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ABSTRACT

We introduce a new formulation for the tree-level S-matrix in theories of massless
particles. Sitting at the core of this formulation are the scattering equations, which
yield a map from the kinematics of a scattering process to the moduli space of
punctured Riemann spheres. The formula for an amplitude is constructed by an
integration of a certain rational function over this moduli space, which is localized
by the scattering equations. We provide a detailed analysis of the solutions to these
equations and introduce this new formulation. After presenting some illustrative
examples we show how to apply this formulation to the construction of closed
formulas for actual amplitudes in various theories, using only a limited set of building
blocks. Examples are amplitudes in Einstein gravity, Yang-Mills, Dirac-Born-Infeld,
the U(N) non-linear sigma model, and a special Galileon theory. The consistency of
these formulas is checked by systematically studying locality and unitarity. In the end
we discuss the implication of this formulation to the Kawai-Lewellen-Tye relations
among amplitudes.
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INTRODUCTION

1.1 THE S-MATRIX IN QUANTUM FIELD THEORIES

One of the main purposes of quantum field theories is to provide a quantitative
explanation of the nature of elementary particles. A crucial physical observable in
this study is the S-matrix, which underlies the computation of both cross-sections
and decay rates that particle experiments measure. Intuitively, a scattering process
in particle experiments is idealized to the interaction of a set of particles prepared
in the infinite past, whose product is a certain set of particles to be detected in the
infinite future. An element in the S-matrix, called a scattering amplitude, is a complex-
valued function of the kinematics of the scattering process, whose norm squares to

the probability for this process to happen.

1.1.1 Fields and Particles

In modern language what we call particles are excitations of quantum fields, ob-
tained by quantizing classical fields. Classically a field is described by a function of
space-time, valued in a certain target space, and its dynamics is dictated by a given
Lagrangian density £ (or Hamiltonian density H). This target space is normally a
certain representation space of the product of the Lorentz group with possibly some
additional compact group encoding internal symmetries. For instance, a scalar field
¢(x) is valued in R or C, while a vector field A (x) is a real field with a Lorentz index.
When non-trivial internal symmetries are present, the field may carry additional
indices associated to it, which are then called the flavor indices. Typical examples of
internal symmetries are U(N), SU(N), SO(N), etc.

The notion of a particle is most clear in the context of free fields, where the Lagrangian
density is quadratic in the field variables. In the simplest case, for a free real massless



scalar field we have (we choose the signature for the Minkowski metric 7, such that

the component 7790 = —1)

£scalar - _% a;tQD al‘qy (1‘1)
The typical example of a gauge field, the photon field, is given by

Lphoton —% Fu F", Fu = 0,A, — 0,A,, (1.2)

which is characterized by its invariance under the gauge transformation
Au(x) — Au(x) =9, Ax), (1.3)
for any function A(x).

The equations of motion for free fields are linear in the field variables, and after Fourier
transformation they turn into one equation for each Fourier mode, resembling that of
a single harmonic oscillator (SHO). So it is convenient to express the classical solutions
of the fields in terms of a Fourier expansion. In D dimensions, for example, the
general solution of the real scalar in (1.1) is (denote x* = (t, X))

_ dDil% 1 zEat+1kx tiEpt— ik
p(x) = @m)P1 2, (a e +aze ), (1.4)
with k, k¥ = —E% + k% = 0, which is called the (massless) on-shell condition. To solve the

photon field (1.2) we need to fix the gauge redundancy (1.3) first. A convenient choice
is the Lorentz gauge 9, A" = 0, with which the solution is

Al (x) = dD-1% 1 Z piEgtHikE gt it iEpt—ik¥ (1.5)
(2 r)b-1 V2E; Tri€ Ik kIR , 5
2

where the polarization vector € satisfies ky, eI} = 0 for any I, k. Note that in addition
the gauge redundancy (1.3) identifies e’; i e’; P + (k¥ (for arbitrary constant ¢). These
two conditions indicate that the polarization vector only possesses D — 2 degrees of
freedom. A convenient choice is to pick D — 2 €’s that are transverse to k¥ and are
orthonormal, and we label them by an index I. Hence in the classical solutions (1.4)

and (1.5), the a’s are numbers that we can freely choose.

From classical fields to quantum fields, one promotes the a’s and a'’s to annihilation
and creation operators and imposes the canonical quantization condition (in analogy
with that of the SHO), e.g., for the scalar field we have

-

lag, ali] = 2m)P 1P k1. (1.6)

A similar procedure can be done for the gauge fields by properly implementing
the gauge fixing condition; see, e.g., Section 8.3 of [1]. Then starting with the free



theory vacuum |0) one applies the creation operators and builds up eigenstates of
the Hamiltonian H = [ dP~1¥ 7, which form a basis for the Hilbert space of the free
theory. A generic eigenstate thus has the form

V8 R ) = 9,95, 9 [0) (1.7)

in the scalar theory (note the operators above commute with each other, which is
consistent with the statistics of bosons) and

T TR T i I D
|1P11/E1 12/%2/"'/IV‘VI/EH1> T ell 612 elm all/kl aIZ/kZ aImrK ‘0> (18)

in the gauge theory. Such an eigenstate is interpreted as the state of m on-shell
particles, each of which is specified by its corresponding momentum, together with
possibly additional indices for its polarization (if not a scalar) and possibly even more

indices for the internal symmetries.

1.1.2 Interactions and the S-Matrix

Several theories that are relevant for the description of nature, such as Quantum
Electrodynamics (QED), admit perturbative expansion. The Hamiltonian H for such

theories can be decomposed into two parts
H = Hy + Hint, (1.9)

where Hy is identical to the Hamiltonian of a free theory and Hiy collects the remaining
terms. These terms are in general of order higher than two in the number of field
variables, and depend on a set of small parameters (the couplings) such that they

vanish as the parameters are taken to zero.

We define the scattering states, the in-state |™) and the out-state |°t), by

‘l[)m> -— lim ethe—iHot Wj(l)n> , ‘lpout> = tETooethe_iHOt {lpgut> , (1'10)

for some eigenstates [") and |p§") of Hy. An element of the S-matrix measures the

transition amplitude from the in-state to the out-state

(ptly™) = lim ($§(U(t2, 1) 90", (1.11)
t;—)—}—oo
where
U(ty, 1) := e/ Hotz =1 H (l2=h) p=iHot ’7'{efif'tz1 dTH'm*(T)} ) (1.12)



In the above 7 denotes the time-ordering operator. Hence the precise definition for
the S-matrix, which we denote by S, is

S:= lim Uty t). (1.13)
H——o00
tr— 400

An element of the S-matrix is specified by an in-state and an out-state, both of which ac-

quire the interpretation of a collection of free on-shell particles.

Obviously the S-matrix contains a trivial identity 1 (corresponding to the case when

no interaction occurs at all), and we decompose it as
S=1+iT. (1.14)

It is the matrix T that we are interested in, which encodes all the information on
the interactions. When the in-state and the out-state is specified, we denote its
corresponding element as M, (Yi* — P§Ut) := (P3| T|p{"), where n counts the total
number of particles in the scattering, i.e., the number of particles in |¢') plus the
number of those in [§""). Although not manifest in the definition (1.13), the S-matrix
enjoys the so-called crossing symmetry: any particle in the in-state with momentum
k¥ can be equally regarded as its anti-particle in the out-state with momentum —k*
and vice versa, without changing the corresponding element in the S-matrix. Hence
without loss of generality one can assume that all the particles in a scattering process to
be in either the in-state or the out-state (consequently these particles together are called
external particles or external states). Note that the S-matrix is translation invariant, which
implies momentum conservation after a Fourier transformation, and so a generic

scattering amplitude comes in the form of a distribution
D
M ({k,€}) = My({k,e}) 2mi)P P (Y Ky), (1.15)
a=1

where k, denotes the momentum of the a'" particle and the delta functions encode
the constraint from momentum conservation. The quantity M, ({k,e}) is purely
a function of the kinematics data (i.e., momenta and possibly polarizations of the
particles). We call M, the scattering amplitude (or simply amplitude), and M, the
(momentum-conservation) stripped amplitude. It is for the latter that we are going to

introduce a novel formulation in this thesis.



1.1.3 Computation of the Scattering Amplitudes

With Hin¢ small, in perturbation theory we expand (1.11) into Dyson series

(w5 S|pir) = (pg 3 )

|
m=0 m:

/_:)odﬁ ++d Ty T{Hint(1) - - Hine(Tur) }9") - (1.16)

Using the field expansion as in (1.1) and (1.2), Hint is nothing but a combination of
creation and annihilation operators in the free theory (dressed with wave functions),
and so the standard computing procedure is to apply Wick contraction to the creation
and annihilation operators and the external states in all possible ways and then sum
them up. This gives rise to an elegant diagrammatic interpretation: each term in Hjn;
is treated as a vertex, and each Wick contraction between an annihilation operator and
a creation operator (or between an annihilation/creation operator and an in/out-state)
is treated as an edge. These are the famous Feynman diagrams. With these, each vertex
comes with an expression that can be easily read off from Hj,: and each internal edge
is attached by the propagator resulting from the Wick contraction. Momenta flow
along the edges and respect momentum conservation at each vertex. For every given
diagram one multiplies these together and integrate out the momenta flowing inside
the diagram, and then the scattering amplitude at each order in the series (1.16) is
obtained by summing over all connected amputated diagrams’.

As an illustrative example, in the massless scalar-QED theory with the following
Lagrangian density (here the scalar has to be complex)
" 1 .
cocalarQED . — D, ¢* Dlep — G Fw ", Dyi=0y+iedy, (1.17)
let us consider the amplitude for the scattering of a pair of scalar and anti-scalar (1,2)
into another pair of scalar and anti-scalar (3,4). At the lowest non-trivial order there

are two contributing diagrams

475{\\ L,x4’3 N 3
. ’\‘\ Iy
N
'Y IV\/\/\/\/\\
/I N
IR ~
W’ \i Iﬂ \\
- S 7
¢1-° S s ¢1 - S

Again we choose the Lorentz gauge 9, A" = 0 in reading off the Feynman rules from
the Lagrangian (1.17). In this gauge, the interaction term needed in this computation

In principle Wick contraction may produce other types of diagrams, but they are either not interesting for
the given scattering process or are responsible for renormalization, and can be systematically eliminated.



is ie(0,¢* ¢ — ¢* 9,¢) A¥, which gives rise to the vertex ie(p — q)*, where p* and g*
are the momenta flowing in each of the two scalar lines (assuming both out-going). In

addition, the only propagator involved is the photon propagator ’Zg‘”. So their total

contribution is
(k1 —ka) - (ks —ks) &2 (ks — ko) - (ks — k1) , (1.18)

S12 52,3

—e?

where s, := —(k, + ky)? denotes the Mandelstam variables, and from now on we use

the center dot to denote contraction of Lorentz indices.

In the above example both diagrams have the topology of a tree. We call the summation
of Feynman diagrams of this topology the tree-level amplitude, which contributes to the
entire amplitude at the lowest order in terms of the couplings, which is associated to
the classical process in the scattering. In addition to these there are also diagrams with
the topology of loops, which are responsible for quantum corrections. The summation
of diagrams with g loops is called a g-loop amplitude. 1t is easy to observe that for
fixed external states, the more loops the higher the order of the couplings is. Hence
the perturbative calculation of the amplitude for a given scattering process is equally
organized by the number of loops g

My 3 M (1.19)
g=0
In actual computation, one normally organizes elements of the S-matrix by both the
number of particles n (called multiplicity) and the number of loops g.

In this thesis we focus on tree-level amplitudes, and so we will suppress the super-
scripts and simply use M, to denote a tree-level amplitude.

1.2 THE S-MATRIX PROGRAM

It appears the computation of amplitudes by Feynman diagrams is not a hard task:
the method is conceptually simple, and the Feynman rules are easily read from Hjp;.
However, this computation becomes impractical immediately when going beyond the
simplest cases (that is why standard QFT textbooks rarely discuss scattering among
more than four particles). The main sources of complexity are as follows [2]: (i) In
general the number of diagrams grows rapidly with the multiplicity. (ii) A single
interaction vertex may have a complicated appearance, e.g., the quartic gluon self-
interaction. (iii) The number of kinematic variables grows fast with the multiplicity as

well, allowing for arbitrarily complicated expressions.



Given the above facts, it might sound surprising that there exist theories in which,
despite of the complexity of detailed computations, the final results for certain ampli-
tudes turn out to be extremely simple. Perhaps the most remarkable example is the
Parke-Taylor formula for the so-called MHV amplitudes in the Yang-Mills theory in
four dimensions (amplitudes with two negative helicity gluons and arbitrary number
of positive ones) [3]

MMAY — gp(Th T .l ) + (permutations) (1.20)

(12) (23) - - - (n1) ’

by the use of the spin-helicity formalism in parametrizing the 4d kinematics®. This is

an indication of the existence of formulations alternative to Feynman diagrams, which
lead to the results as in (1.20) directly.

The Lagrangian formulation also has a typical disadvantage that for a single theory
the Lagrangian is not unique: two Lagrangians may appear very different (and thus
different Feynman rules), but they are related by a non-trivial field re-definition and
thus lead to the same S-matrix.

After all, a tree-level scattering amplitude is no more than a rational function of the
kinematic variables. When regarding the kinematic variables to be complex, it is a
meromorphic function with only simple poles, due to the locality of the S-matrix
(which we will explain in Section 1.2.3) [5]. In addition, the residue at each pole
acquires a physical interpretation. Hence it is possible that we can determine tree-level

amplitudes straightforwardly.

In the rest of this section we review the general properties of scattering amplitudes
that are relevant to this program. Along the way we set up some of the notations for
later chapters.

1.2.1  Particle Contents and Symmetries

When talking about a scattering process, the very first thing to keep in mind is the type
of the external particles. As discussed before the notion of particles is independent of
the detailed contents of interactions.

In fact, a systematic classification of one-particle states is available even before the

introduction of quantum fields, by studying irreducible representations of the inho-

In this thesis we are interested in a formulation in generic spacetime dimensions. We suggest interested
readers to [2, 4] for a thorough review of techniques in four dimensions and of the Parke-Taylor formula
(1.20).



mogeneous Lorentz group [1]. The idea is roughly as follows. Firstly, any one-particle
state is labeled by its on-shell momentum k*. In the case of massless particles dis-
cussed in this thesis it means k, k" = 0. Upon this, one classify representations of
the little group, which is the subgroup of the Lorentz group that leaves k¥ invari-
ant.

