordering of this basis of SO(2k) representations
makes it block diagonal. The largest blocks in this block diagonal form are two by two, so
the eigenvalue problem is reduced to a set of at worst quadratic equations. The two by two
blocks are made from two vectors from copies of the same representation of SO(2k) coming
from different representations of SO(2k + 1).

We now explain why the eigenspace with eigenvalue n f —r has dimension N(k—1,n+1).
To do this we need the Weyl character formula [117] for SO(2k). This formula tells us the
dimension of representation of SO(2k) with highest weight vector (A1,..., Ag):

dimgk = H

A m
1<i<j<k

12— 2
ﬁ (4.33)
4 J

where I; = \; + k — i and m; = k — 4. The product of the representations of SO(2k + 1)
with k dimensional highest weight vectors (%,...,%) and (,...,%) contains the repre-
sentation with highest weight vector (”TH, ey ”T‘H) This representation of SO(2k + 1)
contains two copies of the representation of SO(2k) with k& dimensional highest weight
vector (L, ... %) The eigenvectors of the matrix (4.14) with eigenvalue nf — r are
precisely one of these representations of SO(2k). The other copy of this representation are
the eigenvectors with eigenvalue nf 4+ r. As can be seen from (4.33) the dimension of the
representation of SO(2k) with k dimensional highest weight vector (%, ..., 21) is equal
to the dimension of the representation of SO(2k — 1) with k — 1 dimensional highest weight

vector (241, ..., 24L) which is the definition of N(k —1,n +1).
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4.2.3 Construction of the Monopole

For n = 0, the Nahm data is trivial ®;(s) = 0. It is well known that trivial Nahm data

results in the construction of a non trivial Monopole [142]. For n = 0 the Dirac equation

reduces to: 5

i Xi(k, Dlu(zi, 8)) = 5-lul@i, 5)) (4.34)
The matrix z; X;(k, 1) has 2871 eigenvectors |v} (x;)) (a = 1,...,2571) of eigenvalue r and
2k=1 eigenvectors |v; (z;)) of eigenvalue —r. The vectors |uq(z;,s)) = g(z;)e™ vk (z;))

then solve (4.34) where g(z;) is an arbitrary function of the z;. However, the solutions
with the factor e™™* are not normalisable whilst those with the factor e ™" are. Thus the

normalisable solutions to (4.34) are:
[walzi, ) = (2r) 2"z (a2)) (4.35)

where g(z;) = (27")% was determined by choosing unit normalisation. We now find a explicit
form for the |v; (z;)). The matrix x;X;(k, 1) can be written in terms of X,(k — 1,1):

;L'X(k 1) _ $2k+112k—1 xgklzk_1 - iana(k — 1, 1) (4 36)
B Toplor—1 + iz, Xa(k —1,1) —Zok411lok—1 .

2k—1

Thus an orthonormal set of the eigenvectors of x; X;(k,1) with eigenvalue —r is given

explicitly in terms of X,(k —1,1) by:

1
2
3 - (M) (.%'lezk—l - i.faXa(k - 1, 1)>wa
v (i) =

1
T+Tok41 2 w
2r «

where {w,} are a set of 28~ vectors each of dimension

(4.37)

2k=1 with components (wa) s = dap-

The second step in the construction is to compute the Monopole gauge field from these

normalised solutions to (4.34)

(Oleos = [ dsluala.s)slus(ain9) = 5 bas (438)
(Aaas = 1 [ dslualon 9l fuali o) = ilez @)l oy () (43)

It is then simple to show that:

1

M= o T )

Fw,(k‘, 0)1’,, y A2k+1(l‘i) =0 (440)

Unfortunately we have been unable to find an argument for the construction of the general

case, but checking a few examples has confirmed (4.15).

110



CHAPTER 4. THE ADHM CONSTRUCTION AND D-BRANE CHARGES

4.3 Charge calculations

4.3.1 Monopole charge calculation

In this section we calculate the kth Chern class of the monopole. We hope the the charge
of the monopole we have constructed (4.15) is equal to the size of the fuzzy sphere matrices
which provided the starting point for the construction. This is what normally occurs in
the Nahm or ADHM construction. So we hope that the charge of the monopole defined on
a stack of N(k —1,n+ 1) D(2k + 1)-branes will yield precisely N(k,n). This calculation

extends the work in [123].
1/ 1\F
— (= Tr(F* 4.41
k!(%) /Szk H(F) (441)

The field strength for the Monopole is given in the appendix of [123]. At the point z,, = 0,

Zog+1 = r it has the form:

1
F, = pl“w,(k, n)

Fupg1 = 0 (4.42)
To calculate the kth Chern class, we first consider the matrix:

M = eu oy Lip(kn) . Tog o (k1)
= 2€q 2k asas...azk_sazk—1 L ar 26(F; W) ajas (k1) o Loy, pagy (s 1)
+2€a;aa3 2k ..azk_saz,_1Laras (K, 1) Tag 2k (K, n) - Tagy san, (k1)
e
+2€01azaza4...az 1 26D aras (ks M) Tagay (kyn) - Loy on (k)

= 2k(—) " e am  Xay(k—1,n+1)... Xo,, (k—1,n+1) (4.43)
Now recall an identity from the appendix of [116].
6i1...i2k+1Xi1 (k, n) v Xi2k+1 (k, TL) = C(k, n)XZ(k, TL)XZ(]C, n) (4.44)
where
k—1
C(k,n) = —(2i)"k! [ (n + 21) (4.45)
=1

Now recalling the fuzzy sphere constraint equation (4.9) from the introduction to this chap-

ter, we see that the matrix M is a multiple of the identity matrix:

k
M= —2"K [ [(n+ 20 = Dlng-1,011) (4.46)
=1
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The volume of a 2k-sphere is:

k
1

Thus the monopole charge is:

1 /1\* n+20—1Y\ ., 1
———— [ — ] QorTr(M)=N(k -1 1 —_— 12 4.4
o (%) wTe(M) = N(k— 1,n + >(1_I = ) (4.48)

It turns out that the right hand side of the above equation is equal to N(k,n), as we had

hoped for. This identity is proved in the next section.

4.3.2  Proof of the identity involving N(k,n) and N(k —1,n+ 1)

In this section we show that the following identity is true.

k
N(k,n) = N(k —1,n+ 1)([[”22_[1_1) 91—k (4.49)
=1

N(k,n) is given by the formula (4.8).

k—1
n+ 2k — (i +7) n+ 2k — 21
Nk -1 1) = 4.50
(k-tnsn=]] 2k—(i~|—j)—1H2kz—2l—1 (4.50)
1<i<j<k—1 =1
The first product in N(k — 1,n + 1) can be written as
% —(i4+j+1)+1 % — (i4+7)+1
1T n+2k—(i+j+1)+1 I n+2k—(i+j)+ (451)

2k—(i+j+1) 2k — (i +j)

1<i<j<k—1 (4,5)€51

Where S1 ={(i,j) |1 <i<j<k and j—i#1}. Thesecond product in N(k—1,n+1)
can be written as

k—1

n+2k: (I+14+1)+1 H n+2k—(i+j)+1

—U+l+1) 2%k — (i +j) (452)

~

Where So = {(4,j) |1 <i<j<k and j—i=1}. So we can now write N(k—1,n+1)

as a single product

n+2k—(i+j)+1
Nk—-1n+1)= ]] %)) (4.53)
1<i<j<k J
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This expression has the same numerator as the first product in N(k,n), see (4.8), so we can

write

. . k
2k — (i + ) Hn+2k—2l+1

N(k,n)=Nk-1n+1) ] - (4.54)
1§i<j§k2k—(z+y)+1l:1 2k — 2l +1
We can evaluate the first product on the right hand side of (4.54)
k—1 ko k+1 2k—4 ., 2k—3
R = 2%6—3 < 2%—2
11 2k — (i +3) S -
k(i1 : :
1<i<j<k k (Z+])+ x%x%
X3
o (E=1)(k-2)...1
(2 —2)(2k —4)
= ol-k (4.55)
We can rewrite the second product on the right hand side of (4.54)
k
n+2k—-20+1 n+20 -1
4.
H 2k —20+1 H 20 -1 (4.56)

=1

The identity (4.49) now follows from putting (4.55) and (4.56) into (4.54).

4.3.3 Fuzzy funnel charge calculation.

In this section we calculate the number of higher dimensional branes in the stack of D1-
branes that form the fuzzy funnel. The suggested monopole construction takes the stack
of N(k,n) D1-branes and constructs a monopole defined on a stack of N(k — 1,n + 1)
D(2k + 1)-branes. Recall that the reason for this was based on the fact that the dimension
of the eigenspace of the matrix (4.14) with eigenvalue nf —r was N(k — 1,n 4+ 1). So we
hope that the result of this charge calculation will also be N(k—1,n+1). We are interested
in the following Ramond-Ramond coupling [104-106]:

5, - 1 k'm/trp[(i@iq))kczkﬂ]

-k k+1
i*\ d®
:Mm/a@@%wm%“@m<fﬁﬁﬁﬂ (4.57)

To calculate the charge associated with this coupling, we first consider the matrix:

dd;
ik d":” (4.58)

A D,

= €iyigpin
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where the fuzzy funnel is given by

®i(s) = f(s)Xi(k,n) (4.59)

the definition of the ‘Physical radius’ F is given by

F
f= m (4.60)

where the definition of ¢(k,n) is in (4.9). Now we use equation (4.44) from the appendix
to [116] to give:

dF
A = Ck,n)c(k, n)_k+%)\_2k_1F2k£1N(k,n) (4.61)

now we use
1 = (2mA)* ok (4.62)

and the volume of the 2k-sphere from equation (4.47) to write the action S,,. as:

ik

k
%C(k n)c (k,n)*’”%N(k,n)H(zz — 1)/dtdFF2kQ RCOFR (4.63)
=1

The integral part of the above equation represents a single D(2k + 1)-brane, so the number
of branes is give by:
k

- —k+3 _
number of branes = %C(k n)c(k,n) 2N(k,n)l1_11(2l 1)

— k- 1Nkn<ﬁ2l—1) )k+%(H(n+2Z))
=1

2k—1
= N(k—1Ln+Detk,n) ™2 [T (n+0) (4.64)
=1

We had hoped that the number of branes would be precisely N(k — 1,n + 1), but there is

only agreement for large n:

2k—1

2k—
(k) 2 [[(n+1) = [zk( ) Z ] ( )
=1 —1
- 14 O(%) (4.65)
Thus, we have agreement with N(k — 1,n + 1) for the first two orders:

number of branes = N(k — 1,7 + 1) [1 + O(%)} (4.66)
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4.4 Symmetrised trace calculations

As we have seen, it is possible to view the fuzzy sphere matrices X; as the transverse
coordinates of the world-volume theory of a stack of D1-branes expanding into a stack of
D(2k + 1)-branes. There is also a dual realisation of this system in which the D1-branes
appear as a monopole in the world-volume theory of the D(2k + 1)-brane. One can use
the ADHM construction to construct the Monopole dual to the fuzzy sphere transverse
coordinates. If one takes the N(k,n)-dimensional fuzzy sphere matrices representing a
stack of N(k,n) D1-branes as ADHM data for a monopole then one naturally constructs a
monopole defined on a stack of N(k — 1,n + 1) D(2k + 1)-branes. Reassuringly when you
then calculate the charge of the monopole you have just constructed you get the answer

N(k,n). This is a nice consistency check of the ADHM construction.

As demonstrated in the last section, it is also possible to calculate the charge of the
fuzzy sphere transverse coordinates, by looking at the RR coupling, but in this case you do

not get N(k — 1,n+ 1) as you would hope,

5 (n+4)
number of D(2k + 1)-branes = N(k — 1,n + 1)1# (4.67)
c' 2
but there is agreement for the first two orders in the large n expansion:
1
number of D(2k + 1)-branes = N(k — 1,n+ 1) {1 + O(ﬁ)} (4.68)

We now consider this RR charge calculation more carefully. First we consider the
k=1 case. Based on the ADHM construction we expect the number of D3-branes to be

N(0,n + 1)=1. However, equation (4.67) suggests:

n+1

1
C2

number of D3-branes = (4.69)

Suppose that the numerator in the above is correct, but that the denominator is correct only
at large n and that it receives corrections at lower order to make the number of D3-branes

exactly one. Then these corrections need to satisfy:
1 3 5
l=(m+1)(c 24z 2 +a0¢7 2 +---) (4.70)

It is easy to show that we need x; = —% and xo = %, by Taylor expanding and using that
¢ =n(n + 2) for k = 1. Therefore, we would like to have a group theoretic justification for
the series: ) 5
1 3 5
T3 T2 T2 4.71
c 5¢ g€ 2t (4.71)

There exists a formula for the first three terms in the large n expansion of the k = 1
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symmetrised trace operator [140], namely

1 2 2
WStr(XiXi)m =c"— gm(m —1)cm 4 Em(m —1)(m—2)(Tm—1)c™ 24 (4.72)
Now, if we make the choice m= —% in (4.72) we get precisely (4.71). However, this suggests
that if this choice is correct, then we should have an all orders prediction for the action of

the symmetrised trace operator. Thus, for k=1 we predict that

1 1
St (X X)™
N B

2

1

(4.73)

where for future reference we consider the left hand side to be equal to the symmetrised

trace in a large-n series expansion, as appeared in [140].

Checking the conjecture (4.73) beyond the first three terms in a straightforward fashion,
by techniques similar to those employed in [140], proves difficult. This involves either adding
up a large number of chord diagrams, or complicated combinatorics if one uses the highest

weight method.

An alternative approach involves first writing down the conjecture based on brane count-
ing for general k, since the methods of [140] turn out to generalise from the k = 1 to the
general k case. The conjecture for general k, based on the brane counting, follow immedi-
ately from (4.67) is:

1 m N k

-1
i=1

Note that the right hand side of this equation appears in the factor outside the sum in

(4.100) and (4.101). Notice also that the above expression concerns the large n expansion

of the symmetrised trace considered at m = —k + %

One can then repeat the k = 1 calculation of [140] for general k, to check the first
three terms of this conjecture. The details of these chord diagram calculations appear in
the next section. We first calculated Str(X;X;)™ for m =2,3,4. Then we find the first
three terms in the symmetrised trace, large n expansion using these results. We can check
that the conjecture (4.74) is true for the first three terms in the symmetrised trace large n

expansion, for general k as well as for k = 1.

As the first three terms of (4.74) matched for general k, we then performed the long
calculation to check the fourth term in the expansion, for general k. This calculation involves
evaluating Str(X;X;)"™ for m = 5,6. The result of this calculation shows that there is also

agreement for the fourth term in the large n expansion of (4.74).
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4.4.1 Chord diagram calculations

In this section we calculate the Str(X;X;)™ quantity for m=1,2,3,4,5,6. The fuzzy two-
sphere case k =1 appeared in [140] for m = 1,2,3,4. Just as in [140] it is convenient to
summarise the algebra involved in these calculation using chord diagrams. Chord diagrams

are constructed from the following vertex description of a matrix.

(X5)

Wheret=1,...,2k+1and a,b=1,...,N. The chord diagrams are then made by joining
legs corresponding to the the summed indices of the matrices. The circle round the outside
of a chord diagram joins up the a,b type indices and the chords across the circle join i, j

type indicies. The simplest example of a chord diagram is the one with a single chord.

To calculate Str(X;X;)™ we need to calculate the chord diagrams with m chords. For
m=2 there are just two of these diagrams. The simplest chord diagram with two chords is

given by:
=tr (X; X;X;X;) = N (4.76)

To evaluate the other chord diagram with two chords the following identity is useful:
(X, X;1X; = 4kX; (4.77)

The second chord diagram with two chords is given by:

= tr (X; X; X:X;)

= tr (X Xy, X;X;) — tr (X[ X0, X5)X;)

= AN —4dktr (X X))

= (*N —4keN

= c(c—4k)N (4.78)

Finally we need to find the multiplicity with which each chord diagram appears in the
quantity Str(X;X;)™. Using the cyclic property of the trace we do not have to consider the
full set of (2m)! permutations of 2m objects, but we can just consider strings of numbers
which contain the numbers (1,1,2,2,3,3,...,m,m) with a special type of ordering. For a

given m, one writes down strings working from left to right using the rule that one is not
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allowed to write down the first copy of the number j until at least one copy of each of the

numbers less than j has been written down. For m = 2 the set of these strings is:
{(1122), (1212), (1221)} (4.79)

These strings of numbers are turned into chord diagrams by writing the numbers in the
string round the outer circle of the chord diagram and joining the two copies of each number
with a chord. The first string (1122) corresponds to the chord diagram (4.76). The second
string (1212) corresponds to chord diagram (4.78) and the final string (1221) corresponds
to another copy of the first chord diagram (4.76). Thus we have

1
NStr(XiXi)z =
= i fc2N+ c—4k:cN
N 3 3
2 4
= c —gkc (4.80)

For k =1 this is in agreement with the calculations of [140].

The calculation of Str(X;X;)™ rapidly increases in complexity as m increases. For m = 3

there are 5 different chord diagrams.

(4.81)
The first two diagrams are easily evaluated
The third and fourth diagrams are evaluated using the identity (4.77):
(c — 4k) (c — 4k) c(c— 4k
To evaluate the final chord diagram we use the identity:
[ Xk, [ Xi, Xj]] = 4(6ri X5 — 01 X5) (4.82)

We evaluate the final star shaped chord diagram using the string of numbers notation

123123 = [1,2]3123 + 213123
= [[1,2],3]123 + 3[1, 2]123 4 213123
= 4 x (1122 — 2121) + 312123 — 321123 + 213123 (4.83)
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In chord diagram notation the previous relation is:

Q- OO0

= A — 12k + 16k(k + 1)c

We now calculate the multiplicity of these 5 chord diagrams in the Str(X;X;)3. This involves
the following 15 strings.

{(112233), (112323), (112332), (121233), (121323),
(121332), (122133), (122313), (122331), (123123),
(123132), (123231), (123213), (123312), (123321)} (4.84)

Putting these calculations together yields the answer to %Str(XiXi):5 :
B 2 L3 L1
B 15 15 5 15 15
= & — 4k + fk(4k: +1)c (4.85)

For m =4 the calculation is much more tricky as there are 105 different strings and 18
different chord diagrams?®. 11 of the 18 chord diagrams have one chord which does not cross

any of the others. The contribution to Str(X;X;)* from these diagrams is given by:

_ 2 .8 .8 L8
105 105 105 105
L8 L8 .8 .8
105 105 105 105

14, 28, 24 8
— il = o 4.86
105 T 105° <::}::>+1050<3E::E>*105C<§g%%i> (4.86)

There are 4 chord diagrams in which all the chords cross at least one other chord, but

there is at least one chord that crosses just a single other chord. These 4 diagrams can

3Thanks to Simon Nickerson for a computer program that computes the multiplicities of the various
chord diagrams in the quantity Str(X;X;)™
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be simplified using the identity (4.77). The contribution to Str(X;X;)* from these 4 chord

diagrams is given by:

N 105 0@ 0@ 105@
— (c—14
(c = 4k) 105@ 105@ 105@ 105

The 3 remaining chord diagrams can be evaluated using (4.82)

) (4.87)

— 12314234

= [1,2]314234 + 21314234

= [[1 2],3]14234 + 3[1, 2]14234 + 21314234

= (114224 — 214214) + 31214234 — 32114234

(PO DD

= 4 +(c—4(k+1)) — 12kc? + 16k(k+ 1 4k‘cc—4k

— 12314324
= [1,2]314324 + 21314324

= [[1 2],3]14324 + 4[1, 2]14324 + 21314324

= (114224 — 214124) + 31214324 — 32114324 + 21314324

DD

= — 12kc? + 16k(k + 1)c 4(k+1)) c—4k:

— 12341234

= [1,2]341234 4 21341234

= [[1 2],3]41234 + 3[1, 2]41234 + 21341234

= (141224 — 241214) + 31241234 — 32141234 + 21341234

G- OO

= 96kc® — 256¢ck? — 24ke + ¢ + 11262k — 128¢k® — 64ck

These last 3 chord diagrams appear in the quantity Str(X;X;)* with multiplicity %, %

and ﬁ respectively.
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The final answer for m=4 is:

1 1 4
NStr(X,»XQ"‘ =c* —8ke® + ;k(?k +2)c? — 1%/{(341@2 + 24k + 5)c (4.88)

The cases m=>5,6 are very long calculations. Instead of presenting the details we just
present the answers?. For m =5 there are 945 different strings and 105 different chord

diagrams.

1
NStI‘(XZXl)s = 05
40

—gkCZl

1
+§6(13k + 4)kc?

4
—2—3(158k2 + 126k + 31)kc?

256
+%(496k’3 + 672k% 4 344k + 63)kc (4.89)

For m=6 there are 10395 different strings and 902 different chord diagrams.

1
NStr(XiXi)6 = S

—20kc®

1
+§6(31k + 10) ke

64

—@(67%2 + 582k + 157)kc?

256
+E(1726k3 + 2616k2 + 1541k + 336)kc?

1024
~ o395 1056k* + 24256k3 + 22046k + 9476k + 1575)ke  (4.90)

4.4.2 The large n expansion of Str(X;X;)™

In this section we use the results of the previous section for specific values of m to calculate
the first four terms in the large n expansion of Str(X;X;)™ for arbitrary m. The first three
terms in the large n expansion of Str(X;X;)™ for arbitrary m and k = 1 appeared in [140)].
The fourth term in the large n expansion and the generalisation of all these terms to k > 1

which are calculated here are new results.