Scalars are in the trivial representation of the little group. Photon/Gluons or gravitons
transform non-trivially. In order to describe them in a local formulation, we need to
start from Lorentz vectors € and tensors €/, even though they are not the proper
representations. The problem is that they have extra degrees of freedom, and the way
to solve this is to identify

el ~el+Lkt, and €M ~ et K+ KM EY, (1.21)
with arbitrary constant ¢ and ¢*.

The amplitude has to transform according to its external particles under the Lorentz
group. So when a particle a is a photon/gluon or graviton the amplitude has to be

linear in its polarization
M, =€} G, (photon/gluon), or M, =€, G, (graviton), (1.22)

with G whatever remaining part of the amplitude that is independent of €. Moreover,
the identification (1.21) indicates

M,

=Kk Gu=0. (1.23)

el —kh

for photons/gluons (gauge invariance), and

Mo o s oo = (ko + ke &) G = 0, (1.24)

for gravitons (diffeomorphism invariance).

In addition to the above constraints, very often an amplitude has to be invariant
under certain discrete symmetries. In the case of bosons, the amplitude has to be
invariant under the exchange of labels for any two particles of the same type, and in
the case of fermions it has to pick up a minus sign. This is a direct consequence of
the statistics of the external particles, which is obvious in (1.7) and (1.8). Especially,
any amplitude whose external states are of the same type of bosons must be fully

permutation invariant.



1.2.2  Color Decomposition and Partial Amplitudes

Scattering amplitudes can be decomposed into smaller pieces in the presence of a
non-trivial internal symmetry or gauge redundancy. A particle carries a flavor index
for the former and a color index for the latter. In this thesis we focus on the case
when the corresponding flavor/color group is U(N) and the particles transform in the
adjoint representation. In this situation interaction vertices are normally dressed with
a flavor/color factor that consists of the structure constants

\éi tr(Th T k) — \él tr(Th Tl Th), (1.25)

where T are the generators of the corresponding algebra. Hence the scattering

fIa/Ib/Ic —

amplitude also contains a flavor/color factor.

However, it is usually more practical to apply (1.25) and use the generators T!. The
advantage is that for U(N) there is an additional identity

(T (T =8, (1.26)
which provides a way to glue flavor/color traces

Y tr(--- T To) (T Tl ) = tr(-- - T T, (1.27)
Ia

In a theory of a single type of particle (e.g., pure Yang-Mills) this leads to the
consequence that a tree-level amplitude can be decomposed into a summation where
in each term the flavor/color factor forms a single trace
My= Y tr(Tho The ... Tho) My[a]. (1.28)
a€Sy/Zy

Hence for each ordering « we have a corresponding quantity M, |[«], which is called
the (color-ordered) partial amplitude.

To illustrate this decomposition, let us look at the scalar-QCD
1
LAQD (D, @) (D) — L F Y, Fy = [D,,D,], (1.2
which is the non-Abelian version of the scalar-QED (1.17). To calculate the amplitude
for the same four-scalar scattering, the only change is that the cubic vertex is now

dressed by a structure constant, which induces the following color factors for each of
the two diagrams

2f11112r1af1ﬂr13114 , ZfIZII3IIﬂfIaII4/I] . (1.30)
I, Iy



Hence the full amplitude is decomposed to

s2 412 4+ uy?
st

&2 (tr(1234) — tr(1243) t_T” — tr(1324) ° - ”) , (1.31)

where we abbreviate tr(abed) := tr(TeTHTET), and s = 515, t = 514, u = 513 are the

usual Mandelstam variables.

More generally, if a theory involves several types of particles and certain parti-
cles do not carry the flavor/color indices (such as Yang-Mills coupled to grav-
ity), then in the above decomposition the flavor/color factor may contain several
traces.

1.2.3 Locality and Unitarity

By definition (1.13) the S-matrix S is a unitary operator, satisfying

sts=1. (1.32)
Using the decomposition (1.14) we obtain the relation

—i(T-TH =T'T. (1.33)

To extract a specific entry, we specify two states [¥') and [¥§"!). Since the RHS of
(1.33) is a product, we can insert a complete set of intermediate states (which are
eigenstates of Hy), which yields

x out inyy _ - dei (+) (1,2 out |t in
S((¥5"|T[¥0") = ) 1—{/(271)05 (k7)) (Y6 T [m) (m|T|¥5"),  (1.34)

where |m) denotes an m-particle state, and the delta constraint 67 (k?) = 6* (k; k)
restricts k! on the future light cone. This is called the optical theorem. The physical
reason why we can insert a complete set of intermediate states is as follows. Imagine
that the interaction in a scattering process occurs in two steps, each of which happens
in a localized area in the Minkowski space far from the other, then the virtual particles
propagated in between approximate to real particles, as long as wave packets are
properly defined to separate them sufficiently apart that there is no other intermediate
interaction. Then interpreted in the momentum space they form an eigenstate in the
Hilbert space of Hy. Hence the ability in doing this is due to the fact that the theory
we are considering involves local interactions only.

10



Recall the definition M, = (Y3"|T|¥"). Due to the crossing symmetry as discussed
in Section 1.1.2, let us move all the external particles to the out-state and define the
momenta to be all out-going, then (1.34) takes the form

(M )=Z<ﬁ / o 5<+><p2>>M i Mg (1.35)
n 1 (27T)D i np+m nRr+m s

m

where 1, counts the number of particles in [¥§") and ng counts the number of
particles in \‘I’g‘), and n = ny + ng. Let us denote P? := (Zae%n k[,)2 as the Mandelstam
variable associated to all the particles in [¥i'). Then the LHS of (1.35) just computes
the discontinuity of M, (P?) when regarding P? as a complex variable. Pictorially we

can express (1.35) as

Bex] B € e

(1.36)

The first term corresponds to propagating one intermediate on-shell particle (or in-
ternal particle). It is normally absent from the standard textbooks, because a generic
kinematics configuration for the LHS excludes the contribution from this term. How-
ever, it does exist if the kinematics becomes singular, i.e., P2 — 0. When we restrict to
the tree level, this is the only contribution from the RHS since as shown in (1.36) all
the other terms necessarily form loops. Note that each amplitude M is defined to be
dressed with the delta constraint of momentum conservation as in (1.15), and so the
integration over the phase space is localized in this term. Explicitly, if we assume i
consists of particles labeled by {1,2,...,ng}, then this term is

(;DTI: 5(+)(P2) My, +1 (270)P6P (kg1 + - +kne1 +kn + p)
X M1 (270)P0P (ki + ko + - + kg — P) (1.37)
=5 (P2) (M, 41 o) (Mgt e pu) (2)P8P (ky + ko + - - + kn).
Note that
(P =35 1— ie’ (1.38)

with € an infinitesimal number. Comparing the LHS of (1.36), this means that M,, must
contain a pole in P2, as long as neither M,,, 11 nor M,,, 11 vanishes (which can happen
due to symmetries of the theory, as we will see in later chapters). And furthermore,
the residue at this pole factorizes into two parts, each of which looks like an amplitude.
Explicitly we have

1
M, = My, 11 2 M1+ 0O(1) (1.39)
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as P2 — 0. And so we call P? a factorization channel. This relation was written by
assuming that the internal particle is a scalar. When it is in a non-trivial representation
of the little group (e.g., a photon/gluon or graviton), then we also need to sum over
its polarizations €]

1
My =) My, 1(eq) P My 11(e1) + O(1). (1.40)
€]

From (1.39) and (1.40) we see that a tree-level amplitude contains only simple poles,
and the residue upon each simple pole factorizes into two small amplitudes. In the

study of the S-matrix, the former is usually referred to as locality, and the latter as

unitarity.

1.3 THE SCATTERING EQUATIONS AND THE CHY REPRESENTATION

In this thesis we introduce a general formulation (CHY representation) for tree-level
amplitudes in theories of massless particles, which I developed together with Freddy
Cachazo and Song He over the past two years [6—9]. This new formulation was largely
motivated by encoding locality and unitarity in an auxiliary punctured Riemann

sphere instead of the traditional Feynman diagrams.

To be precise, the CHY representation for a general n-point amplitude of massless
particles is realized by an integral over the moduli space of n-punctured Riemann

spheres My,
k, - ky

n ! n! n
M, = [T]do [To();
a=1 a=1 Z;é a

where the ¢’s are holomorphic coordinates specifying the locations of the punctures,

) L({k€,0}) =: /d‘un I, (1.41)

Op

and the integrand I, is some rational function of the kinematics data and the ¢’s [6].
The delta constraints impose the scattering equations [10, 11]
n ka . kb

=0, Va. .
p—— a (1.42)

b=1
b#a

The primes in (1.41) indicate that there are redundancies in both the variables and
the constraints. To make the integral well-defined, for each product one has to delete
three labels and compensate by a factor, i.e., [T, := 0y p Oy 1O o [Loarpr, o (We denote
04 i= 0, — 03), which is independent of the choice of {a’,V’,¢'}.
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Since the number of variables and that of the contraints are the same, in actual
computation the integral (1.41) is fully localized by the scattering equations (1.42),
reducing to a summation over points in iy ,. These discrete solutions to the scattering
equations possess a nice feature that they capture the information of factorization
channels by exploring boundaries of My, where the n-punctured sphere degenerates
accordingly, which is a crucial fact underlying the self-consistency of a general CHY
representation. The origin of the scattering equations and properties of their solutions

are going to be discussed in full detail in Chapter 2.

Note that in this formulation (1.41) the only thing that depends on the amplitude
under study is the integrand I, ({k,€,0}). Since the entire formula has to be invariant
under any SL(2,C) transformation acting on the ¢’s, the integrand I,, has to tranform
in an appropriate way. As long as this criterion is satisfied, one can make any proposal
for I, and test whether the resulting formula yields expressions that are physically
sensible (especially, whether they are indeed local and unitary). As will be discussed
in Chapter 3, it turns out there exist a special class of integrands that possess certain
correspondence to scalar Feynman diagrames, i.e., there is a systematic way to translate

one such integrand to a diagram and vice versa.

In a large variety of theories of massless bosons, we can obtain a single compact
formula for every element of the corresponding S-matrix at the tree level (in this
case we say the formula is closed). In addition, the integrands in all these formulas
are built out of several simple building blocks that are constructed naturally by the
consideration of the general constraints on an amplitude as discussed in the previous

section.

Here let us summarize what these building blocks are. Firstly there is the so-called

Parke-Taylor factor, depending on a planar ordering a

1
Cula| := , (1.
) Ta(1),0(2) Ta(2),2(3) =" Ta(n),a(1) =

which is natural for the partial amplitudes after color decomposition. When a formula
for the full amplitude is needed, we can simply substitute it by

C, = Z tr(TLx(l) The) ... TIA(n)) Cula]. (1.44)
wES, /2,

The other building blocks are all permutation invariant quantities, which come in the

form of a Pfaffian of some anti-symmetric matrix. These are

PfX,, PfX,, PfA,, Pf¥,, PFII. (1.45)
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Here both X, and A,, have size n x n, defined as

Slaly ka-k

s 4 3& b afb ;4 7é b

(Xn)ap = q 7 (An)ap = 7% (1.46)
0, a = b, 0/ a= b/

where I, I, are the flavor/color indices. The matrix X, is obtained from &, just by
identifying all the flavor/color indices 6"/ = 1. The matrix ¥, is of size 21 x 2n with
the block structure

A, | —=CI
Y, = ", 1.
n ( C, B, ) (1.47)

where the block A, is the same as that in (1.46), while B, and C, depend on the
polarization vectors €*, defined by

a6 kb s 0t
(Bn)ap :=q 77 (Cn)ap = % (1.48)
O, a = b, _ZC#E<CW)’1,C/ a = b.

And finally the matrix IT is obtained by applying a “squeezing” operation on the
matrix ¥,. Since a generic IT matrix has a more complicated structure, we leave its
definition to the detailed discussion in Chapter 5. Note that the matrices A,, ¥, and
IT all have corank two on the support of the scattering equations, their Pfaffian vanish,
and so the appropriate quantity associated with them is a reduced Pfaffian (denoted
by a prime), which is to be defined in Chapter 4.

With these building blocks, the theories for which we have discovered closed formulas
together with the corresponding integrands are listed in Table 1. In this table, we use

Table 1: List of Theories with Their Corresponding Integrands

Theory Integrand Section

Einstein gravity Pf'Y, Pf'Y, 4.5
Yang-Mills C,Pf'Y, 4.4.1

@3 flavored in U(N) x U(N) Cu Cy 4.2.1
Einstein-Maxwell Pf[X,]y P [¥u].9 P, 5.1.3
Einstein—Yang-Mills Cir, -+ Ci, PETI(h; try ..., tr;) PEY, 5.2
Yang-Mills-Scalar Cu PE[X,]s P [¥als 5.1.1
generalized Yang-Mills—-Scalar CnCe, -+ Ciy, Pf/H(g,' try ..., try) 5.2.4
Born-Infeld Pf'Y, (Pf A,)? 4.4.3
Dirac-Born-Infeld Pf[X,]s Pf [¥,]).s (Pf Ay)? 5.1.2
extended Dirac-Born-Infeld ~ Cy, - - - Cy, PfTI(y;try ..., tr;) (PfAy)? 525
U(N) non-linear sigma model Cn (PFA,)? 4.2.3
special Galileon (Pf Ap)* 4.2.6
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[ - -] to denote a minor of the matrix, and details about the notation is explained in
Chapter 5. We include a third column showing the sections where the corresponding
theory is explained.

Using the previously defined building blocks, we are going to first construct all
possible integrands for scalar amplitudes in Chapter 4. Most of them already give
rise to closed formulas for some of the theories listed in Table 1. For those that
do not form a closed formula, additional types of particles are involved in the
same theory. The way we extend them to a closed formula for the entire theory is
to introduce in Chapter 5 three operations that act on the matrices: the standard
compactification, the “squeezing”, and a “generalized compactification” [9]. By
exhausting the application of these operations, we find out closed formulas for several
other theories as well. In particular, with these operations, all the formulas in Table 1
can be regarded as descending from that for the amplitudes in pure gravity. The
explicit connections among them are summarized at the end of Chapter 5. It would
be interesting to understand better whether the latter two operations acquire some
physical interpretation.

A fact that we need to point out here is that some of these formulas still remain as
conjectures. Nevertheless, all of them have passed abundant non-trivial checks, both
numerically and analytically. On the one hand, most of the checks are performed
by comparing the results of these formulas with the corresponding results from the
usual Feynman diagram computations, with random kinematics data and in arbitrary
spacetime dimensions. These are summarized in Table 4. On the other hand, the
general CHY formulation provides a very convenient way to study behavior of the
amplitudes both in soft limits and in a generic factorization channel. Detailed analysis
in these two limits provides a strong all-multiplicity check of consistency of these
formulas with locality and unitarity. In Chapter 6, we first study the behavior of these
formulas in the single soft limits. There we only focus on the leading order, aimed at
explaining the universality of Weinberg’s soft theorems [12] from the view of the CHY
representaion. Then we describe a systematic procedure for the study of factorization
limits and explain how an on-shell internal particle emerges in this formulation. By
applying similar analysis to the two soft particle emissions, for several classes of
amplitudes we also discover several new soft theorems up to subleading orders for
the emission of two soft particles [13].