We guess that the coefficient of ¢™ % term in Str(X;X;)™ is a polynomial in m of order
2i¢, but we cannot prove this. If this is true, then we have the following simple anzatz

involving polynomials where there are some known factors and some unknown factors. The

“Thanks to Simon Nickerson for a computer program that writes many of the six chord diagrams in terms
of five chord diagrams
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known factors in these polynomials come from the fact that the series has to terminate
so that there are never negative powers of ¢ for m =1,2,3,... The remaining unknown
functions of k can then be found using the results from the last section of Str(X;X;)™ for
m=1,2,3,4,5,6.

1 o -
NStr(XiXi) — c
+y1(k)m(m — 1)Cm_1
—l—(yz(/f)m + yg(k))m(m — 1) (m — 2)¢m2
+<y4(k)m2 + ys(k)m + yg(k))m(m 1) — 2)(m — )
+0(c™ ™4

We now find the unknown functions yi(k),y2(k)...ye(k) using the results of Str(X;X;)™
for m = 2,3,4,5,6 calculated in the previous section. The answer for Str(X;X;)? in (4.80)

gives an equation for the unknown function y; (k).

y1(k) = —gk (4.91)

The calculations of Str(X;X;)™ for m = 3,4 give 2 equations for the unknowns y2(k) and
y3 (k).
O(c') term in (4.85) 3!(3y2 +y3)

15
O(c®) termin (4.88) 4!(dy2+ys) = 2k(7k+2)
The solution is

Y2 _ 3 1 =4k + 1)k

3 4 1 Z(Tk +2)k
2 5k +2)k
2 Bk+2) (4.92)
45 (k—2)k

The calculation of Str(X;X;)™ for m = 4, 5, 6 gives 3 equations for the unknowns y4(k), ys (k)
and yg (k).

O(c) term in (4.88) 4!(16yf +4ys +ys) = —o(34k> + 24k +5)k
O(c?) term in (4.89) 5!(25yF +5ys +ys) = —oa(158k? + 126k + 31)k
O(c®) term in (4.90) $(36yf +6ys +ys) = —S5(677k*+ 582k + 157)k

So we need to calculate:

-1
m 16 4 1 — 5= (34k? + 24k + 5)k
ys | =1 25 5 1 — 55 (158k2 + 126k + 31)k
Yo 36 6 1 — 5= (67T + 582k + 157)k
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The solution is

m . (—140k? — 168k — 64)k
Y5 | = grgg | (84K + 216k + 192)k (4.93)
Y6 (128k2 + 96k — 104)k

It is now easy to check the original conjecture (4.74). The left hand side of (4.74) involves
the large n expansion of Str(X;X;)™ evaluated at m = —k + 5. Thus, the first three terms
in the left had side of (4.74) are:

1 1 — fi
—Str(X; X; m’ — ¢ kt3 2
NS r( ) m=—k+1/2 ¢ ’ jz::() cJ

where the coefficients f1, fo and f3 are given explicitly by:

= yl(k)m(m_l)‘m:,ml

- B

fo = (ot o) mim = Dm =2

_ %(1014:2 3+ 2)k<k _ %) (k: + %) (k + g)
fo = (wom?+ys(om + yo(k))m(m — m = D(m-3)|

1
= —(—24 + 34k — 61Kk* 4 56k3 — 140K*)

2835
X (k _ %) (k n %) (k: n %) (k + g) (4.94)

To check (4.74) we must expand the right hand side of (4.74) as a function of c:

2k—1 1 1 k—1 1 ) 00 g
_ — N A 4.95
ll;lanrl \/(k‘2+c)ll;[10—|—2kl—l2 ¢ szocﬂ (4.95)

where the coefficients g; are easily calculated and given by:

n = e (o)

g = %(1%2 — 3k + 2)k<k - %) (k + %) (k + g)

g3 = 28%(—24 + 34k — 61k* + 56k — 140k*)
xk<k-%)(k+—%)(k+-g)(k+-g) (4.96)

Thus there is precise agreement between the coefficients f; in and g;, so equation (4.74)
holds for the first three terms.
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4.4.3 An exact formula for the symmetrised trace

The simple answer for the symmetrised trace in (4.74) is totally hidden by the complexity of
the chord diagram calculations. This suggested that the general formula for the symmetrised
trace could also be simple. By looking at the result of Str(X;X;)™ for m = 1,2,3,4,5,6
calculated in the previous section and setting k = 1 it is easy to come up with a simple

guess for the answer:

2(2 1 :
(nnl—Fl) 2(22’)2’” for n even
1 =
—Str XzXZ m = 4.97
Str(XX)) - (1.97)
22m+1) (2i —1)*™  for n odd
n+l <~

Unfortunately we have been unable to prove this formula. However, this formula agrees with
the chord diagram calculations from the last chapter which is a good check. The existence

of a systematic construction of the symmetrised trace was anticipated on page 9 of [104].

The formula (4.97) is remarkable because, for example, it reduces the long calculations
of the large n expansion in [140] and the last section of this thesis to a very simple expansion
based on the Euler Maclaurin formula. The Euler Maclarin formula approximates a sum

by an integral, plus an infinite series of corrections involving the Bernoulli numbers Bs;:
L p+1 1
S ) = [ def@) -5 (41 + 50)
0
-1 (2i-1) (2i-1)
By f%1 1) — f(2i-1
+ X By - /40 0)
L ~ )
- dx Boi(x Y9N e+ v 4.98
i [, B 1) (1.95)

We now use this formula and the guess (4.97) to calculate the large n expansion of the

symmetrised trace:

1 n2m+1 2\ 2m+1 1 2\ 2m
ZStr(X, X)) = 142 —em+n-(1+2
NStr( ) n+1 [( +n) (2m + )n< +n>
1 1 2\ 2m—1
+5(2m +1)(2m) — (1 + 5)
1 1 2\ 2m—3
— = (2m 1) 2m)(2m = 1)2m —2)— (1+ ) +]

(4.99)

This expansion in n can easily be rewritten in terms of ¢ = n(n + 2k) to reproduce the
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functions y;(k), which were calculated in the last section. Calculating the terms of the
expansion in this way is far simpler than performing the chord diagram calculations. The
agreement of the answer (4.99) with the chord diagram answer is convincing evidence that

the guess (4.97) is true.

This success of the guess (4.97) for the case k = 1 led the following guess for £ > 1 .

The formula for the symmetrised trace for all m, k and n even is:

n

1 KTIE_,(2m —1+2i1) & 155 //n 2
—Str(XX;)" = sl T { ((f + 14) . ig) (213)2111} (4.100)
N (k—1)! Hi:f(n +i2) 13221 ig 2

where the k£ = 1 case is given above (in this case the product over iy = 1,...,k — 1 is just

defined to be the number 1).

Similarly for all m, &k and n odd we have:

ysuxxn =2 = igz [ H (2 +1) = (1= 2)") 2= 1]
(4.101)

This formula can again be checked against the chord diagram calculations. In the next

chapter we will use the formula (4.97) to study the collapse of a fuzzy spheres.
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CHAPTER 5

FINITE N EFFECTS ON THE COLLAPSE OF
FUZZY SPHERES

5.1 Introduction

A new formula for the symmetrised trace was presented in the last Chapter. In this chapter
we use this new formula to study the finite n effects on the collapse of a spherical bound
state of DO0-branes described by a fuzzy sphere. The symmetrised trace prescription for the
non-Abelian action of multiple DO-branes was proposed in [141] and extended to include
background RR fluxes in [109]. An interesting time dependent system, in which the need
for an exact prescription arises, is a spherical bound state of N D0-branes with a spherical
D2-brane, for finite values of N. This can be studied both from the point of view of the
Abelian D2 DBI action and the non-Abelian D0-DBI action. The latter configuration also
has an M-theory analogue, that of a time dependent spherical M2-brane, which has been
studied in the context of matrix theory [143,144]. In [140] it was shown that the DO-brane
construction, based on the fuzzy 2-sphere, agrees with the Abelian D2-construction at large
N. 1/N corrections coming from the symmetrised trace and a finite N example were also
studied. Here we develop further the study of finite N. The need for the non-linear DBI
action as opposed to the Yang-Mills limit of the lower dimensional brane was recognised in
a spatial D1 1 D3 analog of the DO — D2 system [104].

In this chapter we extend the calculation of symmetrised traces from the spin half
example of [140] to general representations of SO(3). These results allow us to study in
detail the finite N physics of the time-dependent fuzzy two-sphere. We begin our finite NV
analysis with a careful discussion on how to extract the physical radius from the matrices of
the non-Abelian ansatz. The standard formula used in the Myers effect is R? = Tr(®;®;)/N.
Requiring consistency with a constant speed of light, independent of N, leads us to propose
an equation in section 5.2, which agrees with the standard formula in large N commutative
limits, but disagrees in general. Section 5.3 gives finite N formulae for the energy and
Lagrangian of the time-dependent fuzzy two-sphere. We also give the conserved pressure
which is relevant for the D1 | D3 system. In section 4, we study the time of collapse as a
function of N. In the region of large N, for fixed initial radius Ry, the time decreases as
N decreases. However, at some point there is a turn-around in this trend and the time of

collapse for spin half is actually larger than at large N. We also investigate the quantity
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E? — p?, where E is the energy and p the momentum. This quantity is of interest when we
view the time-dependent D-brane as a source for space-time fields. E is the 7% component
of the stress tensor, and p is the 7°" component as we show by a generalisation of arguments
previously used in the context of BFSS matrix theory. For the large N formulae, E? — p?
is always positive. At finite IV, this can be negative, although the speed of radial motion is
less than the speed of light. Given the relation to the stress tensor, we can interpret this
as a violation of the dominant energy condition. The other object of interest is the proper
acceleration along the trajectory of a collapsing D2-brane. We find analytic and numerical
evidence that there are regions of both large R and small R, with small and relativistic
velocities respectively, where the proper accelerations can be small. This is intriguing since
the introduction of stringy and higher derivative effects in the small velocity region can
be done with an adiabatic approximation, but it is interesting to consider approximation

methods for the relativistic region.

In section 5.5, we discuss the higher fuzzy sphere case [115,116,118,145-149]. We give a
general formula for STr(X;X;)™, in general irreducible, representations of SO(2k +1). This
formula is motivated by some considerations surrounding D-brane charges and the ADHM
construction, which were discussed in more detail in the previous chapter. This allows us a
partial discussion of finite N effects for higher fuzzy spheres. We are able to calculate the
physical radius following the argument of section 5.2; however, in general one needs other

symmetrised traces involving elements of the Lie algebra SO(2k + 1).

The symmetrised trace prescription, which we study in detail in this paper, is known to
correctly match open string calculations up to the first two orders in an o/ expansion, but
the correct answer deviates from the (o/)? term onwards [150-153]. It is possible however
that for certain special symmetric background configurations, it may give the correct physics
to all orders. The D-brane charge computation discussed in the last chapter can perhaps
be viewed as a possible indication in this direction. In any case, it is important to study the
corrections coming from this prescription to all orders, in order to be able to systematically
modify it, if that becomes necessary when the correct non-Abelian D-brane action is known.
Conversely the physics of collapsing D-branes can be used to constrain the form of the non-

Abelian Dirac-Born-Infeld action.

5.2 Lorentz invariance and the physical radius

We will study the collapse of a cluster of N DO-branes in the shape of a fuzzy S2*, in
a flat background. This configuration is known to have a large-N dual description in
terms of spherical D(2k) branes with N units of flux. The microscopic DO description

can be obtained from the non-Abelian action for a number of coincident branes, proposed
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in [109,141]

So = — ! /dt STry/—det(M) (5.1)

gss

M= —L A (5.2)
A0 Qyj

Here a, b are world-volume indices, the ®’s are world-volume scalars, A\ = 27¢2 and

where

Qij = (Sij + i)\[q)i, (I)j] . (5.3)
We will consider the time dependent ansatz
®; = R(t)X; (5.4)

The X, are matrices obeying some algebra. The part of the action that depends purely on

the time derivatives and survives when R = 0 is

Spo = / dtSTr/T— N2(0,,) = / dSTr\[1— XD R)2X X, (5.5)

For the fuzzy S2, the X; = a;, for i = 1,2, 3, are generators of the irreducible spin n/2
y

matrix representation of su(2), with matrices of size N = n + 1. In this case the algebra is
[, o] = 2i€jjpay (5.6)

and following [140], the action for N' DO-branes can be reduced to

1 . -
So = — 7 /dt STr\/l + 4)\2R4aiai\/1 — A2(0iR)?;cv; . (5.7)

gs

If we define the physical radius using

— 2 lim STr(®;®;)mH ~ 28 lim STr(c;a;)™ !

2
_ _— 5.8
Rphys Moo STT((I)Z‘(I)i)m M—00 STr(oziai)m ’ ( )

we will find that the Lagrangian will be convergent for speeds between 0 and 1. The radius

of convergence will be exactly one - this follows by applying the ratio test to the series

STr\/1— /\2}%52%-041- , (5.9)

where a dot indicates differentiation with respect to time. This leads to

expansion of

= N R%n? . (5.10)
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Using explicit formulae for the symmetrised traces we will also see that, with this definition
of the physical radius, the formulae for the Lagrangian and energy will have a first singularity
at Rynys = 1. In the large n limit, the definition of physical radius in (5.10) agrees with [109],
where R,pys is defined by R;hy s = %T r®;®;. Note that this definition of the physical
radius will also be valid for the higher dimensional fuzzy spheres, and more generally in any
matrix construction, where the terms in the non-Abelian DBI action depending purely on

the velocity, are of the form \/1 — /\QXiXi(atR)Q.

In what follows, the sums we get in expanding the square root are conveniently written

in terms of r, s, defined by r* = ANZR* and s? = A\2R2. Tt is also useful to define

R
2 )
2
A2 Rphys 2,
= =0,
2 = *n?. (5.11)

The 7 and § variables approach the variables called r, s in the large n discussion of [140].
Note, using (5.10), that
RZ, = s’n? =34 (5.12)

5.3 The fuzzy S? at finite n

For the fuzzy S%, the relevant algebra is that of su(2), equation (5.6) above. We also have
the Casimir
C = 0;0; = (N2—1),

where the last expression gives the value of the Casimir in the N-dimensional representation
where N =n + 1, and n is related to the spin J by n = 2J.

We present here the result of the full evaluation of the symmetrised trace for odd n

(n+1)/2

1 m 2(2m+1) . m
C(m,n) = - 15’T7“(0qai) == 1 ;1 (20 —1)™, (5.13)
whilst for even n
1 2(2m + 1) L2
C(m,n) = - 15’Tr(aiogi) == ;:1 (20)™ . (5.14)

For m = 0 the second expression doesn’t have a correct analytic continuation and we will
impose the value STr(a;;)? = 1. The expression for C(m,1) was proved in [140]. A

proof of (5.14) for n = 2 is given in Appendix C. The general formulae given above are
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conjectured on the basis of various examples, together with arguments related to D-brane
charges. These were given in the last chapter. There is also a generalisation to the case of

higher dimensional fuzzy spheres, described in section 5.6.

We will now use the results (5.13), (5.14), to obtain the symmetrised trace corrected
energy for a configuration of N time dependent DO-branes blown up to a fuzzy S2. The

reduced action (5.7) can be expanded to give

L = —STr\/1+4X2R*a;a;\/ 1 — A2é2aiai

= —STT\/l -+ 7°4ai04i \/1 — s20504 (5.15)
— _STr S2m 4l m+l 1/2 1/2 (_1)m . (516)
3 () (1)

The expression for the energy then follows directly -
o0 o
1/2\ [1/2
E=-STr Z Zszmr4l(2m — 1)(0@%)’””( / ) ( { )(—1)m, (5.17)
m
m=0 =0

and after applying the symmetrised trace results given above we get the finite-n corrected

energy for any finite-dimensional irreducible representation of spin-5 for the fuzzy S2.

For n = 1,2 one finds

1 14 2rt — rts?

—Ep=1(r,s) = , 5.18
2 1) V14741 — s2)3/2 (5.18)
1 2 (1+8*—16rs?) 1
—Ep=2(1,8) = = + - 5.19
gin=2(rs) = 3 U 4ri(1—4s2)3/2 3 (5.19)

We note that both of these expressions provide equations of motion which are solvable by

solutions of the form 7 = t.

For the case of general n, it can be checked that the energy can be written

ntl
(r.5) i 2 —2(20 — 1)%r%((20 — 1)%s2 — 2) (5.20)
— 1+ (20— 1)2r%(1 — (21 — 1)2s2)3/2 '

for n-odd, while for n even

: 2(20)2r4((21)282 — 2)
523 \/1+ 20)2r4(1 — (21)252)3/2 (5-21)
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Equivalently, the closed form expression for the Lagrangian for n-odd is

(5.22)

n+1
— Z 1—2( 21 —1)%s2 + (2z 1)2r4(2 — 3(20 — 1)%s?)
— + (20— 1)2r4, /1 — (21 — 1)2s2 ’

whilst for n-even

Z 1—2(20)%s% + (21)2r 4( (zl)2 2)

— V1+@2D)2 /1 -

It is clear from these expressions that the equations of motion in the higher spin case will

Ln(r, s

(5.23)

also admit the 7# = ¢ solution. Note that, after performing the rescaling to physical variables
(5.11) and (5.12), these energy functions and Lagrangians have no singularity for fixed r,
in the region 0 < Rphys < 1. As s increases from 0 the first singularity is at s = %, which
corresponds to § = Rphys = 1. In this sense they are consistent with a fixed speed of
light. However, they do not involve, for fixed r, the form v/dt2 — dr? and hence do not have
an so(1,1) symmetry. It will be interesting to see if there are generalisations of so(1,1),

possibly involving non-linear transformations of dt, dr, which can be viewed as symmetries.

5.3.1 The D1 1 D3 intersection at finite-n

The static D1 L D3 system consists of a set of N D-strings ending on an orthogonal
D3 [104]. Far away from the intersection, the valid description is in terms of the non-abelian
D1-brane worldvolume action, describing a funnel of increasing fuzzy-S? cross-section. The
abelian D3 worldvolume picture is valid close to the intersection, describing a BPS magnetic
monopole with its Higgs field interpreted as an infinite spike transverse to the brane. In

the large-N limit the two descriptions overlap significantly.

The relationship between the microscopic descriptions of the time dependent D0 — D2
system and the static D1 L D3 intersection was established in [154]. In that paper, the
large-n behaviour of both systems was described by a genus one Riemann surface, which is a
fixed orbit in complexified phase space. This was done by considering the conserved energy
and pressure and complexifying the variables r and dr = s respectively. Conservation of
the energy-momentum tensor then yielded elliptic curves in r, s, involving a fixed parameter
r9, which corresponded to the initial radius of the configuration. The actions for the two

systems were related by a Wick rotation.

We can apply the symmetrised trace formula to also get exact results for the corrected

pressure of the fuzzy-S? funnel configuration at finite-n. For our system we simply display
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the general result and the first two explicit cases

p — mfjfjs?’"r‘”(zm—1><aia,->m“(1/2) () e

m=0 =0 m
1 1+ 2r% 4 rts?
,Pn: T, 8 = - 5.25
92 1( ) /1+7“4(1 +82)3/2 ( )
1 2 (1+8rt+16r1s?) 1
“Ppo(r,s) = —= — 5.26
3Pn=a(rs) 3VI+ari(l+4s2)3/2 3 (5.26)

Note that the above formulae are related to the energies in (5.18) and (3.7) by a Wick
rotation s — 4¢s. Similar results to those for the time dependent case hold for the exact
expression of the pressure for the general spin-7 representation. Note again that these
expressions will provide equations of motion which are solved by solutions of the form
7 = 1/0, where o is the spatial D1 worldvolume coordinate. An easy way to see this is to
substitute s> = r* in (5.25), (5.26), to find that the pressures becomes independent of r and
s. Since the higher spin results for the pressure are sums of the n = 1 or n = 2 cases, the

argument extends.

5.3.2 Finite N dynamics as a quotient of free multi-particle dynamics

Using the formulae above, we can see that the fuzzy S? energy for general n is determined

by the energy at n = 1. In the odd n case

n+1 n+1
2 2

C(m,n) = — C(m, 1)) (2i3 — 1)>™ = nilem +1) ) (205 —1)>™.

i3=1 i3=1

Using this form for C'(m,n) in the derivation of the energy, we get

Enlr, s) = i En (m/(%g ~1), s(2i5 — 1)) . (5.27)
is=1

Similarly, in the even n case, we find

En(rys) = En=a(rv/is , s(i3)) . (5.28)

e

1

i3
It is also possible to write C'(m,2) in terms of C'(m, 1) as (for m # 0)

2m+1 2m—+1
2 2

C(m,2) = C(m,1) =

2m+1). (5.29)
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Thus we can write &,(r, s), for even n, in terms of the basic &£,-1(r, s) as

En(r,s) =1+ En=1(rv/(2i3) , s(2i3)) . (5.30)

M

1

i3

These expressions for the energy of spin n/2 can be viewed as giving the energy in terms
of a quotient of a multi-particle system, where the individual particles are associated with
the spin half system. For example, the energy function for (n + 1)/2 free particles with
dispersion relation determined by &,—; is Y, £,=1(74, 5;). By constraining the particles by
ri =12 + 1,8; = 8(2i + 1) we recover precisely (5.27).

We can now use this result to resolve a question raised by [140] on the exotic bounces
seen in the Lagrangians obtained by keeping a finite number of terms in the 1/n expansion.