Another elegant feature that is universal to the CHY representation is related to
the Kawai-Lewellen-Tye (KLT) relations [14, 15]. In their original form in the field
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theory context, these relations connect a gravity amplitude to the “product” of two
Yang-Mills amplitudes

M= Y MMLan— 1,0 Kalal) MM Bn,n— 1], (1.49)

«,BES,_3
where the so-called KLT momentum kernel IC,,[a|B] is an (n — 3)! x (n — 3)! matrix
purely depending on the Mandelstam variables [16]. When expressed in terms of the
CHY representation, we are going to show in Chapter 7 that (1.49) is equivalent to a
theorem called KLT orthogonality [11, 17], which states that
Y. CLan—1,u]KalalB) CY[L, B,n,n — 1] = 67 (det'®,),  (1.50)

«,BES,_3
where the superscript “(i)” means to evaluate on the i solution to the scattering
equations (1.42), and the factor det'®,, is the Jacobian arising from the localized inte-
gration (1.41), which will be discussed in full detail later in Chapter 7. An important
consequence of the KLT orthogonality is that the KLT relations are not something spe-
cial to gravity and YM: one can consider the KLT construction from partial amplitudes

in any theories what acquire similar color decomposition [7].

In Chapter 8 we end this thesis by commenting on several interesting directions for
future explorations on the CHY representation.

Before going on to the detailed discussions on the scattering equations and the CHY
representation, we would like to point out that the scattering equations have made an
appearance in various contexts in previous literature [18—23]. While this thesis only
focus on the tree-level S-matrix for massless bosons, there have also been explorations
in connecting this to ambi-twistor strings [24—34] and ordinary string theory [35, 36],
and extending this formulation to loop levels [24, 27, 31, 37] and to massive particles
[38—40]. We are going to comment on these further in Chapter 8.
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SCATTERING EQUATIONS

In this chapter we introduce one of the main subjects of this thesis, the scattering

equations [10, 11]
" ko ky

Oa — Op

=0, Vae{l,2,...,n}, (2.1)
bZs

and discuss in detail properties of their solutions.

2.1 THE AUXILIARY RIEMANN SPHERE

All possible configurations of the kinematics associated to a scattering among n
massless particles in D dimensions form a space that we call the kinematic space,
defined as

n
Rpg = {(k, Ky, .. k)| Y ki =0, k== =k, =0}/SO(1,D—1). (2.2)

a=1
Since we need Lorentz invariant quantities, it is convenient to introduce the Mandel-
stam variables sq, 4, 4, := (ka, +ka, + - - - + ko, )?, and use an independent subset of
them as the coordinates of &, p.

The equation s;, 4,4, = 0 carves out a subspace of K], p. Since s;,4,,...., = 0 cor-
responds to a kinematic configuration that is singular (in the sense that the am-
plitude diverges), we call this subspace a codimension-1 singularity of the ampli-
tude.

In general we can set a sequence of Mandelstam variables to zero, which leads to
singularities of higher codimensions. Let us denote a generic Mandelstam variable as
Savay,.a, i= (Kay +kay + -+ + kg, )?. Then for example, setting 51, = 5123 = 0 yields a
codimension-2 singularity, and setting s1» = s34 = 51234 = 0 yields a codimension-3
singularity. In comparison, e.g., s1» = s3 = 0 is not physically interesting because
the amplitude behaves ambiguously when approaching this kinematics configuration
(in this case we say these two factorization channels are inconsistent), so we exclude
such points from the singularities. Obviously the highest codimension of a singularity
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is n — 3. This is a qualitative characterization of the unitarity of a generic scattering
amplitude. Hence we see the structure of the kinematic singularities is complicated,
which is one of the main reason why it is in general hard to find out a closed expression

or formula for amplitudes to all multiplicities in a given theory.

To avoid this difficulty, a practical strategy is to introduce an auxiliary object that
characterizes the singularities of Rp, in a cleaner way. To be precise, we look for
a certain space whose singularity structure is well understood and easy to analyze,
together with a map from Rp , to this new space such that (at best) singularities (of the
amplitude) are mapped to singularities (in the auxiliary space).

For this purpose, let us consider a Riemann sphere CIP' and mark out n distinct
points (or punctures) on it. The moduli space of all such n-punctured Riemann
spheres is known as 9 ;. It is an n — 3 dimensional complex space, and can be nicely
parametrized by a set of n holomorphic variables {¢1, 02, ...,0,} quotienting out the

SL(2,C) transformations, i.e.,

{or,00,...,0u} ~{(01), ¢(02), ..., ¢(on) }, (2.3)
where
P(0) ::m, a,B,v,0€C, ad—By=1. (2.4)

Here 0, specifies the location of the ™ point on the Riemann sphere. These coordinates
controls the shape of the punctured Riemann sphere. Due to the presence of the
SL(2,C) redundancy, one can fix any three variables at distinct points on the complex
plane C and leave the rest free, which forms an open patch of My ,; and My, is

covered by the union of all such patches.

Mo, has boundaries. Let us consider a set of labels S C {1,2,...,n} of size at least
two and denote its complement as S. A codimension-1 boundary corresponds to
the region where the original punctured Riemann sphere ¥, degenerates into two
generic Riemann spheres % 5,1 and % 5/, the former containing points in S and
the latter those in S, and the two spheres are glued at a point that is distinct from the

original n points on each sphere

degenerates @ @
_— . (2.5)

Here |S| denotes the cardinality of S. With the original coordinates, we can make
different choices of three variables to fix in order to see either of the two new Riemann
spheres. In one choice, if we fix variables for two points in S and one point in S, then
o.—05 — 0Vc,d €S, ie, they all pinch at the gluing point as seen on ig41- In
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another choice, if we fix variables for one point in S and two points in S, then similarly
0, —0, —0Va,beS.

Hence the total complex degrees of freedom left over is (|S| —1) + (|S| —1) =n—4,
justifying that this boundary has codimension one. Upon this, one can further explore
codimension-1 boundaries of either of the two new Riemann spheres, which leads
to a codimension-2 boundary of My ,, and the picture thus attached is a set of three
Riemann spheres glued together. This procedure can be iterated until one reaches
a codimension-(n — 3) boundary, where each of the n — 2 new Riemann spheres
contains exactly three punctures, counting the gluing points.

Now assume that whenever we see a punctured Riemann sphere we literally associate
it to a generic scattering amplitude, by identifying the at external particle to the a
marked point. Recall the term in (1.36) that is implemented as a tree-level factorization

(1.39) or (1.40)
factorizes @ i @ ‘ (2‘ 6)

Comparing (2.6) with (2.5), we observe a strong correspondence between the two
sides: factorization of amplitudes can be unambiguously mapped to degeneration
of Riemann spheres. Moreover, when two factorization channels are inconsistent
with each other, there is no way to let the Riemann sphere to degenerate twice,
each corresponding to one of the channels. This means the moduli space 9, of n-
punctured Riemann spheres already captures all the qualitative requirement of locality
and unitarity, i.e., of how an amplitude should factorize.

Therefore, we propose to choose the auxiliary space to be 9 ,, the moduli space of

n-punctured Riemann spheres. What is still missing is a map
¢ :8pn — Moy, (2.7)

that fulfills the above correspondence between n-point amplitudes and n-punctured
Riemann spheres in a quantitative way. This is achieved by the scattering equations
that we are going to introduce in the next section. Note that so far our discussion
depends neither on specific theories nor on the types of external particles, hence we
expect that this map is going to be universal.
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2.2 CONSTRUCTION

As discussed in the introduction, every scattering process is specified by a set of
kinematics data, which consist of the momentum k}, and possibly the polarization e,
(depending on the representation) for each external particle a. When we draw the
correspondence between an n-point amplitude and an n-punctured sphere, we should
associate each k} and €}, locally to the marked point a.

Let us make this precise. Since we have a Riemann sphere CP!, natural objects that
we can construct upon it are functions and more generally differential forms. Recall
the constraints from momentum conservation

Y ki =0, Vpu. (2.8)
a=1

We define a Lorentz-vector-valued meromorphic form w! on CIP!, such that it only
possess a simple pole on each marked point a, with the corresponding residue

specified by kb, i.e.,
1
W _— iz
ka ET ﬁzm_ew , Vae{l,2,...,n}. (2.9)

Then the momentum conservation (2.8) implies that w/ has no pole at z = co. Once
we specify a point in My, by fixing the ¢’s, we find a unique solution for w/ satisfying
(2.9), which is

n kﬁ
w":dzz L

a=1

. 2.10
p— (2.10)

One can explicitly check that there is no pole at z = co.

Due to our purpose in finding the map (2.7), {0, } cannot be independent of {k,}, and
so wt has to be constrained. In order to find it out, we first contract w* with itself to
produce a quadratic differential

(2.11)

2ks - ky
Q = wy wh = dz? .
1
In the second equality above we applied massless on-shell conditions k, - k, = 0 (Va),
so that explicitly there are still only simple poles.

Let us study this quantity in the simplest examples to acquire some intuition. When
n = 3, we have k1 - ky = k1 -k3 = ky-k3 = 0, which means Q = 0. Next we
move to n = 4 which is the first non-trivial case. Here we can choose to fix three

punctures, say {01,02,03} = {0,1,00}. Recalling our desired correspondence between
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the amplitude and the Riemann sphere discussed in the previous section, ¢y has to
satisfy

o4 —0 when ki-ky—0,
o1 —1 when ki-k3—0, (2.12)
o4 — o when ki -k —0.

Since we are studying tree-level amplitudes, the simplest thing to try is to impose 0y

as a rational function of the kinematic variables, which leads to a unique solution (up

to momentum conservation)

a——kl'k‘l (2.13)
4 — kl'kz. ‘3

Remarkably, when we plug the solution (2.13) back into (2.11), again we find

ki-k ki-k ky -k
94,2 1 K2 1Ky 2" Ky _
Q=2dz <z(z—1) 2z~ o) (z—1)(z—a4)> =0 (2:14)
This leads to the proposal that for any multiplicity n
Q(z) =0. (2.15)

Note that Q/dz is again a meromorphic form with only a simple pole at each ¢, then
the constraint (2.15) is equivalent to

1 Q  « ka-ky

— — = — =0, a€dil,2,...,n}, 2.16

47mi szm dz b;l oy { } (2.16)
b#a

which we name as the scattering equations'.

Since these equations are obtained from the form w* on CIP}, it is natural to expect that
they provide a genuine map from £p , to My ,. To further confirm this, we explicitly

show that (2.16) are covariant under any SL(2, C) transformation

n k kb . n kg kb
b=1 Y(oa) — ploy) b; 0, — 0 (702 +0) (yop +6)
b#a bZa (21)
_ o kaky 17
_(70'1,1"‘(;) 20-7% ,Yo.u+(5 Zk kb,
—1Ya
b7 i1

where the second term vanishes due to momentum conservation and the fact that
particle a is massless on-shell k2 = 0. Hence any solution to the scattering equations
indeed specifies a set of n points on CIP".

1 Here we choose to normalize in order to remove the trivial overall constant.
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Although there are in total n equations, since before imposing the constraint (2.15)
Q has n — 3 complex degrees of freedom, we would expect only n — 3 independent
equations. Indeed, the following identities

n n k k

m a b
Yooy, ek
a=1  p=1"4 b
b#a

hold for generic values of ¢’s. Among these three identities, the one for m = 0 is valid

=0, m=0,1,2, (2.18)

merely by anti-symmetry. In addition, we have

iaiku'kb L ik ky =0 (2.19)
a =5 a fp = .
o1 %0 257
b#a ab
by momentum conservation and on-shell conditions, and
1 "ok, k 1 1 "o,k k
Y2y Ko b:ZUaZka'kb—f'Ziubu b _ (2.20)
=1 =1% "% 3 4 ap=1 92— 0b
b+a b#a a#b

due to the same reasons as the previous two.

2.3 COUNTING THE NUMBER OF SOLUTIONS

Since the number of independent scattering equations is n — 3, which is identical
to the dimension of M ,,, there are only a finite number of solutions for any given
kinematics data {k,}. It turns out that the total number of solutions is always (1 — 3)!.
As the first example, we have already seen exactly one solution (2.13) at # = 4 in the

previous section (when n = 3 there are no equations).

A physical way to understand this counting, as described in [11], is by exploring
a single soft limit, i.e., by taking one of the momentum to zero while preserving
momentum conservation. Suppose we already know the counting for a generic
(n — 1)-particle scattering is (n — 4)!. Starting from the kinematics for an n-particle
scattering, we can continuously change k/, so that it approaches zero. In the k}, — 0
limit, the nth scattering equation decouples, while the remaining n — 1 equations
become the scattering equations for an (n — 1)-particle scattering and so there are
(n — 4)! solutions for {¢q,07,...,0,_1}. When we slightly turn on k;, since an integer
cannot jump during a continuous change this number counting remains the same.
Now take the nh equation and evaluate {c,0%,...,0,_1} on one of the (n —4)!
solutions, this equation becomes a polynomial equation of degree n — 3 for ;. So in

total we obtain (n — 3)! solutions for {c1,07,...,0,}. Due to the same reason, as we
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deform the kinematics data back to their original value, this number (n — 3)! stays the

same.

The above proof also provides an algorithm in solving the scattering equations for

large 1, when it becomes hard to solve them directly.

In fact, after fixing the SL(2,C) redundancy by setting, say {o1,02,0,} = {oo,,0*,0}
(where ¢* is some fixed non-zero number), one can show that the scattering equations
(2.16) are equivalent to the following n — 3 polynomial equations [38]
Y. spyusos=0, i€{l,2...,n-3}, (2.21)
S;c{23,..n—1}
where S; denote a subset of size i and the summation is over all such subsets, and sg :=
Y acpves ka - kp and 05 := [,c5 0a. Obviously, each of these equations are multi-linear in
each ¢, and the total degrees go from 1 to n — 3. Since these equations are independent,
the counting (n — 3)! is a direct consequence of Bézout’s theorem. The polynomial
equations (2.21) are also easier to solve as compared to the original form (2.16). But
as we will see in the next section, the original form (2.1)
" k- ky
0a — Op

=0, Vae{l2,...,n}, (2.22)

b=1
b#a

manifestly has a physical meaning, which makes it easier to analyse properties of

amplitudes.