With the first 1/n correction kept, the bounce appeared for a class of paths involving high

1 1/4
— ~ C
1-32

bounce disappeared when two orders in the expansion were kept. It was clear that whether

velocities with v = , near the limit of validity of the 1/n expansion. The
the bounces actually happened or not could only be determined by finite n calculations.
These exotic bounces would be apparent in constant energy contour plots for r, s as a zero
in the first derivative 9r/ds. In terms of the energies, this translates into the presence of a
zero of OE /0s for constant 7. It is easy to show from the explicit forms of the energies that
these quantities are strictly positive for n = 1 and n = 2. Since the energy for every n can
be written in terms of these, we conclude that there are no bounces for any finite n. This

resolves the question raised in [140] about the fate at finite n of these bounces.

We note that the large-n limit of the formula for the energy provides us with a con-
sistency check. In the large n-limit the sums above become integrals. For the odd-n case
(even-n can be treated in a similar fashion), define x = % ~ 2% Then the sum in (5.27)

goes over to the integral

n /1d 2 — 222024 (22n?s? — 2) B nv1 + rin2 (5.31)
0

— x —_— .
2 V14 22n2r8(1 — 2252)3/2 /1 — s2n?2

By switching to the 7, § parameters the energy can be written as % This matches
exactly the large n limit used in [140].

5.4 Physical properties of the finite N solutions

5.4.1 Special limits where finite n and large n formulae agree

In the above we compared the finite n formula with the large n limit. Here we consider
the comparison between the fixed n formula and the large n one in some other limits. On

physical grounds we expect some agreement. The D0 — D2 system at large # and small
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velocity § is expected to be correctly described by the D2 equations. These coincide with
the large n limit of the D0. In the D1 L D3 system, the large 7 limit with large imaginary
§ is also described by the D3.

Such an argument should extend to the finite-n case. In [154], these systems were simply
described by a genus one Riemann surface. However, in this case the energy functions are
more complicated and the resulting Riemann surfaces are of higher genus. We still expect
the region of the finite n curve, with large r and small, real s, to agree with the same limit
of the large n curve. We also expect the region of large r and large imaginary s to agree

with large n.

For concreteness consider odd n. Indeed for large r, small s, (5.20) gives

n+1
2

> 42— 1)r? ~ nPr? =ni? (5.32)
=1

This agrees with the result obtained from the D2-brane Lagrangian [140] using (5.11) and
(5.12). In this limit, both the genus one curve and the high genus finite n curves degenerate
to a pair of points. Now consider the energy functions in the limit of large 7 and large
imaginary §. This is the right regime for comparison with the D1 L D3 system since this
is described, at large n and in the region of large 7, by 7 ~ % This means that 7 is large at
small o, where % — 15 is large. Using the Wick rotation s — is (which takes us from the

time-dependent system to the space-dependent system)

nr? 72

which agrees with the same limit of the large n curve. In this limit, both the large n genus

one curve and the finite n curves of large genus degenerate to a genus zero curve.

The agreement in (5.32) between the DO and D2 pictures is a stringy phenomenon. It
follows from the fact that there is really one system, a bound state of D0 and D2 branes. A
boundary conformal field theory would have boundary conditions that encode the presence
of both the D0 and D2. In the large N limit, the equations of motion coming from the D0-
effective action agree with the D2-effective action description at all Rppy,. This is because
at large N it is possible to specify a DBIl-scaling where the regime of validity of both the
D0 and D2 effective actions extends for all Rp,,. This follows because the DBI scaling has
ls — 0 [155]. Indeed it is easy to see that the effective open string metric discussed in [155]
has the property that (2G~! = % goes to zero when N — oo with L = ¢4v/7 N, Rpypys
fixed. This factor £2G~! controlg Lflbigher derivative corrections for the open string degrees
of freedom. At finite N, we can keep £2G~! small, either when Rpypys < L or Rypys > L.
Therefore, there are two regimes where the stringy description reduces to an effective field

theory, where higher derivatives can be neglected. The agreement holds for specified regions

134



CHAPTER 5. FINITE N EFFECTS ON THE COLLAPSE OF FUZZY SPHERES

of Rppys as well as Rphys, because the requirement /2G~! < 1 is not the only condition
needed to ensure that higher derivatives can be neglected. We also require that the proper
acceleration is small. At large Ry, the magnetic flux density is small (as well as the higher
derivatives being small) and the D2-brane without non-commutativity is a good description.
This is why the finite N equations derived from the DO-brane effective field theory agree
with the Abelian D2-picture. For small Ry, small Rphys, we can also neglect higher
derivatives. This is the region where the D0-Yang-Mills description is valid, or equivalently

a strongly non-commutative D2-picture.

5.4.2 Finite N effects

We will consider the time of collapse as a function of n using the definition of the physical
radius given in section (2). In order to facilitate comparison with the large n system, we
will be using 7, § variables. To begin with, consider the dimensionless acceleration, which
can be expressed as
L 0:E |7
AR
with v = 1/@ As the sphere starts collapsing from 7 = 73 down to 7 = 0, the

speed changes from § = 0 to a value less than § = 1. It is easy to see that the acceleration

(5.34)

does not change sign in this region. Using the basic energy E=¢ /N from (5.18), we can

write
Fnmr(f3) _ BT + 71— 22)
03 (L4701 - 823
0Enr(7,5)  _ 2¢° M4 (1— 892 + 7
or (1+f4)3(1—§2)§<(1+ Jrms)es ))' 539

Neither of the partial derivatives change sign in the range § = 0 to 1. Hence the speed §
increases monotonically. The same result is true for n > 1, since the energy functions for

all these cases can be written as a sum of the energies at n = 1.

In the n =1 case ,7 =r, § = s. For fixed rg the speed at r = 0 is given by

) (L+78)5
(1—=s8%lp=1) = ———. (5.36)
(1+42r3)3
Comparing this with the large n formula
(1= 8%pmoo) = (L41g) 7, (5.37)
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it is easy to see that

(1= 82)|n=oo \* (1 +2r0)?
<(1—82)\nl) N W <1 (5.38)

which establishes that the speed at r = 0 is larger for n = oco.

We can strengthen this result to show that the speed of collapse at all r < rq is smaller

for n = 1 than at n = oco. For any r < 1y we evaluate this energy function with the
4
4

speed of collapse evaluated at s2 = ~

which is the speed at the same r in the large n

7"3—&—1 ’
~ 4_ .4 ~
problem. Let us define F(r,rg) = E,=1 <7“, 5= :?4 +T1 ) We compare this with &,—1(r, s)
0
4
for s appropriate for the n = 1 problem, which is just Hﬁ:% = G(rg) by conservation
To

of energy. We now use the fact, established above, that % is positive for any real r.

4_ .4
To—T

This means that we can show s|,—1 < T
0

by showing that F'(r,79) > G(rp). A short

calculation gives

F(r,r0) — G(ro) = o (rd — ). (5.39)

VI+rg(i+rt)
It is clear that we have the desired inequality, showing that, at each r, the speed s in the
n = 1 problem is smaller than the speed in the n = oo system. Hence the time of collapse
is larger at n = 1. In the n = 2 case, we find that an exactly equivalent treatment proves
again that the collapse is slower than at large n. However, this trend is not a general feature
for all n. In the leading large-IN limit, the time of collapse is given by the formula

1
T_ (. 1+rg KR VRITLA

L \/rg—r‘l_ V2 R

For fixed ¢4, L decreases with decreasing N and as a result T decreases. When we include
the first 1/N correction the time of collapse is [140]

T /d Vit r8 ro(143(1+19))
g r _
L Ve =1t 6N2(1+rd)32/rd — 1t 6N2(1 4 r4)\ /1 + i /rg =t
By performing numerical integration of the above for several values of the parameter ry and

(5.40)

(5.41)

some large but finite values of N, we see that the time of collapse is smaller for the 1/N
corrected case. This means that, in the region of large IV the time of collapse decreases as N
decreases, with both the leading large N formula and the 1/N correction being consistent
with this trend. However, as we saw above the time of collapse at n = 1 and n = 2 are
larger than at n = co. This means that there are one or more turning points in the time of

collapse as a function of n.

The deceleration effect that arises in the comparison of n = 1 and n = 2 with large n
may have applications in cosmology. Deceleration mechanisms coming from DBI actions
have been studied in the context of bulk causality in AdS/CFT [156,157] and applied in
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the problem of satisfying slow roll conditions in stringy inflation [158]. Here we see that the

finite n effects result in a further deceleration in the region of small n.

We turn to the proper acceleration which is important in checking the validity of our
action. Since the DBI action is valid when higher derivatives are small, it is natural to
demand that the proper acceleration, should be small (see for example [156]). The condition
is v20s0? Rynys < 1. In terms of the dimensionless variables it is v3(927) < V'N. If we
want a trajectory with initial radius 79 such that the proper acceleration always remains
less than one through the collapse, then there is an upper bound on 7y (see for example
section 8 of [140]). The corresponding upper bound on the physical radius goes to infinity
as N — oo, since Rppys ~ #V/AN. For small 7y we are in the matrix theory limit and the
effective action is valid. For large 7y and 7-large, the acceleration is under control, o ~ 1/7
and the velocity will be close to zero. Interestingly, there will also be a class of trajectories
parametrised by large 7o, which admit relativistic motion. Consider for example the n = 1

case (where # = r, § = s). The proper acceleration can be written as

2r8  —3+ 252 +1ri(s? - 2)

a=— . 5.42
L4174 /1 = s2(r4(s2 — 4) — 3) (5.42)
For s ~ 1 and small r, this becomes
2 3
A~ —— (5.43)

3v1 — 52

and v/1 — s? can be found from the energy at the same limits, in which (5.18) becomes

1
1—352~ — . 5.44
V 2)173 o4
Therefore, we can identify a region where the proper acceleration is small by restricting it
to be of order 1/ry for example
2r3 1

o~ ?(27“3)1/3 N (5.45)

5/9

This means that in regions where r ~ r, """, we will have a relativistic limit described by
the DBI, where stringy corrections can be neglected. This result also holds in the large-N
limit. It will be interesting to develop a perturbative approximation which systematically

includes stringy effects away from this region.

Another quantity of interest is the effective mass squared E? — p? |, where p = 9L/0s
is the radial conjugate momentum. It becomes negative for sufficiently large velocities.
This includes the above regime of relativistic speeds and small radii. It is straightforward
to see that if our collapsing configuration is considered as a source for spacetime gravity,

this implies a violation of the dominant energy condition. In the context of the BFSS
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matrix model, it has been shown that for an action containing a background spacetime
G1y = n1j + hry, in the linearised approximation, linear couplings in the fluctuation hgy
correspond to momentum in the X’ direction [159]. The same argument can be developed
here for the non-Abelian DBI. We couple a small fluctuation hg,, which in classical geometry
we can write as hg; = hoyz; for the unit sphere. We replace z; by «;/ n. The action for
DO-branes [109,141] is generalised from (5.1) by replacing R in A\9;®; = A(R)a; = %ai with
(R—i— hor). It is then clear that the variation with respect to R, which gives p, is the same as
the variation with respect to hg,, which gives T9". Hence, the dominant energy condition
will be violated, since E < [p| is equivalent to T% < T9". The violation of this condition
by stringy D-brane matter can have profound consequences. For a discussion of possible
consequences in cosmology see [160]. In this context, it is noteworthy that the violation can
occur near a region of zero radius, which could be relevant to a near-big-bang region in a

braneworld scenario.

5.4.3 Distance to blow-up in D1 L D3

Comparisons between the finite and large N results can be made in the spatial case using
the conserved pressure. The arguments are similar to what we used for the time of collapse
using the energy functions. Consider the case n = 1, and let P= P/N. First calculate the

derivative of the pressure - R
OP  s(4r*+ris? 4+ 3)

— = . 5.46
s~ VI 1ri(1— s2)5/2 (5.48)
This is clearly always positive. Now evaluate
N 7’4_7a4 (1+T4)1/2
Plrs=Y——0)=_2 "0 (14444, 5.47

This should be compared with ]5(7“, s), evaluated for the value of s which solves the n =1

4
equation of motion, which by conservation of pressure is 04210 ke the difference to

\/ 1+r§
find

p< r4—ré> (a2d) bt )

VT N T N =

(5.48)

Thus at fixed rg and r, ]Snzl, when evaluated for the value of s which solves the large
n problem, is larger than when it is evaluated for the value of s which solves the n = oo
problem. Since P increases monotonically with s for fixed r, this shows that for fixed r,
and any r, s is always larger in the large N problem. Since ¥ = [ dr/s, this means the
distance to blow-up is smaller for n = co. Hence for fixed rq, the distance to blow-up is

larger at n = 1.

138



CHAPTER 5. FINITE N EFFECTS ON THE COLLAPSE OF FUZZY SPHERES

5.5 Towards a generalisation to higher even-dimensional fuzzy-spheres

For generalisations to higher dimensional brane systems, and to higher dimensional fuzzy
spheres [115,118,147,148], it is of interest to derive an extension of the expressions for the
symmetrised traces given above. In the general case, we define N (k,n) to be the dimension
of the irreducible representation of SO(2k+1) with highest weight state (%, 5, ..., §) which
contains k entries. We then take C'(m,k,n) to be the action of the symmetrised trace on

m pairs of matrices X;, where¢=1,...,2k +1

C(m,k,n) = STr(X: Xi)™. (5.49)

N(k,n)

Finding an expression for C'(m, k,n) is non-trivial. Investigations based upon intuition from

the ADHM construction lead us to conjecture that for n odd

off
-

26 TTF _ (2m —1 %) 2 5 , _ .
e = D) (N O R L

1 iyu=1

while for n even!

k—1

Clmon) = ST 0 S L (G i) —g)ew]. oo

We gave arguments leading to the expressions above in the previous chapter.

For higher even spheres there will be extra complications at finite-n. Consider the case
of the fuzzy S* for concreteness. The evaluation of the higher dimensional determinant in
the corresponding non-Abelian brane action will give expressions with higher products of
0:®; and ®;; = [P;, D]

S = -1y / dt STr {1 + /\2(6t<I>i)2 + 2)\2¢)ij¢)ji -+ 2/\4(‘1)17‘(1)]'2‘)2 — 4A4(I)ijq)jk¢)kl¢)li +

\6 1/2
+ 2/\4((975 ) ykq)kg —4)\? 0y ®; <I>,]<I>Jk8t®k + — 1 (eijklmé)@i@jk@lmf} . (552)

The ansatz for the transverse scalars will still be
= R(t)X;

where now i = 1,...,5 and the X"’s are given by the action of SO(5) gamma matrices
on the totally symmetric n-fold tensor product of the basic spinor. After expanding the

square root, the symmetrisation procedure should take place over all the X;’s and [X;, X;]’s

'For m = 0 the value STr(X;X;)° = 1 is once again imposed.
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However, the commutators of commutators [[X, X], [X, X]] will give a nontrivial contribu-
tion, as opposed to what happens in the large-n limit where they are sub-leading and are
taken to be zero. Therefore, in order to uncover the full answer for the finite-n fuzzy
S4 it is not enough to just know the result of STr(X;X;)™ - we need to know the full
STr (X X)™([X, X][X,X]))™ with all possible contractions among the above. It would
be clearly interesting to have the full answer for the fuzzy S*. A similar story will apply

for the higher even-dimensional fuzzy spheres.

Note, however, that for R=0in (5.52) all the commutator terms ®;; will vanish, since
they scale like R2. This reduces the symmetrisation procedure to the one involving X;X;
and yields only one sum for the energy. The same will hold for any even-dimensional S2*,

resulting in the following general expression

m

Enk(0,8) = —STrY (=1)"s*™(2m — 1)(X;X;)" (1/2>

m=0

m

= SN(yn) (1) (2m 1)C(m,k,n)<1/ 2) C (553)

Using (5.50), notice that in the odd n case

2%k—1 ol
(1+Z2 fodd i3, k, n 2
k = (2i3 — 1)“™ . .54
clm ko i!jl (”+12 Z foaa(1,k,1) (35 = 1) (559
The factor f,qq is

- Mo oN2 L 182

Fodaliz, ke,n) = -H1 ((5 +24> - (23 - 5) ) . (5.55)
4=

Inserting this form for C(m, k,n) in terms of C(m, k, 1) we see that

2k—

+1 fodalis, k,n) 4 )
En1(0,5) = N(n. k) H nﬂz Z fZ h) G0 s =1)  (5:56)

7,2_

Similarly we derive, in the even n case, that

2k—1 ) 5 )
_ (2+22) feven(zi%,k n) 4 .
Enk(0,8) = N(n, k) igl (ntia) SEZ: Foven (1,5 2) En=2k(0, s(i3)) (5.57)
where
k—1 n 9
feven(ifﬂakan) - H ((5 +i4> - Z%) (558)
is=1

and & is the energy density, i.e. the energy divided a factor of N(n,k).
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It is also possible to write C(m, k,2) in terms of C(m, k, 1)

k=1 . ,. 2%k—1 .
i4(is + 2) (i2 4 1)
C(m,k,2)  =2""C(m,k,1 - ,
( ) ( )U ig(ig +1) L4 (ia+2)
ig=1 i2=1
2k— .
feven(lvku2) (22+1)
=22"C(m, k, 1 : , 5.59
b ey AL G ) (5:59)
which is valid for all values of m # 0.
It turns out to be possible to give explicit forms for the energy for the n = 1 and

n = 2 case. Since the definition of the physical radius in section 2 is also valid for higher
dimensional fuzzy spheres, we can express the results in terms of the rescaled variables 7

and §

. 1

Ena14(0,8) = ————
1J€( ) (1 B §2)2k2+1
5 ) 1 k+1
En=21(0,5) = s ( ) (5.60)

1-8)%" 2k+1) "

When plugged into (5.56), (5.57) the above results provide a closed form for the energy at
7 = 0, for any n and any k. A complete study of the time dependent dynamics requires
the evaluation of the energy functions for all 7, but the relative simplicity of (5.60) suggests
that the computation of the required additional symmetrised traces might reveal a tractable

extension.

5.6 Summary and Outlook

In this chapter we have given a detailed study of the finite IV effects for the time dependent
D0 — D2 fuzzy sphere system and the related D1 1 D3 funnel. This involved calculating

symmetrised traces of SO(3) generators. The formulae have a surprising simplicity.

The energy function E(r,s) in the large N limit looks like a relativistic particle with
position dependent mass. This relativistic nature is modified at finite N. Nevertheless our
results are consistent with a fixed relativistic upper speed limit. This is guaranteed by an
appropriate definition of the physical radius which relies on the properties of symmetrised
traces of large numbers of generators. We showed that the exotic bounces found in the
large N expansion in [140] do not occur. It was previously clear that these exotic bounces
happened near the regime where the 1/N expansion was breaking down. The presence or
absence of these could only be settled by a finite N treatment, which we have provided in
this chapter. We also compared the time of collapse of the finite N system with that of the
large N system and found a finite N deceleration effect for the first small values of N. The

modified E(r,s) relation allows us to define an effective squared mass which depends on
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both 7, s. For certain regions in (r, s) space, it can be negative. When the D0 — D2 system
is viewed as a source for gravity, a negative sign of this effective mass squared indicates that

the brane acts as a gravitational source which violates the dominant energy condition.

We have extended some of our discussion to the case of higher even fuzzy spheres with
SO(2k + 1) symmetry. The results for symmetrised traces that we obtain can be used in a
proposed calculation of charges in the D1 L D(2k + 1) system. They also provide further
illustrations of how the correct definition of physical radius using symmetrised traces of
large powers of Lie algebra generators gives consistency with a constant speed of light. A
more complete discussion of the finite IV effects for the higher fuzzy spheres could start from
these results. Generalisations of the finite N considerations to fuzzy spheres in more general
backgrounds [161] will be interesting to consider, with a view to possible applications in

cosmology.
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APPENDIX A
INTEGRAL IDENTITIES

In this appendix we summarise the tensor bubble, tensor triangle and tensor box integrals

used in chapter 2.

A.1 Scalar box, triangle and bubble integrals

The scalar n-point integral functions in D = 4 + 2m — 2¢ dimensions are defined as

P =1P[] = i(—1)" (4m)Pr2 / dDLD 1 _ (A1)
(2m)P L2(L — p1)? -+ (L = Y10 pi)?
Z'(_l)n—l-l d4+2ml d_2€,u

mEFn=e / (12 = p2)((1 = p1)? = i) - (L= S5 pi)? = 4?)

The higher dimensional integral functions are related to 4 — 2¢ dimensional integrals with

a factor ;®™ inserted in the integrand. For m = 1,2 one finds

L") = Ju= (-0l (A.2)
LY = K,=(—e)(1—e)I % (A.3)

In chapter 2 we encounter bubble functions with m = 0,1, triangles with one massive

external line and m = 0, 1, and boxes with four massless external lines and m = 0,1, 2:

I(P?) = 6(17?26)(_132)_6’ (P = _26(1—27;1;(3—26)(_P2)1_6’
IS(PQ) _ %(_PQ)—l—e ’ I36—2E<P2) _ T (_P2)—e’

2¢(1 —€)(1 — 2¢)
L= - {—12 (=)™ + (=)~ + 5 log? () + “} +0()

(I8 = 0+ 0%), (—e)(1—e)If % = —é—i—(’)(e). (A.4)

\V)

Note that the expressions for the bubbles and triangles are valid to all orders in €, whereas
for the box functions we have only kept the leading terms which contribute up to O(e) in

the amplitudes.
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A.2 Scalar Integral Identities

The following identities between integral functions which appear in appendix A of [59] are
used in chapter 2. They are useful for comparison with the known answer and identifying

quadratic divergences.