2.4 VARIOUS LIMITS

In this section we analyze the behavior of the solutions in different limits of the
kinematics data, with the purpose of providing a detailed description of how scattering
equations encodes locality and unitarity. This serves as the first step in the consistency
checks of various formulas we are going to construct in the next two chapters, which
will be discussed in Chapter 6.

2.4.1  Soft Limits

In the previous section we used a single soft limit to argue about the total number of
solutions to the scattering equations. Here we investigate how the solutions behave in
such limit. We are going to consider two types of soft limits: the single soft limit, and
the double soft limit.
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In the single soft limit, we fix the convention of always taking the momentum for
the last particle to be soft. More precisely, we introduce a small parameter T and let
kj, = T p* with a certain fixed null vector p*, and we choose values for the other null

momenta which satisfy the momentum conservation
K +kh+---+k _ +Tpt=0, (2.23)
and stay finite in the T — 0 limit.

As discussed before, when 7 = 0 the system reduces to that for a generic (n — 1)-
particle scattering, and so each of the (n —4)! solutions for {4, 0, ...,0,_1} is non-
degenerate. Staying in the neighborhood of T = 0 this continues to be true. Let us
pick up the n' scattering equation

Z Pt ko =0. (2.24)

— Un_Ub

~ T for some

Since p - k; is generically finite for any b, if we assume that |0, — 0}
b*, it contradicts the above equation as we send T — 0. This means that in the
single soft limit, all the (n — 3)! solutions are non-degenerate, i.e., |0, — 03| ~ 70

Va,b.

For the double soft limit, we consider the situation when two soft particles are
simultaneously emitted (say, the last two particles). In other words, we assume
k' | = Tp" and k, = Tq", with the null vectors p" and g* fixed, hence they are

controled by the same scale. Again we choose values for the remaining null momenta

to satisfy the momentum conservation

K+ kb +- +k ,+1(p'+4q") =0, (2.25)
which stay finite in the T — 0 limit.
The situation is more interesting in this case. When 7 = 0 the system reduces to
that for a generic (n — 2)-particle scattering and the solutions for {7 09, ..., 0,2} are

therefore non-degenerate. Now let us focus on the neighborhood of T = 0. To make

the structure explicit, let us re-define

Un—lzp—g, Unzp-i—g, (2.26)
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i.e., p is the center position and ¢ the difference of ¢, and ¢;,_1. With these new

variables, we take the summation and the difference of the (17 — 1) and n'h scattering

equations, which yields

n—2 -k -k
Z(p Pgb + 1% >:0, (2.27)

—§-n pt+5-o

b=1

n_z . . .

Z ( ngb - qgkb ) —ZTP 1 =0. (2.28)
=1 \P— 30 P+35—0p 4

We consider the second equation above as constraining the variables . Obviously,
while there exist solutions for ¢ that stay finite as T — 0, there also exist solutions
where ¢ ~ T (degenerate). For the latter case, we can perturbatively expand ¢ and by
(2.28) find a unique solution, which at the leading order is

(1 ko) 2
g_T<2P"M§1 00, + O(17). (2.29)

With this solution for ¢, we can also perturbatively expand p = pp + O(7), and the

leading term is solved by the leading part of (2.27), i.e.,

n—2 .
kb (P + q) =0, (2'30)
b=1 00— 0p
which is equivalent to a degree-(n — 4) polynomial for py (naively it is of degree n — 3,

but the leading coefficient is of order T and thus should be neglected).

As a consequence, we see that in the double soft limit, (n —4)! of the solutions
become degenerate, where |0,,_1 — 0| ~ T. The other (n —4)!(n — 4) solutions

remain non—degenerate.

In analogy, one can define triple soft limit and so on as well. There in general the
solutions will fall into several types according to the pattern how the punctured
Riemann sphere degenerates. However, the double soft limit singles out among all
these higher order soft limits, because there exist soft theorems for the double soft
limit in certain classes of theories, and there we are going to see that the degenerate
solutions play a crucial role in deriving these theorems. Details are presented in
Chapter 6.
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2.4.2  Factorization Channels

Now let us have a look at a generic factorization channel. Without lost of generality,
we explore the channel defined by

= (ki +ky+ - +ky)> — 0, (2.31)

with 2 < np <n—2,and we denote L = {1,2,...,n.} and R its complement, with

ngR =n—ny.

For convenience in studying the behavior of the solutions in this limit, we introduce a
new variable { and re-define the ¢’s as

£, aelL,
0 = v” (2.32)
T a€R.

Recall that we always fix three variables to get rid of the SL(2, C) redundancy. Now we
have altogether n + 1 variables so that we need to fix one more. A good choice is to fix
two u’s and two v’s, say {u1, U2, vy_1,v, }. Hence in this case we regard  as a variable
to be solved together with the rest by the scattering equations.

With this set-up, our expectation is that in the limit (2.31) there will be solutions
in which { — 0 so that all the points in L pinch together and the Riemann sphere
degenerates in the desired manner. For this purpose we can first assume that { is small
and check that there indeed exist such solutions at the end.

We first study the scattering equations labeled by a € R, and expand it with respect to
¢ up to the sub-leading order

k- ky Loky-k

4 +¢ Y 210k =o. (233)
l; hnzﬂvﬂ_vb b:ziv%” ) 73
b#a

Next we multiply this a' equation by % and sum over all 2 € R. Applying momentum
conservation we obtain

1 kq -k

kY b

acR Yalp
beL

+0(¢*) =0. (2.34)

From the above equation we explicitly observe that the solutions fall into two types.
The first type, {* ~ k3, are exactly the degenerate solutions that we were looking
for.

There are also a second type of solutions where { remains finite and the Riemann
sphere remains non-degenerate in the limit. At first sight this seems to cause problems,
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because, as we discussed at the beginning of this chapter, we want a map that
maps kinematic singularities to the corresponding degenerate Riemann spheres.
However, recall that the factorization of the original amplitude is a phenomenon
only at the leading order. Hence it does not cause any issue if the contributions
from these non-degenerate solutions are at most sub-leading in the factorization

limit.

If fact, the extra non-degenerate solutions have to exist, by the counting of solutions
to the scattering equations. At the leading order the n-point amplitude factorize into
a left part and a right part, each of which is again an amplitude. Correspondingly we
should expect that at the leading order the scattering equations reduce to two sets, one
for the left amplitude and the other for the right one. Then obviously the total number
of degenerate solutions has to be (ny, —2)!(ng — 2)!. However, this number is always
smaller than (n — 3)!, which means that there are some remaining solutions from the

original system and that they have to be non-degenerate.

Now the remaining task is to verify that indeed the original equations reduce to those
for the left and the right amplitudes. First let us look back at the equations (2.33) but

this time only keep the leading order, which becomes

ky -k L ks k
T X )o@ =0, (235)
Ua =Y R\ fay Yo U0
where k?R =) el kg. In the above, we intentionally write out the “0” in the de-

nominator of the first term, so that the leading part has exactly the appearance of
the scattering equations for the right amplitude, with external particles labeled by
RU{Ig}, where Iz denotes the gluing point on the right Riemann sphere. Note that
the location of point Iy is already fixed at v;, = 0. This is allowed because previously
we only fixed v,_1 and v,. One may also worry that we have not yet obtained the
scattering equation labeled by Ig, but this is fine since only ng — 2 of the equations
are independent.

Next we inspect the original scattering equations labeled by a € L. To the leading
order they become

. 2 . k, -k
_ oy e Kb o) - —””( ot b _16) +0() =0, (236)
belnjay & Ua U C \pernga) Ha — Mo Ua
where ki := —k , and so we use I; to denote the gluing point on the left Rie-
L R

mann sphere. Again, the leading terms become the scattering equations for the left
amplitude, with the fixing u;, = 0.
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From the discussions by now, we see that the scattering equations (2.16) provide a
map from Rp , to My, for any D and n that quantitatively fulfills the correspondence
(2.7) between the two spaces. In all cases the map is 1 to (n — 3)!, and so for whatever
formula for the amplitudes that we construct with this map, we should expect the
amplitudes only receive contribution from these (n — 3)! discrete points in My ,. The
explicit construction is our task in the next chapter.
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GENERAL FORMULATION

In this chapter we introduce the other main subject of this thesis, the Cachazo-He—
Yuan (CHY) representaion of tree-level amplitudes for massless particles, using the
scattering equations that we introduced in the previous chapter.

From the previous discussion, we associate 9, to an n-particle scattering. Since this
My, is merely an auxiliary space, in constructing a formula for scattering amplitudes
it is natural to consider certain top differential form in 91, and integrate it over
the entire space. Moreover, since the 91y, was introduced to keep track of locality
and unitarity, we want the integral to be further localized by the scattering equations.
Hence a natural proposal is

[ TTdon TTo( 3 2ok
a=1 aazl 02 — Op

b=1
b#a

where the integrand I({k,e,0}) is some function of the kinematics data {k, e} and the

) I({ke,0}), (3.1)

o’s.

However, (3.1) is problematic due to the redundancies in both the variables and the

delta constraints. Firstly, it is standard to define an invariant measure by replacing

1 1
Ty Oy Ot
2 2 2

Uu, U’b, U’C/

doy Ndoy A -+ Ndoy — 0,(a’, b, ) doy Adoy A -+ - ANdoy,, (3.2)

deleting d?r; Aoy ,do

where 0,(a’, V', ') is a sign from re-arranging the wedge product in bringing do, A
doy A doy to the front, i.e., it is the signature of the permutation (a’,0',¢/,1,2,...,n)
where the “...” excludes {a’,V’,c'}. Secondly, recalling the form of the three linear
relations (2.18), it is obvious that we need to delete three delta constraints and pay by
a Jacobian in the similar form as that in (3.2). So the problem in (3.1) is fixed by the
replacement

n n !
[T —11 =6ua" V', ow —0v) (0w — o) (0w —0w)  T1] » (63)
a=1 a=1

ac{1,2,..n}\{a’ V' '}
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for arbitrary {a’,V’, ¢’} (the choices for the two parts can be different). And we make
the following proposal for amplitudes stripped off momentum conservation delta

functions [6, 11]

- kyp
M, = /HdU’aH5 - (Tb) Li({k,e,c}) = /dyn L. (3.4)
b

;ﬁa

In the above, we introduced a notation for the part other than I, for later convenience,

and with a slight abuse of terminology we name dy,, as the measure.

As a result of the previous section, the integration in (3.4) is actually localized to

(n — 3)! points in My ,,. So equivalently we have

_ " L({ke o))
Mi= X ko))

where J,({k,c}) is the Jacobian from both the redundancy fixing and solving the

(3-5)

o h . 4
ith solution

delta constraints. In calculating this Jacobian, we encounter a matrix ®,, of size n x n,

defined as

Kok
o azb,

(0a—0p)
(@rdap =1 g (3.6)
! _Zcil(q)n)a,c/ a="»b.

Then the Jacobian in (3.5) is
det[@n]“’ b

1" b// Jr

]”({kra'}) = deth)n c—

Ua’,b’ O-b’,c’ JC’,a/ Ual/,bll O'b//,CN O-C”,a”
a' b,
ap

by deleting the rows labeled by {4, t’, ¢’} and the columns labeled by {a”,b",c"}.

where we abbreviate 0, ), := 0; — 03, and [®,] denotes the minor of ®,, obtained

Note that on the support of the scattering equations det®, = 0 as the matrix o,
has corank 3, with its kernel spanned by the vectors (07",0%", ..., (T,’l”)T form=0,1,2.
Thus the Jacobian J, as defined in (3.7) is a natural invariant quantity associated to ®,,
and we call it the reduced determinant of ®,, denoted as det' ®,,.

Since we are considering tree-level amplitudes only, it is natural to expect that the
function I,({k,€,0}) is rational. But we cannot use an arbitrary rational function for
I,;: the formula (3.4) has to be invariant under any SL(2,C) transformation acting on
0’s, since the Riemann sphere is auxiliary. To see what this implies on I, note that the

measure dj, under the transformation (2.4) behaves as

SL(2,C 1 _
L()) dpin H(')’U'a +9) :. (3-8)

a=1

dyn
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So for whatever integrand I, we choose, it has to satisfy

$eSL(2,C)

Iy Iy H('Y‘Tu + ‘5)4- (3:9)
a=1

In the rest of this chapter we present simple examples followed by a neat correspon-
dence between a special class of integrands with the trivalent diagams of massless
scalars. The aim is to provide some intuition about how the formulation introduced
above works. Readers who are eager to see the construction of closed formulas for am-
plitudes in various theories can go directly to the next chapter.

3.1 ILLUSTRATIVE EXAMPLES

Let us start by considering the case that I, = I,({c}) depends on the ¢’s only. Recall

(3.9), the easiest way to construct a candidate for I, is to use simple expressions which

transform covariantly by themselves. The simplest expression of this kind is (0, — 03)

for some label 2 and b

$eSL(2,C) (02 — o)
(Y0u+0) (yop +6)

So it is sufficient to construct an I, purely by factors of this form, as long as for any

(00 — o) (3.10)

label a the total number of times that it appears in the denominator minus that in
the numerator is 4. In this chapter we only consider examples which have a trivial

numerator 1.

3.1.1 N =

When n = 3, with the restrictions imposed before the integrand is uniquely fixed to

be I3 = 0, 7 0, 2 05 7. Since there is no constraints from the scattering equations in this

case, we have

/dmfa 012023031) =1. (3.11)
‘712‘723‘731

3.1.2 n=4

When n = 4, we already obtained the unique solution in (2.13), and so let us stick
to the same convention. Explicitly, we fix {01,02,03} = {0,1, 0}, and we have the
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solution oy = —E% Suppose in the delta constraints we delete those labeled by
{2,3,4}, then the Jacobian is
ki-k
Ja= 1 (3.12)

2 2 -
01,2053031034042074

In the first example, we choose the integrand to be
1

Iy = . 1
! (012023034 041) (012024043 031) (-13)
One can check this produces the result
0y 2
dygly = ——— = —, 1
/ Haly ks 510 (3.14)

where s1, = (k1 + k2)2 = 2k - ko denotes the usual Mandelstam variable. We see up to
a constant factor we obtain a single (massless) scalar propagator.

In the second example, we choose an integrand with a cyclic symmetry
1
(012023 034041)%

Following similar calculations we obtain

oy —1 1 1
= = 2(—4+= .
/d‘u4 14 kl . k4 <Sl,2 * 81,4> ! (3 16)

which looks like a summation of two four-point scalar diagrams.

Iy = (3-15)

313 n=>5

When n = 5, although in solving the scattering equations here we will encounter
a quadratic equation, the calculation can still be done analytically. But due to its
lengthy appearance we will not write out the detailed intermediate steps. Instead, we

summarize the result for several types of integrands as follows:

Table 2: Five-Point Examples

Integrand Result
1 4
(171,2 02,303,4045 05,1 ) (171,2 024045053 173,1) 51,2545
1 4 (141
(012023 034045051)(012 02,5 05,4 01,3 03,1) 512 \ 834 | 45
1 4 1 1 1 1 1
(012023 034 045 051)2 (51,2 545 + $23551 = S34512 = S45523 + 55,1 53,4 )

1 0

(171,2 02,303,4 045051 ) (171,3 03,5052 02,4 174,1)
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3.2 AN INTEGRAND-DIAGRAM CORRESPONDENCE

In the previous section we intentionally listed out examples that share several common
features. Firstly, the integrands were all written as a product of two parts. In particular,
one easily see that each of the two transforms covariantly under SL(2,C) but picks
up a factor [T_;(y 0, + 6)? (instead of a power 4), and so in a sense they are “half-
integrands”. Secondly, all the results obtained from the integration, if not vanish, can

be interpreted as a sum of trivalent diagrams of massless scalars.

In fact this continues to be true for arbitrary higher n, which gives rise to a correspon-
dence between a special class of integrands and the trivalent massless scalar diagrams.
Let us first introduce an object which generalizes the above “half-integrands”. For a
given ordering of « the n labels, we define

1

Cyla| := . (3.17)
g Ou(1),2(2) n(2),a(3) "~ " Oa(n—1),a(n) 317

This is named as the Parke-Taylor factor, due to the reason that it appeared for the first
time in [41] in a twistor string formulation that leads to the Parke-Taylor formula

(1.20). The special class of integrands is then constructed by

In[a|B] == Cula] Cn[B] (3-18)

for two given orderings « and B. We call the formula m,[a|B] := [ dpy, I,[a|B] the dou-
ble partial amplitude [7], whose meaning will become clear in Section 4.2.1.

In addition, note that any tree diagram can always be embedded on a plane, by which
its external points acquire an induced planar ordering «. In this case we call this tree
diagram a-ordered. Obviously a single tree diagram can assume several different

planar orderings.

Given these definitions, we have the following theorem that translates any integrand

of the special class of the trivalent diagrams:

Proposition 3.2.1. The function m,[«|B| computes the sum of all trivalent massless scalar
diagrams that can be regarded both as w-ordered and as B-ordered, where each diagram’s

contribution is given by the product of its propagators.

More explicitly, let 7 [a] denote the set of all a-ordered trivalent diagrams and 7 [f]
that of the B-ordered ones. Then (up to an overall sign)

mlalpl =27 Y [T, (3.19)

geT[aNTIB] e€Ey °°
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where s, := P? with P!' being the momentum flowing along the edge ¢ in the set E,
of all edges in the trivalent diagram g. In particular, whenever 7 [¢] N T [B] = & then
my|a|B] = 0. Moreover, for any single diagram, there exist two orderings a and f
such that it is identical to m,[«x|B] (although the choice of such « and B is usually
highly non-unique). More detailed explanations about this proposition, including the
determination of the overall sign as well as an efficient algorithm to compute m,[«|p],

can be found in [7].

This leads to the fact that in principle any amplitude of massless particles acquires
a formula of the form (3.4). The explicit procedure is to write out the expression in
terms of Feynman diagrams, and translate the denominator in each diagram to certain
integrand of the form (3.18), i.e,, (”F.D.”: Feynamn diagrams)

Ng({k €}) Ng({k €})

M, = Y s -y ~ e /dyn alotg] CalBel, (3.20)
gerb. leer,Se &, 8

where E¢ denotes the set of propagators in the diagram g, with }Eg} its cardinality,

and N, denotes the numerator. Since N, only depends on the kinematics data, we can

pull the integration out and obtain

o ({k,€})
M, /d (geFDM Cula g]cn[ﬁg]>. (3.21)

The expression (3.21) looks merely as an alternative way of talking about Feynman
diagrams and one may wonder what do we really gain from doing this translation. It
turns out that for many interesting theories (3.21) unexpectedly simplifies to a simple
and compact expression, which reveals interesting structures that can be directly
generalized to any multiplicities. This is nowhere to be expected from the Feynman

diagrams.

However, this is not the strategy that we are going to take in finding out the suitable
integrand for amplitudes in a given theory. Instead, we are going to propose a set
of compact building blocks (as we did in defining C,[«]) and use them to build up
integrands, which we will further identify with certain class of amplitudes to all
multiplicities and find what theory they describe.

In fact, as we are going to see in later chapters, a formula obtained in this way is often
closed by itself, as it produces all possible tree-level amplitudes in a given theory and
no new particle contents are observed in the study of a generic factorization channel.
In this case we call the resulting formula the CHY representation of the corresponding
theory.
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AMPLITUDES WITH ONE TYPE OF BOSON

In this chapter we construct formulas for amplitudes in theories of bosons. As usual,
by “boson” we refer to particles of spin zero (scalars), one (photons/gluons), or
two (gravitons). Some of the formulas are so far conjectures, but all of them have
undergone explicit comparison either with known formulas or with Feynman diagram
computations, and have passed analytic checks regarding locality and unitarity. These
formulas are valid in arbitrary dimensions as long as the corresponding theory is

allowed.

In the following we first focus on scalar amplitudes only, and then introduce new
building blocks needed for building up amplitudes of photons/gluons and gravitons.
We identify the corresponding theories along the discussion.

4.1 BUILDING BLOCKS FOR SCALARS

We first introduce the necessary building blocks for scalar amplitudes. We already

have one at hand, the Parke-Taylor factor, as defined in (3.17)

Cala] = !
T (1) a(2) T(2)a(3) T Ta(n)a(1)

(4.1)

As commented before, this factor is natural for representing partial amplitudes in
theories with non-trivial flavor/color groups. To obtain the building block for the full
amplitude, we dress it with the trace of the group generators accordingly, and sum
over all inequivalent orderings, i.e.,

C, = Z tr(sz(l)Ttx(Z) e T’X(”)) Cu(a). (4.2)
weS, /2,y

Apart from this, we have two other building blocks which are fully permutation
invariant. Let us first define two n x n anti-symmetric matrices in terms of their

entries

L, a#b, Kok g £,
(Xn)u,b = {Ja% (An)u,h = {Uaab (4.3)

0I a:b/ 0, a:b.
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A natural invariant quantity associated to a matrix is its determinant (we could also
study traces but here it is trivially zero). Due to anti-symmetry, the determinant be-
comes a perfect square and so we define a second building block

PfX, = v/det X,,. (4-4)

Here we only consider even 7, because for odd n the determinant of an anti-symmetric
matrix is trivially zero. An operationally more convenient way to define a Pfaffian is
by summing over all perfect matchings (PM.), i.e., all possible decompositions of the n
labels into pairs. Explicitly,

PEX, = ) sgn(a) (Xu)u(t)e2) (Xn)a@)a@) «* (Xn)an—1),u(n) - (4.5)

x€PM.
where
+1, & € even permutations,

sgn(w) := _ (4.6)
-1, & € odd permutations.

When scalars are flavored in U(1)™, each will carry a flavor index I, but the only
flavor structure that can appear in an amplitude is the flavor contraction §%. In this
case, we modify the matrix X, to

5Iu/1b
—, a#b,
(Xn)a,b = T (4.7)
0, a=»",

and use PfX), instead.

We have not defined a similar quantity PfA, for the matrix A,. The reason is that
when using A, in any formulas the ¢”’s therein are to be evaluated on the solutions
to the scattering equations. On these equations the matrix A, possesses a kernel of
dimension 2, which is spanned by the vectors

(o7, 07", ... ,ar’l”)T m=20,1. (4-8)

While the case with m = 0 is a direct consequence of the scattering equations, the case
with m = 1 is explicitly

= kg - ky o = ko -k &

Ka Ko _ p oy~ Karkb oy g g . .
Looa “la-oq Lk (49)
b#a b#a b#a

Due to this non-trivial kernel we have PfA,, = 0. In this case, we define the third
building block to be

(_1)a+b
(Tﬂ - Ub

Pf A, = — PtA], 5, (4.10)
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which we call the reduced Pfaffian of A,. In the above, [A], ; denotes the minor of A,
obtained by deleting the two rows and two columns labeled by a and b. This quantity
is independent of the choice of {4, b}. To understand why it is so, let us compare two
matrices [A],; and [A]ae. In the first matrix we add all other rows to the cth row (and

do the same to the column), and in the second matrix we do the same but to the bh

row
and column instead. Then by scattering equations we observe that the ¢ row /column

of [A],; is 7= times the b row /column of [A]se.

Recalling the requirement on the integrand as discussed in (3.9), the reason that
we can use these building blocks is that they transform covariantly under SL(2,C).
Explicitly, we have

SL(2,C 1
Cula] =L, €] [T(vou 4672, (4.11)
a=1
and
) LY L e TT(yow+6), where (PE) € {PEX,,, PEX,, PE ALY, (4.12)

a=1

which is due to the multi-linearity of the Pfaffian in the entries of the matrix.

4.2 SCALAR AMPLITUDES

By comparing the behaviors under SL(2,C) transformations of the building blocks
Cy[«], PfX,,, PfX, and Pf' A, (4.11) and (4.12) with that required on the entire integrand
(3.9), we can make different products of them to construct proper integrands. Explicitly,

these combinations are
Cula] Cu[B], Cula]PEX,PfA,, Cyla](PfA,)?,

s B o (4.13)
(P£X,)2 (PFA,)?, PEX, (PFA,)°, (PFA,)*.

In the following we discuss case by case.

4.2.1  The ¢* Theory

In the first case, we consider the integrands obtained by two copies of C,,’s

I [a|B] := Cula] CalB], (4.14)

which have already been defined in the previous chapter. Recall the result of an

I ’ [«|B] is the summation of trivalent massless scalar diagrams which are both «a-
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ordered and p-ordered. Due to the presence of two copies of orderings, we may
expect that this integrand computes the expression obtained from the full amplitude
by decomposing certain flavor structure twice. This is why we call the integral
mya|B] = [ du,Lf *a B] the double partial amplitude. Indeed, the integrand for the

full amplitude can be written as
13)3 = Cn Cn 7 (415)

and the corresponding theory is a scalar theory with a cubic self-interaction vertex,
and the scalars therein has a flavor group of the form U(N) x U(N) [7]. Explicitly,
the Lagrangian is

1 o
LY = =5 0u Py @M — 2 fik fr g @V @1 DL (4.16)

In fact, we can use the same building block to construct an integrand for the ¢* theory
without any flavor structure [42]. It is well-known that any amplitude in this theory is
merely a summation of all trivalent diagrams. To achieve this, note that the integrand
C2[a] leads to the summation of all diagrams that are a-ordered, then we just need to
sum up all orderings to obtain the summation of all diagrams, only at the cost of an

overall constant due to over counting. So we have

Ly, (4.17)

=
2" aEeS,

corresponding to the Lagrangian

3 1 A
E(P = —E ay(,‘ba”(;b — 5 3. (418)

4.2.2  Scalar Amplitudes in a Yang—Mills—Scalar Theory

Next we fix one and only one factor to be C,[a], so as to consider normal partial
amplitudes with the planar ordering «. In the remaining part of the integrand we
are allowed to insert two copies of Pfaffians previously introduced. First of all, for
the combination I, := C,[a] (PfX,)? (or with X},), explicit calculation at four points

shows that the result contains double poles, i.e.,

2 22
s (85 +st+1t7)

where s = 515, t = s14 and u = s;3. This situation is excluded as it violates locality.
Then with the building blocks at hand we are left with two choices.

, (4.19)
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The first choice is
Igauged scalar:scalar [“] — Cn [a] Pan PflAn ) (4.20)

This integrand corresponds to scalar amplitudes in a gauged massless scalar theory.
The full Lagrangian for this theory is

1 1
Egauged scalar . _E tI‘C(DVCD Dﬂq)) _ AI trc(Fyv [_‘}41/) . (4.21)
This is a special case (only a single flavor) of the more general case
IZMS:scalar [IX] = C, [“] PfX, Pf’An , (4.22)

which describes the scalar amplitudes in a gauged massless scalar theory with a
quartic scalar self-interaction vertex that descends from the compactification of a pure
Yang-Mills theory [9]. To emphasize its Yang-Mills origin we name it as Yang-Mills—
Scalar (YMS). Explicitly, the corresponding Lagrangian is

1 1 2
LS = = tr (D @' D'@!) = S tre(F ") - gz tr. ([(I)I, @f]z) , (4.23)
where we use the subscript “c” to indicate that the trace is associated to the color
group.

Here we provide some intuition for the above identification. First of all, due to
the presence of Pf'A, in the integrand, any amplitude of odd number of particles
has to vanish. In particular this means any cubic scalar self-coupling can be elimi-
nated.

Next let us have a look at the four-point amplitudes with the canonical ordering in
the general case (with &}). If we assume that the flavor indices satisfy I; = I3 and
I, = 14, we have

1 —1

d PfA, = —1. 2
/ Ha 0120230340471 013024 * (4-24)

This is the first indication that there has to be a quartic scalar vertex and that this
vertex does not involve any derivatives. In addition, if we assume that the flavor
indices satisfy Iy = I, and I3 = I4, we have

1 1 / 51,3
/dy4 PfAy=——=. (4-25)
. 0120230340471 012034 51,2

Obviously this amplitude has to receive contribution from a trivalent diagram. Since
there cannot be a three-point scalar vertex and the mass dimension of the expression is
[M]°, the three-point vertices therein have to involve one derivative and the propagator
has to be that for a vector particle. At higher points, in general the mass dimension of
the result produced by this integrand at n points is [M]_nz;z, by which we see there
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cannot exist any higher-point scalar self-interaction vertices, nor any higher point

vertices of scalars coupled to vectors.

Detailed structure of the Lagrangian (4.23) can be verified by comparing results of
Feyman diagrams and the result of the formula up to sufficient high points, which
we will summarize in Table 4. Besides, the possible appearance of the gluon in a
general factorization channel can be explicitly confirmed, which will be postponed
to Chapter 6. When (4.23) is confirmed, the validity of the Lagrangian (4.21) is
guaranteed by identifying all the flavor indices.