Jy = —%h—%[g(@—ilg(t)—%IE_QE (A.5)
To(s) = ghls) — 1§7() (A.6)
Bs) = Shs) - SI(s) (A7)

These three identities for Jy,J3 and J» are derived from the following general identity relating

6 — 2¢ dimensional integrals to 4 — 2¢ dimensional integrals for n point kinematics:

152 — = 51+ 20 [2[ — Z il ] (A.8)

where the integral I’ _, is obtained from the integral I,, by removing the propagator between

leg i — 1 (mod n) and i. The ¢; are defined by

ci = —2 Z(pij)fl , Co= Zci (A.9)
= =1

The matrix p;; is defined by
pi =0 and py =pji=k +kij1+---+kj1 for i<y (A.10)

These ¢; are easily found for small n. For example consider the case of four-point massless

box kinematics

00 s 0 00110
2 000t ) - 000 1
s 000 1000
0t 00 0200

thus in this case the ¢; are given by
2
cl1 =c3 = —g , I?()l) = I?Eg) = Ig(t)

2
Cy = C4 = —; s I§2) = I§4) = Ig(s)
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and ¢y = %. So finally the identity for Jy is

Jy = (-6)[2_26
= —%(—1 +2e) 1% — %12*26
= —2; (214 —an - ol - erlY) - %15*26
= —%1'4 — %Ig(s) — %13(15) — é[f_%

which is the identity (A.5) for Jy. The identities for J3 and Jo are similar

A.3 PV reduction

In this section we present the result of the Passarino Veltman (PV) reduction for various
tensor integrals which are relevant for the triple cut calculations of the — —++ and — + —+

amplitudes in chapter 2.

3

1 2

Ll

L, L 5
/ - » 4

I / L1

4 3 3 ) ]
(a) (b)

Figure A.1: Kinematics of the bubble and triangle integral functions studied in this Appendiz.

For the linear and two-tensor bubbles we have (see Figure 10a):

1
L[L5] = —5I(p2 +ps)” (A.11)

) 1 o S )
L[LELE] = —5126 28t 5 + <4I2 + 27[26 ? )(Pz +p3)(p2 +p3)” (A12)
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For the linear, two- and three-tensor triangles (see Figure 10b):
p L. u 1 [
I3 [L3} = _EIQPQ + | —Is+ 2[2 3 (A13)
nrv 1 n, v 1 6—2¢ 1 v v, [
I[LELE] = 2—t12p2p2+ ¥I3 +27]2 Pap3 + Paps
S Lyt Iy )l — L1 A4
+ Ty 2+ 13 p3p3—§3 [4—2¢] (A.14)
LIEELELE) = —(Sh+ 162 (ppnt
3[333] - 472"'@2 PaP2Pa

1 3
_ (#12 +ols 26) (pépépé + Phpsrh +p§p5p§>

1 3 o 2.
+< LR L Rt 26) <p5p§p§ + phpsph +P§P5P§)

! L L 62
+<475]2 T ﬁIQ ‘- I3> <pgp§p§> + %IZ ¢ 5:‘“/])5 4 5#Ppg + (5pup;2¢

1 1
#(- gt a5 ) (9t g + 57 (A.15)

Finally, for the linear box:

Ly = (22[4 - %(Is(t) —13(8)))P'f —% APy
+ (t;uuh - %(Ig(t) —Ig(s))>p§ (A.16)

where, as usual, s := (py + p2)?, t := (p2 + p3)?, u := (p1 + p3)°.

Note that the above expressions are presented in terms of scalar n-point integral func-
tions I” in various dimensions D, specifically in terms of I,,, I5~2¢ and IS~2€ in 4 — 2¢, 6 —2¢
and 8 — 2¢ dimensions, respectively. The expressions are valid to all orders in e, if I,,, I6~2¢
and I82¢ are evaluated to all orders. In deriving these formulae it is important to remem-
ber that massless bubbles vanish in dimensional regularisation (see page 36 of [14]). This
is interpreted as the cancelling of a UV and an IR divergence. The PV reductions above
have been performed in a fashion that naturally leads to coefficients without explicit € de-
pendence. See [96]. We now illustrate this procedure by considering the explicit reduction

of the tensor bubble integral

L|LYLE] = 315@:26] + Ba(p2 +p3)" (p2 + p3)” (A.17)
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To obtain By and B, the conventional reduction procedure would be to trace over the

indices 5{2”_26} and contract with (pa +p3)" (p2+p3)"” to obtain the following two equations:

1
(4 — 26)31 +tBy=0 |, (Bl + tBQ) = ZIQ (A18)

Solving these two equations gives

1 1 12—¢
S By = -
A3 —2¢ 2 0 2T 93962

By = (A.19)

which contain explicit € dependence. However it is simple to avoid this € dependence by
using a modified procedure which involves the use of a 6 — 2¢ dimensional bubble. Instead

W we contract with 6%

1-2¢] 2q" Recall the following formulae

of first contracting with §

55626}”[5 — 4% and 5&%2615[0?25] — 9 (A.20)

So contracting with 5?:’826] gives
1 2 1 6—2¢

To determine By we again use (Bj + tBg) = i[g to give

1

By=

1 4
I+ 2—tI§ 2 (A.22)

See Appendix I of [96] for more details on this particular variant of PV reductions.
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B.1 The VegasShift[n] Mathematica command

The following Mathematica code can be used to compare amplitudes numerically. There
are two different commands evalshift[X] which puts random numbers into the shifted
amplitude and evalnormal [X] which puts random numbers into the unshifted amplitude
evalshift [X] in conjunction with the standard Mathematica command Apart [X] can be

used to check the residues of a shifted amplitude one by one.

VegasShift[nn_] := (
rand := Random[Integer, {-100, 100}]/100;
angle[iil_,ii2_]:=1a[ii1] [[1]] la[ii2] [[2]]-1la[ii1][[2]] lal[ii2] [[11];
square[iil_,ii2_]:=lat[ii1][[1]] lat([ii2] [[2]]-1lat[ii1][[2]] lat[ii2] [[1]1];
Do[(la[ii] = {rand, rand};
lat[ii] = {rand, rand}), {ii, 1, nn - 2}]1;
P = Sum[Transpose[{lalii]l}].{lat[ii]l}, {ii, 1, nn - 2}];
la[nn - 1] = {1, 0};
lat[nn - 1] = -P[[1]];
la[nn] = {0, 1};
lat[nn] = -P[[2]];
Sum[Transpose [{la[ii]l}].{lat[ii]}, {ii, 1, nn}];

lat[1] = lat[1] - z lat[2];
la[2] = 1lal2] + z lal1];

replist = {};
Do[ replist = Union[replist, {angl[xxl, yyl] -> angle[xzx1l, yyil,

sqr[xx1, yy1l -> squarelxxl, yy1l}], {xx1, 1, nn}, {yyl, 1, nn}];
evalshift[expression_] := expression /. replist;

evalnormal [expression_] := expression /. replist /. z -> 0;)
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B.2 Other shifts of the — 4+ + + 4 gravity amplitude

B.2.1 The |4],|5) shifts

In this section we consider Ms(l)(lf,2+,3+,4+,5+) with the following shifts which have

both nonstandard factorisations and presumably also have a boundary term.

M — M

/\4 — X4—ZX5
A5 — A5+ 2zM

A5 — s (B.1)

We will calculate as many terms as we can.

At o
3+ -+
ot .

Figure B.1: The diagram associated with (15) = 0, with shifts on |4],]5).

The diagram in Figure B.1 gives:

i1 (12)%(13)2[23]4[15]

(47)2 180 (23)2(24)2(45)2(34)2(15)

((12)%(34)% — (12)(34)(13)(24) + (13)*(24)*)  (B.2)

5 A+
3t -
2t I

Figure B.2: The diagram associated with [14] = 0, with shifts on |4],|5).

The diagram in Figure B.2 gives:

i 3 (14)[45]°
(47)2 180 (23)2[14][15]*

([23]%[15]* + [23][12][35][15] + [12]?[35]?) (B.3)
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4+ 5+
3t (L)*
1" 2"

Figure B.3: The standard factorisation diagram associated with (25) = 0, with shifts on
4], 15)-
The diagram in Figure B.3 gives:

i1 (12)2(13)2(14)2[13]4[25]
(4)2 180 (23)2(24)4(34)2(25) (45)2

((13)2(24)% + (12)(24)(43)(13) + (34)*(12)?)  (B.4)

4+ S+
3t (T)—F
1" 2"

Figure B.4: The nonstandard factorisation diagram associated with (25) = 0, with shifts on
4], 15).

The diagram in Figure B.4 is a non standard factorisation. The double pole term
associated with this diagram is
i1 (12)7(45)2[25]*[13]

(47)2 180 (13)(14)(34)(23) (25)2(24)* (B.5)

Just as in the [1],|2) shifts the ‘single pole under this double pole’ term is mysterious. The
other two diagrams corresponding to <35> = 0 can be obtained from the results to Figure

B.3 and Figure B.4 by swapping 2 and 3.

It is perhaps interesting to note that if we take some of the above terms in the 4], |5)
shifts, and apply the [1],|2) shifts to the answers, and use partial fractions to extract the
pole from the term, then there is agreement with the recursive diagrams in section 3.4. Thus
the recursion relation is self consistent. For example, if you apply the |1], |2) shifts to (B.3)
and extract the 1/[1,4] pole then this agrees with (3.52) after the legs 4 and 5 have been
swapped. The results (B.4) and (B.5) can similarly be checked against (3.55) and (3.58)

respectively.
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B.2.2 The |2],|1) shifts

In this section we again consider Mél)(1*,2+,3+,4+,5+), but with the following shifts

which have no nonstandard factorisations, but do presumably have a boundary term:

)\1 — )\1 +Z)\2

Al — Xl
Ao — Ao
Xg — XQ - ZXl (Bﬁ)

As there are no nonstandard factorisations we can calculate all the diagrams.

+
4 5t
3+ -+
A_
>t 1

Figure B.5: The diagram associated with (15) = 0 with shifts on |2], |1).

The diagram in Figure B.5 gives

i1 (12)5(35)%(45)2[34]4[15]
(47)2 180 (25)8(23)2(34)2(24)2(15)

((34)2(25)% — (34)(24)(35)(25) + (24)*(35)%)  (B.7)

The other diagrams that occur with these shifts correspond to poles located at (14) = 0
and <13> = 0 and can be obtained from Figure B.5 by swapping legs.

As there are no nonstandard factorisations in these shifts there is a possibility that
the shifts on |2],|1) could be used as the primary shift in an attempt to avoid non stan-
dard factorisations along the lines of section 3.6, however we have been unable to find an

accompanying auxiliary shift that satisfies (3.82).
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STR CALCULATIONS USING THE HIGHEST
WEIGHT METHOD

Results on finite n symmetrised traces can be obtained by generalising the highest weight

method of [140]. For the SO(3) representations used in fuzzy 2-spheres we have
1 m
§ST7‘J:1/2(OZZ‘O{7:) =(2m+1) (C.1)

where the 1/2 comes from dividing with the dimension of the spin-1/2 representation. A
similar factor will appear in all of the results below. The above result was derived in [140].