4.2.3 The U(N) Non-Linear Sigma Model

The second choice with a factor C,[«] is
INESMa] := C, [a] (PFA,)?. (4.26)

This describes a pure scalar theory with a non-trivial flavor group, the U(N) non-linear
sigma model (NLSM) [9, 43—45]. The usual form of the Lagrangian for this theory is
defined with an N x N unitary matrix U (i.e., U' U = 1)

1
LM ~532 trs(0, U 0'U), (4.27)
where A is a dimensionful real coupling. However, in order to draw direct connection

with the result from the above integrand, we do a field re-definition

1+iA®
V=1 (4.28)
such that ® is a Hermitian matrix. Using the relations
1 1 1
d =+ (A0, D) ——— .
Mirie - tiriae A e (4-29)

the Lagrangian (4.27) becomes

1 1 1
NLSM . _ -+ - -
L =5 tre <1 JEry) ayop 1- 292 0 CD) , (4.30)

where the rational factors are to be understood in terms of Taylor expansions.

In fact, even before knowing anything about the Lagrangian, by studying a generic fac-
torization channel one can confirm that the integrand (4.26) by itself leads to a closed
formula for all amplitudes in certain theory, because of the following;:

1. The internal particle observed in the factorization is always a scalar.

41



2. Whenever the formula factorizes at the leading order, the integrand in the two

factorized pieces are both of the same type as original integrand (4.26).
This will be discussed in more detail in Chapter 6.

For a theory with scalars only, it is relatively easy to simply work out the Lagrangian
from the amplitudes. As a first step, from (4.26) we know that the mass dimension of
an n-point amplitude should be [M]2. So at each order of multiplicity, one can always
make an ansatz of at most a finite number of contact terms with the correct mass
dimension (in this case the contact terms always have exactly two derivatives). The
coefficient in front of each contact term is then determined by comparing Feynman
diagrams and the result produced by (4.26). As is expected, in general there will be
many redundancies among the coefficients and one is allowed to arbitrarily fix them
without changing the physics. For (4.26), a clever choice of fixing leads to a closed
expression for the form of the interaction vertices, which is

¥ zA” 23
Vp = (—1) -1

Z Zk kay2141- (4.31)

These are exactly the vertices produced by the Lagrangian (4.30) [46].

4.2.4 Scalar Amplitudes in an Einstein—-Maxwell-Scalar Theory

Next we consider integrands constructed exactly by four Pfaffians, which are permu-
tation invariant. Again we may worry that a sufficient high power of PfX,, violates
locality, as was exemplified in (4.19). A quick computation at four points excludes
(PfX,)* and (PfX,)3 Pf' A,,, and so we are left with three choices.

The first choice is
IEMS:scalar — (Pan)Z (Pf/An)2. (4.32)

In a generic factorization channel we may find the internal particle to be a rank-
2 tensor. This describes the scalar amplitudes in a theory of scalars coupled to
gravity [13]. As will be clear in the discussions in Section 5.1.3 this theory comes
naturally from the compactification of gravity. More generally the theory also involves

photons.
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4.2.5 The Scalar Sector of the Dirac—Born-Infeld Theory

The second choice is
IEBI:scalar = Pan (Pf/An)B ) (4-33)

This gives rise to a closed formula for all amplitudes in the scalar sector of the Dirac-
Born-Infeld theory (DBI) [9] (For a review, see [47]). Restricting to this sector, the
Lagrangian takes the explicit form

[ DBlscalar . p=2 /1 _ p2 ayCP aycp _y? , (4.34)

which is to be understood in terms of Taylor expansion.

This Lagrangian can be worked out from the amplitudes in similar way as that
discussed in the case of NLSM. Again the general study of factorizations does not
reveal any other internal state. According to (4.33), the mass dimension of an n-point
amplitude is [M]", hence at each order of multiplicity the contact terms have one
derivative associated to one leg on average. The simplest ansatz is to assume that in
the Lagrangian the scalar field ¢ always enter in the form d¢. With this ansatz, one
can work out the interaction terms order by order
R4 ((890)2)2 o3¢ ((8¢)2>3 _15° ((8¢)2)4 o

21\ 2 3! 2 4! 2 ’

which together with the kinetic term (d¢)? turns out to re-sum into (4.34). While

(4-35)

(4.33) by itself forms a closed formula, as we will see in the next chapter, we can ex-

tended to a closed formula for amplitudes in the full DBI theory.

4.2.6 A Special Galileon Theory

The third choice is to use Pf' A, only
5= (Pf A4, (4.36)

As with NLSM and the scalar sector of DBI, one can first confirm that this integrand
again yields a closed formula for a pure scalar theory. However, an n-particle ampli-
tude in this theory has an even higher mass dimension, which is [M]?"~2. While in
principal one can still make an ansatz and try to determine the coefficients therein,
this soon becomes impractical at higher points due to the huge amount of redundan-

cies.
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Luckily, the recent effort in classifying scalar theories by behaviors of amplitudes
in soft limits reveals a special case of Galileon theory (sGal) [48, 49] whose order of
vanishing in a soft limit is enhanced as compared to that of the generic Galileon theory
[50, 51]. This order of vanishing is the same as what is predicted by the integrand
(4.36) in studying this limit. In addition, the mass dimension discussed above matches
that of a Galileon amplitude. By further explicit checks between the Feynamn diagram
computations and the results of (4.36), it turns out this special Galileon theory is

exactly described by (4.36).

We provide a brief review of the general Galileon theory and comment on the unique-
ness of this special one from that point of view in Section 4.A at the end of this
chapter. And here we merely summarize the Lagrangian for this special Galileon

theory [49]

£sGal _ _(a(P)Z i (_1)m aylavlcp. . .ayzmalﬁmcpg}"l"'}"ZmpZerl"'PD €Uy VamPam 10D -
2(D—2m)! (2m +1)!

m=0

(4-37)
4.3 A BUILDING BLOCK WITH POLARIZATION VECTORS

We now consider building blocks for amplitudes of bosons with spin higher than
zero. The first case of this type is amplitudes of photons or gluons, where to each
particle we associate a polarization vector €”. From Feynman diagram computation
of Yang-Mills amplitudes, it is known that the final answer definitely has to involve
terms with factors of the form e - k as well as € - €. Since these factors can nowhere be
produced from the integration, we have to insert them explicitly somewhere in a new
building block.

The correct building block for our purpose turns out to be a reduced Pfaffian. But now
it is the reduced Pfaffian of a 2n X 2n anti-symmetric matrix ¥, instead [6]. Explicitly,
this matrix has a block structure

. T
v, ::( ’é: (;::) ) (4.38)

where each 1 x n block is defined in terms entries as

ka-ky €a°€p eoky a#b,
A= @ B= %0 =D (4-39)
! OI ! 0, " _Zic/l?—z].(Cn)ﬂ,Cl a = b
CFa
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So this A, block here is exactly the same as the matrix A, we defined in (4.3). Let
us set up some notations here for later convenience. Due to the block structure
(4.38) of ¥, we divide the range of its indices into two blocks as well, running as
{1,2,...,mn:1,2,...,n}. When a label a belongs to the first block, in the corresponding
row /column we see the vector kj (expect for the diagonal entries in C,), and when it
belongs to the second block, we see the vector €”. When we refer to a minor of ¥,,, we
either denote it as, e.g., [¥ 1], .., meaning that it is obtained by extracting rows and
columns labeled by {a,b} in the first block, and {c} in the second block, or denote it

as, e.g., [¥4] meaning to delete rather than to extract.

a,b:er
Similar to the matrix A,, on the support of the scattering equations the matrix ¥, also
has a two-dimensional kernel, spanned by the vectors

. T
(a{”,a?,...,aﬁi.o,o,...,g) , (4-40)
n
and so an invariant quantity associated to this matrix is
(_1)a+b
U—Q - O—b

Pf'Y, = — P[0, 5., (4-41)

which we take as a new building block.

Some explanations is in order about why this quantity is natural. (i) Under a
generic SL(2,C) transformation each entry of the matrix transforms as (¥,),, —
(¥n)ap(y0a + ) (o, + 6). While this is obvious for most entries, the entries (Cy )4,

are a bit non-trivial

SL(2,C "oe,k
(Codan =229 (10 48) Y S0 (40 +0)
p=1 % — b
. (4.42)
2y €k < i
=(v0a+9) Zm—(’YUa+5)’)’Z€a'kb,

— a —
bz b

where the second term vanishes due to momentum conservation and that ¢, - k, = 0.

Then we conclude that Pf'¥,, transforms covariantly under SL(2,C)

$eSL(2,C)

n
PfY, PfY, [J(vou+6)%, (4-43)
a=1

which is the same as that of the Parke-Taylor factor. (ii) By the definition of Pfaffian
in terms of perfect matchings (4.5), Pf'Y,, is obviously multi-linear in each €,, which
is required by the external vector particles. (iii) Gauge invariance of amplitudes
in theories involving photons/gluons requires that whenever we substitute an €
by the corresponding momentum kj the expression has to vanish. We see that if

we use this building block in such amplitudes this is straightforwardly achieved by
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Pf'¥, itself, because after the substitution the rows/columns labeled by a in both

the first and the second block are exactly proportional to each other, which forces
Pf'Y, = 0.

4.4 PHOTON/GLUON AMPLITUDES

Now we go on to the integrands for amplitudes of photons/gluons, in which case we
need exactly one copy of Pf'¥,.. There are three choices here.

4.4.1  The pure Yang—Mills Theory

Firstly, we have
I™M[a] := C,[a] PEF,, . (4.44)
This is the integrand for partial amplitudes in the pure Yang-Mills theory (YM).

The validity of this integrand was first checked both analytically and numerically in
explicit cases in [6]. In the same paper the correct behavior in a general factorization
channel was also confirmed. Later on a proof by Britto-Cachazo-Feng-Witten (BCFW)

recursion relations [52] was given in [42].

4.4.2 Photon Amplitudes in an Einstein-Maxwell Theory

Secondly, we have
™ .— PfX, PfA, PfY,,. (4-45)

This is the integrand for photon amplitudes in the Einstein-Maxwell theory (EM),
which is obtained by compactifying gravity on a circle RP — RP~! x S1. More
generally we can study

'™ .— Pfx, Pf A, Pf'Y, (4-46)

instead, where the photons acquire several flavors, obtained by the compactification
RP — RP~™ x §™ for some integer m > 1.
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4.4.3 The Born—Infeld Theory

Finally, we also have
IBl.= (PfA,)?PfY,. (4-47)

This yields one more closed formula, for amplitudes in the photon sector of DBI, or gen-
erally referred to as Born-Infeld theory (BI). Its explicit Lagrangian is

8= 072 /— det(iu + £ Fu) — €2, (4.48)

where 77, denotes the Minkowski flat metric. The closedness is again confirmed by

the study of factorization.

4.5 GRAVITY AMPLITUDES

Finally let us consider gravity amplitudes. Since in perturbative gravity the gravitons
are identified to spin-2 particles, in the amplitudes we need to associate to each
graviton a polarization tensor €, which is traceless symmetric. It is convenient to start
with a tensor which is identical to a direct product of two polarization vectors e/ =

et €. For scattering among these states, the simplest guess is
I, :=PfY,({k,e,0}) PfY,({k & c}). (4-49)

Recall that each reduced Pfaffian is multilinear in the polarization vectors, and so we
can directly bring them out, i.e.,

P, ({k €, 0}) = (PEY, )0 ({k, 0}) €1,€20 - €np (4:50)
Then for scattering among generic states we can simply generalize (4.49) to
I;?R — (Pf/\Ifn)P‘lm“‘V" (Pf/an)ww.uvn €111 €2 1012 ** * En iy - (451)

This turns out to produce a closed formula for amplitudes in Einstein gravity (GR)
[6, 42]. Note that in the form (4.51) we are not forced to restrict to traceless symmetric
tensors, and so more generally we also allow other irreducible components of a rank-2
tensor, i.e., the B-fields and the dilatons. But to simplify notation, later on we will
only work with the form (4.49).

In Chapter 7 we are going to argue about the validity of this formula by relations

between amplitudes in pure Yang-Mills and those in gravity.
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4.A A BRIEF REVIEW OF THE GENERAL GALILEON THEORY

A general Galileon theory is a theory of a real scalar ¢ with higher derivative interac-
tions [51], equipped with a non-linearly realized Galileon symmetry

op=a+b-x, (4.52)

where 4 and b* are parameters in the transformation, and x* denotes the space-time
coordinates. Arising from various infrared modifications of gravity (see, e.g., [50, 53]),
this theory has been of primary interest in cosmology over the recent years. It can
also be viewed as Wess-Zumino terms in a particular spontaneously broken spacetime

symmetry [54].

In a form commonly used in the literature, the most general Lagrangian for the

Galileon is written as

Gal .__ (84))2 - gm 141 Um Hik2 - HmPm+1-PD
L= ) D =y om0 O 0P Eurv - vnpui1 P

m=0

(4-53)

where ¢ denotes the Levi-Civita tensor in D space-time dimensions. So for a fixed
D the summation terminates at m = D. For any multiplicity in the field ¢ we have
exactly one coupling to be freely tuned. Since this is a massless scalar with higher
derivative interaction, one can verify that the three-point amplitude always vanishes
no matter what value g; assumes. Hence changing ¢; does not really change the
physics, but nonetheless we can leave it to be generic.

In the special Galileon theory that the formula (4.36) describes, only g1 and g, are
free parameters, but g, = g (g1, $2) are determined to be certain functions for all
m > 2. In a single soft limit, while a generic Galileon amplitude vanishes at the
order T2, amplitudes in this special theory is vanishes at 73, which indicates that it
should possess certain extra global symmetry so as to allow for additional cancellation
between Feynman diagrams [48]. As was realized in [49], this is the unique Galileon
whose global symmetry is enhanced to the second order

6¢ = sy (x4 ") (x" 4 p0"¢) + sy adPpd’e, (4-54)

with « and § some constants and s, a constant traceless symmetry tensor. Especially,

if we set g1 = 0, then for a fixed a« we have the solution

m

even m,
o=y (4.55)
, odd m.
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THEORIES WITH SEVERAL BOSONS

In the previous chapter we built integrands for amplitudes that involve a single
type of particles (at most with non-trivial flavor or color structure). While most of
the integrands there give rise to closed formulas in certain theories, there are two
cases which are incomplete because the study of factorizations reveals new particles.
These cases are identified as a Yang-Mills—Scalar theory and an Einstein-Maxwell-
(Scalar) theory. Furthermore, we also found integrands for two theories which
form different sectors of the same more general theory, i.e., the Dirac-Born-Infeld
theory.

In generic amplitudes in all these theories we observe particles with different spins.
The task of this chapter is to find out closed formulas for each of them. As a by-
product, we also discover a closed formula for a theory which seems to be new.
Differing from the previous discussions, here we do not construct new building blocks
straightforwardly. Instead, we are going to introduce three operations that act on the
existing building block Pf'¥,: the standard compactification, the “squeezing”, and a
generalized compactification, which lead to new integrands that produce physically
sensible results [9].

Due to the presence of different types of particles, in any amplitude under study we
denote the set of graviton labels by “h”, the set of photons as “y”, the set of gluons as

“”__rm “_ 7

g”, and finally the set of scalars as “s”.

5.1 COMPACTIFICATION

The first operation we introduce has a natural physical interpretation: compactification.
In the context of scattering amplitudes, which are on-shell, this is fulfilled by restricting

momenta and polarization vectors.

To be precise, let us consider compactification from D-dimensional spacetime to
d-dimensional spacetime, and define m = D —d. We denote the momenta and

polarizations in D dimensions by KM and &M respectively, and those in d dimensions
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by k* and €¥. Since the momenta are fully restricted to d dimensions, for every
ae€{1,2,...,n} we have

KM = (k})0,0,...,0) =: (K}]0). (5.1)
m
For each polarization vector, however, we can make two choices. If it is also restricted

to the d-dimensional external spacetime, then

EM = (]| 0,0,...,9) =: (e}]0). (5.2)

If it is restricted to the internal space, we denote it as ¢! and

€= (0,0, 0 leq) =: (Oleq) . (5:3)
d
In this case, it is convenient to further choose the polarization vector to be in an
orthonormal basis of the m-dimensional internal space so as to assign a flavor index
I, to particle g, i.e., e£ = olad,

As a result, we always have K, - K, = k; - k;, while the other Lorentz products reduce
to
€, €y, both external,
k.,-€,, &, external,
K- & = Er-E = (8l both internal , (5-4)

0, &y internal ,
0, else.

For a photon or gluon amplitude, depending on whether we compactify an external
state or not, we choose the corresponding polarization vector to be either internal or
external.

For a graviton amplitude, we usually start from e’ = e¥ € with the two polarization
vectors distinguished. Then we can either choose to compactify one of them so as to
obtain a photon (with a flavor index), or to compactify both so as to obtain a scalar
(with two flavor indices).

5.1.1 A Yang-Mills—Scalar Theory

In the simplest case, we consider compactifying the pure Yang—Mills theory, which
yields a certain theory of massless scalars coupled to Yang-Mills. For a given scattering,
the gluons set and the scalar set are explicitly defined as

g:={ac {1,2,...,n}|EM = (65,6)}, s:={ac{1,2,... n}EM= (G,eﬁ)}. (5.5)
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Recall the integrand for Yang-Mills amplitudes [YM[a] = C,[a] Pf'Y,,. The only change
imposed by the compactification is in the matrix ¥, which becomes

where the horizontal and vertical solid lines are to distinguish the original four blocks
as shown in the definition of ¥, (4.38), and the dashed lines separate the scalar labels
from the gluon labels. Entries at the bottom-right corner are exactly identical to those
in the matrix X, defined in (4.7), i.e., (Xu)ap = 5;::’ (1 —0,5). Hence the building
block Pf'¥,, factorizes into

Pf'Y, = Pf[X,].s Pf [¥n]s, (5.7)

where as before [X,].s denotes the minor of &, obtained by extracting rows and
columns with scalar labels in the second block. Also, [¥,].s = [¥1]gsq denotes the
minor of ¥, obtained by deleting rows and columns with scalar labels in the second
block, i.e.,

As a consequence, compactification of the pure Yang-Mills theory yields the Yang-
Mill-Scalar theory (YMS), in which the most general amplitude is computed from the
integrand

M) = Cula] PH, )i PE [¥os (5.9)
As shown in (4.23) the Lagrangian of this theory is
1 1 2
LM = — tre(Dyu®! D' — S tre(Fuy 1Y) - gztrc ([cpf, ®/2), (5.10)

Note that we are free to choose the sets g and s as long as gNs = @ and gUs =
{1,2,...,n}. In particular either of them can be an empty set. When s = & this goes
back to the integrand for YM amplitudes but in d dimensions. In the other limit when
g = J, since

Pf[¥ulg1n,. ny. = P Ay, (5.11)
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we observe that this reduces to the scalar integrand we found in (4.22)
[MSscalar[y] — C, [a] PEX, PF A, . (5.12)

Furthermore, in a generic factorization channel we do not observe any amplitudes
with integrands of a different type. Hence the integrand (5.9) is the closed com-
pletion of (4.22). The full Lagrangian is easily worked out from the standard
compactification of the pure Yang-Mills theory, which is exactly that shown in

(4.23).

In the above discussion we assumed a generic m > 1. When m = 1 the inter-
nal space is one-dimensional and so all flavor indices are identified, in which case
the matrix &), reduces to X,, and in the Lagrangian the quartic scalar vertex van-

ishes.

5.1.2 The Dirac-Born—Infeld Theory

Next we have a look at the compactification of the Born-Infeld theory, which, when
viewed from the integrand, is a close analogue of the pure Yang-Mills theory. Recall

the integrands for these two theories
IM[a] = C,[a] PEY,, IB'= (PFA,)*PIY,. (5.13)

The only difference is in the part which does not depend on any polarization vectors.
And so the discussion is exactly the same as that in the previous subsection. Hence

the integrand for a general amplitude in DBI is given as
IDBL .= Pf[X,].s Pf[¥,].s (PFA,)?, (5.14)

and we denote the photon set y as the complement of s in {1,2,...,n}. Whens = &
this returns to the closed formula for the photon sector (4.47), i.e., the BI amplitudes
in d dimensions, and when y = & this reduces to the closed formula for the scalar

sector in (4.33)
I]];)Blzscalar _ Pan (Pf/An)3 ] (515)

Again by the standard compactification, it is well-known that the Lagrangian for DBI

is

PP = (72— det (uy + 28,09 + L Fuy) — (7. (5.16)
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5.1.3 An Einstein—-Maxwell—(Scalar) Theory

Finally, we study the compactification of gravity. As commented in Section 4.5,
we consider the perturbative gravity that also involves the B-field an the dilaton,
and so we represent the external state of an amplitude by e#' = €/ &". Recall
the integrand ISR = PfY,({£})PfY,({€}). Since we have two copies of Pf'Y,,
we can choose to compactify the polarization vectors in either of them indepen-
dently.

Firstly, let us leave all £’s to be external, while restricting a subset of the E’s to the
internal space, whose corresponding particles thus become photons. Similar to the case
in YMS and DBI discussed before, the resulting integrand is

;"= P[]y P [¥a):5({€}) PE¥u({e}), (5.17)

which, as expected, describes a theory of photons coupled to gravity, obtained by com-
pactifying gravity, or we call it Einstein-Maxwell (EM). The extreme case when h = &
reduces to the photon amplitudes we obtained in Section 4.4.2

[EMPhoton _ pey P A, PFY,,. (5.18)
Staring from the integrand for Einstein-Maxwell (5.17), we can to a further compacti-
fication on the polarization vectors in the the other copy of Pf'¥,. However, here we
cannot restrict arbitrary £’s to be internal, as it may lead to results that violate locality.
Instead, we can only do it for particles which are already photons. This final result is
thus

IEMS := Pf[X,).y,s P [y sim ({€}) PEX]:s P [Walnyshy ({€1) (5.19)

inwhichhNy=hns=yNs=@and hUyUs={1,2,...,n}. We call this theory
Einstein-Maxwell-Scalar (EMS). In particular, when h = y = &, this reduces to the
integrand for the scalar amplitudes considered in Section 4.2.4

IEMS:scalar — (Pan)Z (Pf/An)z ) (5.20)

5.2 THE SQUEEZING PROCEDURE

In the previous section we use the standard compactification to complete the analysis
in theories with several types of bosons that were found in the study of scalar
amplitudes in Chapter 4, i.e., YMS, DBI, and EMS.
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It is then natural to wonder that, since we have a closed formula for Einstein—-Maxwell,
do we have something similar for its natural non-Abelian version, i.e., Yang-Mills
coupled to gravity? The answer is yes. In this chapter we are going to illustrate the
procedure in detail in the case of Einstein—Yang-Mills (EYM). In short, one can take
two points of views. In one we conjecture a natural generalization of the integrand for
Einstein-Maxwell, while in the other we design a new operation on the matrix ¥, in
the integrand for gravity that leads to an equivalent expression. The same analysis can
then be applied to other integrands which contain a factor Pf"¥,,, which leads to closed
formulas for theories that we have not discussed previously.

5.2.1 An Einstein-Yang-Mills Theory: First Approach

In the first approach to the Einstein—Yang-Mills theory we start with the Einstein—
Maxwell theory where the photons are flavored in U(1)"™. To make the structure
explicit, let us consider an n-point amplitude in EM with 2t photons. We expand the
factor Pf [X,,], explicitly, and the integrand reads

B =y st gt () ey ) (e prnie))), s
{a,b}EPM.(y) Tay,by * " Oarby
where {a,b} := (a1,b1,a2,ba,-- - ,a;,by) denotes a permutation of the set of photon

labels v, and [¥]:y = [¥]hy:h-

Note that since EM is Abelian, in the above integrand the flavor structure only enter
in the form of 6. The key observation that leads to its corresponding non-Abelian
version is that this Kronecker delta can be identified with the usual normalization
condition of the generators in the non-Abelian group U(N), i.e.,

tr(Th Th) = glords (5.22)

When we regard these generators as those in the color group in a Yang-Mills theory,
the flavor indices are to be understood as the color indices therein. This means we
can think of the photons in such amplitudes as gluons, such that the original flavor
structure (for 2t photons)

Slay oy §laydy ... slay Iy, (5.23)
in (5.21) is the color structure in an EYM amplitude
tr(T™n Tl ) tr(Tl2 Th2) - - - tr (T T') (5-24)

where we have in total ¢ traces and each trace involves exactly two gluons. Then then

summand in (5.21) for a given perfect matching is actually identical to this special
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class of partial amplitudes in EYM. From the Feynman diagram point of view this is
easy to understand: as the form of the color structure (5.24) excludes contributions
from cubic or quartic gluon self-interactions, they interact only by exchanging virtual

gravitons as if they were photons. Of course, we should modify the notation slightly
by replacing y by g.

It is pleasing that a simple formula such as (5.21) already computes a special class of
EYM partial amplitudes, involving arbitrary number of gluon traces and arbitrary
number of gravitons. To extend this special case to the most general amplitudes in
EYM, the only thing we need to consider is how to increase the number of gluons in

each individual trace.

To achieve this, we first re-arrange a “partial” amplitude of this special class, i.e., a sin-
gle term in (5.21), to a slightly different form (ignoring the overall sign)

tr(T' Th) tr(The Th) (Tl Th)

P eV PIY,({e)), 2
Oay,by Oby,ay  Oagby by ey Tay,by Oby,a (o ({€}) w(te}) (525)
where we define a new quantity
P{a,h} = Sgn({ﬂ; b}) (Tal,bl Uﬁz,bz T Ua[,b[ Pf/ [‘Pn]h,al,bl,az,bz,'“ ,at,bt:h . (526)

In the above we explicitly write out {ay,bq,a2,by,...,a:, b;} instead of just g, in or-
der to emphasize that these labels also indicates the relative positions of the corre-
sponding rows and columns in the minor, which may lead to a relative sign of the
Pfaffian when specifying different ordering of the labels. This will be important later

on.

tr(T! T'y)

therein
Ta,b O ere

The re-writing of (5.25) is useful because each pre-factors of the form
is exactly a special case of a building block, the Parke-Taylor factor after ordering
summation, that we defined in Section 4.1

Cot= Y tr(ThOTh@ ... Thw)Cy(a), (5.27)

a€Sy/Zn

where now n = 2 and the two labels are {a,b}. As commented before, this structure
is natural for theories with a non-trivial flavor or color group. In the current context,
imagine that we start from certain amplitude in EYM where the color structure of
the gluons consists of several traces, and so in terms of Feynman diagrams the gluon
lines separate into corresponding disconnected parts. Obviously the propagators
linking these different parts have to be those of virtual gravitons. Then we can
explore factorization channels corresponding to these virtual gravitons recursively, so

as to extract smaller amplitudes each of which contains a single color trace. In any
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such small amplitude, we expect a building block similar to (5.27) to enter into the
corresponding integrand, hence we generalize its definition to

tr(T) Thiw) . .. Tlotas)

Op(az) p(as) *

C{m,ﬂz,...,ﬂs} = o (528)

peS./z, Tp(ar).p(az) p(as),p(a1)

for a subset of labels {a1,ay,...,as} C {1,2,...,n}. As aresult of the above discussion,
these C factors can account for the most general color structures of EYM amplitudes.
It is convenient to introduce the notation tr; for the set of labels for the gluons in the
ith trace, so that g=1trpUtrpU---Utr, and now |g| > 2t.

To generalize the formula to arbitrary EYM amplitudes, it is obvious that there should
be a factor of Pf'¥, providing gluon polarization vectors, and an additional copy of
the polarization vectors that make up the graviton polarization tensor. Another clue
is that given the trace structure try, try, .. ., tr;, we need the corresponding C factors,

i.e., the combination Ci, Cyr, - - - Cr,. The remaining problem is how to generalize

Plapy-
The most natural generalization is as follows: we choose two labels {a;,b;} C tr; for
each i, compute the RHS of (5.26), and then sum over all choices, i.e.,

Z /P{u,b} = Z Sgn({al b}) Jﬂ]bl e O-at—lbt—l Pf[‘Ij]h,ﬂl,bl,...,ﬂt,l,bg,lZh M (529)

{(a,b} ar <byetry
a;_1<bj_q€tri_q

Note that in (5.29) we did not take the # trace in to consideration, which seems to
be a flaw. But recall that in the extreme case (5.26) we were using a reduced Pfaffian,
and when writing it explicitly out we need to delete two labels and pay a factor of the
form % Hence the generalization (5.29) is completely consistent with (5.26). That
is why we put a prime in denoting this quantity ) {a,b}’P{a,b}. In fact, we can choose
to delete any one of the t traces so that the RHS of (5.29) has no explicit dependence
on it, and the result is independent of the choice we make. To see the reason for this
independence, however, it is better to switch to an alternative expression equivalent
to (5.29) that will be introduced in the next subsection, where this fact will be explicit.
What is nice with this quantity is that it is manifestly SL(2, C) covariant with respect to

every graviton label and neutral with respect to all gluon labels

PpeSL(2,C)
Y Py ———— Y Py Yo (voe +6)%. (5.30)
{a,b} {a,b} ceh
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To summarize, the proposal for the integrand for the most general m-trace amplitudes
in EYM, as obtained from our first approach, has the form

IEYM(trlltrZI sty h) = (Ctrl Ctrg e Ctrr Z /P{a,b}({é})> Pf,‘Yn<{€}) : (531)
{ab}

By (5.30) this integrand is well-defined.