For the spin one case, we will obtain

1 22m+1 9 1
gSTTle(O‘iai)m = (3m+) (C.2)

These results can be generalised to representations of SO(2l + 1) relevant for higher fuzzy

spheres. The construction of higher dimensional fuzzy spheres uses irreducible representa-
tions of highest weight (3,---, %), as we have noted. For the minimal representation with

n = 1 we have
1 (20 4 2m — )Nl

Trne (X X:) =
D ST (X&) = 5o e = on

(C.3)

Notice the interesting symmetry under the exchange of [ and m. For the next-to-minimal

irreducible representation with n = 2 we obtain:

1
Dn:Q

(20 + 2m — 1)!!
(2m — )21+ D!

STrp—o(X; X;) = 22™(1 + 1) (C.4)

This is a generalisation of the spin 1 case to higher orthogonal groups. It agrees with the

formulae in the chord diagram section of chapter 4, with [ — k.
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C.1 Review of spin half for SO(3)

We will begin by recalling some facts about the derivation of the n = 1 case in [140]. The

commutation relations can be expressed in terms of ag, a4

1 .
ay = %(al + i),
laz,oax] = 204,
l[at,a_] = 2as,
c = aja_+a o +ai (C.5)

With these normalisations, the eigenvalues of a3 in the spin half representation are +1 and

a4a_ is 1 on the highest weight state.

It is useful to define a quantity C (p, ) which depends on two natural numbers p, ¢ and

counts the number of ways of separating p identical objects into g parts

~ (p+q-1)
C(p,q) = —— C.6
r.9) pl(g—1)! (C6)
We begin by a review of the spin half case, establishing a counting which will be used again

in more complicated cases below. This relies on a sum

2n—2k i3 12

DR

ok 12=0121=0

Recall that this sum was obtained by evaluating a sequence of generators of SO(3) consisting

of k pairs a_a4 and with powers of as between these pairs -

2Jok+1 2Jy J3 Jo J1
Qg apos o a_aszPoapasta_ag (C.7)

We can move the powers of a3 to the left to get factors (ag — 2)72+/4+ /26 Moving the az

J1+J3+-
3

with powers Jp, J3.. gives « . The k powers of a_a gives 2¥. The above sum can

be rewritten

2m—2k 2m—2k—J3+..Jop4+1 2m—2k—J2...Jop 41

ok 3 3 > (—1)"2+J4"'J2kzz’f(n_”;)!k! (C.8)

Jog4+1=0 Jo=0 J1=0

This includes a sum over J, = Jo + J4 4+ ... + Jor. The summand does not depend on
the individual Js, Jy,... only on the sum J. which ranges from 0 to 2m — 2k. The sum
over Js, Jy, ... is the combinatoric factor, introduced above, which is the number of ways of
splitting J,. identical objects into k parts, i.e. C’(Je, k). The remaining 2m — 2k — J. powers
of as are distributed in k + 1 slots in C'(2m — 2k — J,, k 4+ 1) ways. Hence the sum (C.8)
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can be written more simply as

2m— Qk
~ |
2’f C(Jo k)C@2m — 2k — Jok+1) =28 — T2 C.9
Then there is a sum over k from 0 to m, with weight
28KV (2m — 2k)!m!
e, m) = LRH2m = 2k)!m (C.10)

(m — k)!(2m)!

which gives the final result 2m + 1 [140]. Similar sums arise in the proofs below. In some

cases, closed formulae for the sums are obtained experimentally.

C.2 Derivation of symmetrised trace for minimal SO(2[+1) representation

The Casimir of interest here is

X, X, = X3, + Z (xOx0 4+ x P x) (C.11)
=1

The patterns are similar to those above, with a3 replaced by X911, and noting that here
there are [ “colours” of ay which are X(il). All the states in the fundamental spinor are
obtained by acting on a vacuum which is annihilated by ! species of fermions. Generally we

might expect patterns

X xUXE xR (C.12)

In evaluating these, we can commute all the X9;11 to the left. This results in shifts which

do not depend on the value of j. It is easy to see that whenever X(f) is followed by XJ(rl)
(1)

we get zero because of the fermionic construction of the gamma matrices. X’ cannot also
be followed by Xf) because XSFI)XJ(FQ) + X(f)XJ(rl) = 0. So the pairs have to take the form

X (_j)XJ(rj) for fixed j. The sum we have to evaluate is

m 2m—2k
) ()" C (e k)C(2m = 2k — Je, k)C (k, 1)28C (k, m)
k=0 Je=0

_ (M k m)C
_k:0<k)2 C(k,m)C(k,1) (C.13)

@ 42m -1
(2m — D)2 — D!
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The factors C(Je, k) and C(2m — 2k — J., k) have the same origin as in the spin half case.

The factor (C.10) is now generalised to an [-colour version

om — 2k)!  m!
(@m = 2k)mb e (C.14)

C(ky, ka...ky;m) = 2* 2m)! (m—k)!

This has to be summed over k1, .., k;. For fixed k = k1 + - -- + k; we have

| -
3 Oy oy m)— = 3" C(k,m) = Clk,m)C (k1) (C.15)
= Rkl

The combinatoric factor kl'kilkl' in the second line above comes from the different ways of
distributing the kj..k; pairs of (—+) operators in the k positions along the line of operators.
The subsequent sum amounts to calculating the number of ways of separating k objects

into [ parts which is given by C(k,1). The C(k,m) is familiar from (C.10). This sum can

be done for various values of k,m and gives agreement with (C.3).

C.3 Derivation of spin one symmetrised trace for SO(3)

For the spin one case more patterns will arise. After an o acts on the highest weight, we

get a state with a3 = 0 so that we have, for any positive r
asa_|J =1, a3 =2>=0, YV r>0 (C.16)

Hence any a_ can be followed immediately by a. These neutral pairs of (a;a_) can be
separated by powers of 3. Alternatively an a_ can be followed immediately by a_. The
effect of a2 is to change the highest weight state to a lowest weight state. In describing
the patterns we have written the “vacuum changing operator” on the second line, with the
first line containing only neutral pairs separated by as’s. Let there be J; neutral pairs in
this first line and L powers of ag distributed between them. After the change of vacuum,
we can have a sequence of (a_a ) separated by powers of ag3. Let there be a total of Jo
neutral pairs and Lo ag3’s in the second line. At the beginning of the third line we have
another vacuum changing operator oﬁr which takes us back to the highest weight state. In
the third line, we have J3 neutral pairs and L3 powers of as. The equation below describes
a general pattern with p pairs of vacuum changing operators. The total number of neutral

pairs is 2p + J where J = Jy + Ja + - - - + Jopi1. The general pattern of operators acting on
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the vacuum is

# (aga) # (aga) # - # (apa_) # lJ=1,a3=2>
#(a_ay) # (a_ap) #--# (a_ay) #a2
# (ayo) # (apa ) #--# (apa) # of

# (a—ay) # (aag) # - # (a_ag) #a®
# (apa ) # (apa) #--# (apa )# ol ; (C.17)

where in the above the first line of operators acts on the state |J = 1,a3 = 2 > first,
then the second line acts, and so on. The symbols # represent powers of ag. We define
Je = Jo + Jy + -+ Jop which is the total number of (—+) pairs on the even lines above.
There is a combinatoric factor C (Je,p) for distributing J. among the p entries, and a similar
C’(J — Je,p + 1) for the odd lines. The L, = Ly + L4 + --- + Lo, copies of a3 can sit in
(Jo+ 1)+ (Jy + 1) + --- + (Jop + 1) positions which gives a factor of C(L, Je + p). The
Li+L3+---+Lopyq cansitin (Jy+1)+(J3+1)+-- -+ (Jopr1+1) = J—J.+p+1 positions,
giving a factor C(2m — 2J —4p — Le, J — Jo +p+ 1). There is finally a factor C(2p + J,m)
defined in (C.10) which arises from the number of different ways the permutations of 2m

indices can be specialised to yield a fixed pattern of ay,a_, as

[m/2lm—2p J 2m—4p—2J
YN > C(Je,p) C(J = Je,p+1) (=1)F¢ C(Le, Je +p) %
p=0 J=0 J.=0 Le=0

C2m—-2J—4p—Le,J—J.+p+1) X
22m=21= (1, 1) Q(2,1)7 Q(2,2)" C(2p + J,m)

: . : 22m+1(2m4-1)
By doing the sums (using Maple for example) for various values of m we find ~————.

The factors Q(i,7), denoted in [140] by N(i,j), arise from evaluating the a_, a4 on the
highest weight.

C.4 Derivation of next-to-minimal representation for SO(2[ + 1)

The n = 2, general | patterns are again similar to the n = 2,1 = 1 case except that the

a—, oy are replaced by coloured objects of [ colours, i.e. the XE_Lj ). We also have the simple

replacement of a3 by Xo111.
We define linear combinations of the gamma matrices which are simply related to a set of

[ fermionic oscillators: 1—‘@ = %(inq +ily;) = \/§aj and F@ = %(F%,l —iTy) = V2a;.
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As usual X; are expressed as operators acting on an n-fold tensor product, and

x¢=3"pr). (C.18)
T
Some useful facts are
Xy X40> = 0, X5, X70> = (=2)"X3|0>,
Xy XX [0> = X X3 X5,0> = (2)"X_X.[0>,
X_X X5 X30> = 0, VYiX7+XiY 0> = 0,
X, V,X. 0> =0, XY, X\ 0> = 0,
XiX_X20> = Q(2,)X30>,  XiX X V0> = Q(2,1)X, Y,[0>,
X2X20> = Q(2,2)0>, Y. X X Vi0> = Q(2,2)0>

It is significant that the same Q(2,1),Q(2,2) factors appear in the different places in the

above equation. In the above X, stands for any of the [ XJ(f)’s. Any equation containing

X4 and Y4 stands for any pair Xii) and Xj(g ) for 1,7 distinct integers from 1 to [.

The general pattern is similar to (C.17) with the only difference that the (a_a ) on the

first line is replaced by any one (X (_i)Xg_i)) for i = 1,...,1. The positive vacuum changing

operators can be (X (f)XJ(rj)), where ¢, j can be identical or different. For every such choice the

allowed neutral pairs following them are Xf)X ®

is (XY x )y,

and the dual vacuum changing operator

The summation we have to do is:

[m/2] m—2p 2m—4p—2J J

DY (c<2p+J,m>é<2p+J,z>é<Je,p> G~ Jop+1) x
p=0 J=0 Le=0 Je=0

(=)l C(Ley Jo+p)C(2m —2J —4p — Le, J — Jo +p+1) x

92m—2J—4p Q(l,l)JﬁJﬁ Q(2, 1)‘]5 Q(Qaz)p>

The @Q-factors can be easily evaluated on the highest weight and then inserted into the

above

Q(L,1)=4, Q21)=4 Q2,2 =16. (C.19)

By computing this for several values of m, [, we obtain (C.4). Note that both the [ = 1 and

the general [ case will yield the correct value for m = 0, which is 1.
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