5.2.2 An Einstein-Yang—Mills Theory: Second Approach

In the second approach to EYM, we start from a gravity amplitude, and turn a subset
of the gravitons into gluons by “hiding half of the polarization tensor” for each of
them. So the gravity theory considered here again involves the B-fields and the dilaton
and we decompose €' = e¥ €. Without lose of generality we choose to hide €’s to
obtain gluons. This is achieved by “squeezing” the matrix ¥, ({é}) into a new matrix

and restoring the SL(2,C) covariance of its Pfaffian.

In the simplest case, let us consider how to produce the integrand for amplitudes
with a single trace. As mentioned above, the operation leading to this acts on
the matrix ¥, ({é}). We assume that particles {1,2,...,n} stay as gravitons while
those labeled by {r +1,7r+2,...,n} are converted into gluons. Recall the range
of the indices {1,2,...,n:1,2,...,n} for the matrix ¥, that we introduced in Sec-
tion 4.3, which separates into two blocks. The squeezing procedure consists of several

steps:

1. Add allrows {r+1,r+2,...,n—1} from the firstblock of {1,2,...,n:1,2,...,n}
to the n' row in the first block. Do the same for the second block.

2. Repeat the same procedure on the columns.

3. Delete all rows and columns with labels in {r +1,7+2,...,n — 1} from both
blocks of {1,2,...,n:1,2,...,n},so as to obtain a 2 (r + 1) x 2 (r + 1) matrix.
So far we are only doing linear manipulations, and explicitly the resulting matrix
has the form as if all the original rows and columns in try = {r +1,r+2,...,n}
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are squeezed into the one labeled by 7, in both blocks (it is in this sense that we
call this operation “squeezing”)

beh | n beh | n
(An>ab : Z (An)a,d _(CZ)ab : - Z (Cr];)ad ach
I detn I detry
S e e
Z (An)ep ! 0 - Z (Cz)cb ! Z (C;f)cd
cetry l cetry ! cdetry cd , (5:32)
(Ci)ap Z (Cn)ad (Bw)ap Z (Bn)a,d ach
I \_detw | ________ \_detn | ____.
| |
Z (Cﬂ)cb = Z (Cn)cd Z (Bn)cb ! 0 n
cetry 1 c,detry,c£d cEtn !

where h = {1,2,...,r}. Note that the two original diagonal entries (A, ), and
(By)n,n remain zero after the manipulation, due to anti-symmetry. Obviously
this resulting matrix is still anti-symmetric, and so we can define a (reduced)
Pfaffian again. But there are two problems: (i) we have not yet hidden the
polarization vectors € for the gluons, and (ii) the Pfaffian of this matrix does not
transform covariantly under SL(2,C).

4. These two remaining problems are both fixed by a single step: replace &, — 0, k},
Vaetry ={r+1,r+2,...,n}. We denote the resulting new matrix as IT(h; try).

5. Replace Pf'?, in the integrand
Pf"¥, — Cor, PFTI(h; try) (5.33)

The definition of the reduced Pfaffian PfTI and the reason for the validity of
this replacement will be explained shortly.

The explicit form of the 2 (r + 1) x 2 (r + 1) matrix IT(h; try) is

beh ' 1 beh 1
k. k | ky ko,
(An)ab : Z i (Cn)ab ‘ Z 1 tatd ach
,,,,,,k,,,,l,éeirl,,g,”d ,,,,,,,,,, e Ted L
-k k.- &
L YOSy gk,
cEtry Ucb [ cetry Ocb I cdetry,c#£d (5 34)
! €,k ! g, ko,
(Cn)ab : Z @ (Bn)u,b : Z v dTd ach
1 ____ E,k,\,ﬂe,trl,,fd,,g,,,,k,?,\,dﬁ’gl,,,’l,‘i ,,,,,,,,,
G ol Y I Ly 0 1
cetry Ie,b 1 c,detry,c£d cEtry Ocb 1

Here we also introduced new notation for the rows and columns resulting from the

squeezing procedure: 1 and 1’, instead of the original label n. The label 1 refers to the
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trace of gluons try in the first block, and we use a prime for the two rows/columns in
the other block.

The above operation can be iterated to generate a IT matrix corresponding to multiple
traces. For example, for the case of two traces tr; = {r'+1,...,n}, trp = {r+1,...,7'},
we start from (5.34) (but with r replaced by ') and convert gravitons {r +1,...,7'}
into gluons in the same way, obtaining a 2 (r + 2) x 2 (r + 2) matrix, which we denote
as II(h; try, try).

In general for t traces, assuming r remaining gravitons, we obtain a 2 (r + t) x
2 (r + t) matrix, II(h;try, trp, ..., tr;), by iterating the same operations ¢ times. It is
straightforward to implement this procedure, but notation-wise it is non-trivial to
present the result explicitly. Nevertheless we present the most general I'T matrix below,
labeling its columns and rows by a,b € h, and i,j,7,j/ € {tr} = {1,...,t} for the

traces:
beh ijE{tr} beh ij'E{tr}
Ay o Ty | ~(Cap 1 Ty ) a€h
IT= I jr I1;, I i IT; ie{tr} . (5-35)
{<Cn>a,bﬁm<3nm LMy }aeh
L p : I Iy 4 : Ly i € {tr}

Note that here four blocks of the IT matrix are identical to those in ¥,,, and we use
a slight abuse of notation for the remaining twelve blocks: the blocks with different
types of subscripts, such as i,b and i,b, or i,j, i/,j and i, are distinct matrices,
and in addition we denote IT those blocks where one subscript is a graviton label
and the other a trace label. Explicitly, entries in eight of the remaining blocks are

Hi,h = Z kc 'kb, ﬁi,b = Z kc . éb, Hi/,b — Z M, ﬁi/,b — Z M’

cetr; Job cetr; Yok cew, Yeb cew, Yeb
kc~kd U'Ckc~kd O'Ckc‘kdO'd
M = Z O’ Hij= Z g Wy = Z —

cctr;, detrj cEtry, detr; 6 cGtri/,detrj/ Ocd

(5-36)

while the other four blocks can be obtained from (5.36) by anti-symmetry. To save
space, we suppressed the condition ¢ # d on the second line for diagonal entries i = j

and i’ =7'.
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Before writing down the final integrand for the amplitudes, note that I1 has a two-
dimensional kernel spanned by the vectors:

n=(@1,..,11,...,10,...,0,0,...,0)7,
N N N N —
r t r t
. (5.37)
Uy = (&,...,(7,,0,...,9,0,...,0,1,...,1) ,
r t r t

which is reminiscent of the kernel of the original matrix ¥,. Recall the labels are
arranged as {1,...,r,1,...,t : 1,...,r,1,...,t}. Given v1,0;, the reduced Pfaffian
of IT can be defined as the Pfaffian of a reduced matrix obtained by deleting two
rows and two columns in any of the following four equivalent ways, dressed by its
corresponding Jacobian:

—— (=D (= (=t )
PFTL = P[]y =~~~ PAIT)y; = — = P[] = - P[], 5., (5.38)

withi,j € {1,...,t}, and (importantly) a,b € {1,2,...,r} for the first » rows/columns.
Here [I1] with two hatted subscripts denotes IT with the two indicated rows and
columns deleted, and the Jacobian factor in front is easily understood by the structure
of v1 and v;. The reduced Pfaffian is independent of the labels being deleted, and in
particular the first definition means we can eliminate any one of the f traces. This

should sound familiar from the results in the previous subsection.

The final integrand for general multi-trace mixed amplitudes in EYM is then
ISYM(h; try, try, ..., tr;) := Cir, Cir, - - - Cir, PETI(h; trq, tro, .., try) PEY,, . (5.39)

One of the advantages of having a formulation in terms of PfTI is that it makes
the symmetries among the traces manifest, and is convenient for analyzing various
properties of the amplitudes, such as soft limits. We did not show that the integrand
(5.39) is well-defined. In fact, its SL(2,C) covariance is guaranteed by its equivalence
with the integrand (5.31), via the identity

PETI(h; try, try, ... try) = ) /P{a,b}. (5.40)
{a,b}

The proof for this identity is summarized in Section 5.A.

5.2.3 Explicit Examples

In this subsection we provide several explicit examples of general EYM amplitudes,
for the sake of a better understanding of its structure.
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Single-Trace Amplitudes

In the first example, we discuss an arbitrary amplitudes involving gluons and (possi-
bly) gravitons, where the color structure of the gluons form a single trace, which we

name as single-trace amplitudes.

The matrix IT entering the integrand for such amplitudes has been worked out
explicitly in (5.34). Note that in defining its reduced Pfaffian we are free to make any
of the choices as listed in (5.38). A particularly nice choice for these amplitudes is to
delete the only two rows and columns labeled by the unique trace. What is left is a
familiar minor of the matrix ¥, obtained by extracting graviton labels only. Hence
the integrand can be written out solely with analogues of familiar building blocks
in the pure gluon and pure gravity amplitudes. Explicitly, the integrand for the full

amplitudes is

L};YM:single—trace _ Cg Pf’ [‘{In]h:h Pf"}[n ] (541)

Multi-Trace Gluon Amplitudes

In the second example, we study amplitudes of scattering among gluons only, where
the color structure forms several traces (say ¢ traces), which we call multi-trace gluon
amplitudes. In this case the matrix I'T only contain trace labels and it only depends on
0’s and the Mandelstam variables. Explicitly, it reads

j € {tr} i e {tr}
ke -k k. -k '
¢ 7d Jeke K i € {tr)
(&5 try, tra, .. try) = CEtri,de’frjac’d cetr;, detr; Ie,d . (5.42)
ke -k -k
k y K ke Zw)i’e{tr}
cetr;, detr; Ted cEtr;, detr; Ocd

In the above, each block is labeled by 7,j € {1,...,t}, and in the diagonal entries we
have c # d. According to (5.38), we define the reduced Pfaffian by deleting rows and

columns for some i and j'.

In the simplest case the color structure forms a single trace Cy, = C,. Note that now
the matrix IT is a 2 x 2 matrix of rank-0, and so by definition its reduced Pfaffian
is trivially 1. In this situation the integrand is exactly that for pure Yang-Mills
amplitudes, as is expected (if there is any internal graviton, the color structure has to

break up into several traces).
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The simplest non-trivial case is when the color structure forms two traces and the
matrix ITbecomes a 4 x 4 matrix. In defining its reduced Pfaffian we can further delete,
say both rows and columns labeled by {2 : 2}. Then it reduces to a single Mandelstam
variable, which is completely independent of the ¢ variables

2
! . Oc kc ) kd 1 1
an(gfﬁ'l,tm) = C‘;r ﬁ = E dZt: ke 'kd = 5 Ceztr: ke . (5-43)
‘oid , C'cfédrl '

In this example we clearly see that the choice in defining Pf'TI preserves the symmetry
among the traces, since (Zcetr1 kc)2 = S, = Sur,. Hence the integrand for the full
amplitude is

: g 1
LI;ZYM.double trace gluon _ E Ctr1 Ctr2 Str, Pf/‘ifn ] (5 44)

5.2.4 Another Yang—Mills—Scalar Theory

When we obtained the formula for general EYM amplitudes from “squeezing” graviton

amplitudes, the only change in the integrand is the replacement
PfY¥Y, — Cir, Cir, » - Cr, Pf’H(h; try, tro, ..., try) . (5.45)

So in principle we are allowed to apply this operation to any formula where the
integrand involves at least one copy of Pf'¥,, (we have already considered the case
with two copies). Recalling the results in Section 4.4, such candidate can be amplitudes
in the pure Yang-Mills theory, or the Born-Infeld theory. While the integrand for
photon amplitudes in Eintein-Maxwell always contain a Pf'¥, as well, the result of
“squeezing” in general does not produce physically sensible results, so we do not

consider this case.

We first study the formula from “squeezing” that for pure Yang-Mills

.YMS
I;%en M = Cn Ctr1 Ctrz T Ctrt Pf,n(g/ try, trp, ... ,trt) : (546)
N ——, , s —
color flavor

Note that the above integrand is for the full amplitude instead of a partial amplitude.
Since the new particles arising from the “squeeze” are scalars, the factor Cy, Cyr, - - - Cr,
thus produced is associated to the flavor structure of the scalars, while the scalars are
also gauged by the original gluons and the corresponding color structure is captured
by the factor C,. The study of a general factorization channel shows no other internal
propagating states. In particular this means there are no gravitons (nor B-fields nor

dilatons), and so the color structure has to always form a single trace containing
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generators from every external state. Hence (5.46) again leads to a closed formula for
a theory of massless scalars gauged by Yang-Mills.

At first sight this seems to be no different from the YMS that we discussed in Sec-
tion 5.1.1, but there is a crucial difference. In (5.46) we can take the extreme case that

the flavor structure forms a single trace only, i.e.,
Cir, Cr, - - - Ci, Pf'H(g; try, tro, ..., try) — Cy, = Cp. (5-47)

We see that the integrand reduces to that for the ®> theory where the scalars are
flavored in U(N) x U(N) (although one copy of U(N) is now gauged). This indicates
that the new theory at least contains a cubic scalar vertex with exactly the same form
as that in the Lagrangian (4.16). It turns out this is all what we need apart from
the terms already existing in the YMS Lagrangian (4.23). Hence we call this new
theory the generalized Yang-Mill-Scalar (gen. YMS). Explicitly, the its Lagrangian
is

1 1 ?

rgenYMS . - trC(qu)I DPCIDI) _ = trc(Fyv PHV) _ & tre ([CDI, @]]2)
2 4 4 (5.48)
> oA .

= g flx fipg @ @l R K,

5.2.5 An Extended Dirac—Born—Infeld Theory

Next we study what “squeezing” the formula for the Born-Infeld theory has to
produce. The resulting integrand is easily obtained as

I,‘;Xt'DBI = Cir, Cir, -+ Cir, Pf'H(h; try, try, ..., try) (Pf’An)z. (5.49)

As will be discussed in detail in Chapter 6, the study of a general factorization
channel confirms the consistency of this formula regarding locality and unitarity, and
we do not observe new particles, and so this integrand leads to a closed formula
for yet one more theory of photons and scalars, where the scalars are flavored in
U(N).

First of all, as before we can take two different extreme cases of this integrand. The
first one is the scalar amplitudes in which the flavor factor forms a single trace, by
which the integrand (5.49) reduces to that for NLSM (4.26)

INBSM — ¢ (PFA,)?. (5.50)

In the second case, we study the amplitudes with even number of scalars, where each
flavor trace contains generators from exactly two scalars. Recall the normalization
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condition tr(T! T!) = §h, the integrand reduces to a single term in the integrand
for DBI (5.14)

IPB = Pf[X, s P [¥,)s (P Ay ) (5.51)

after expanding Pf[X,|s. Hence we know that both NLSM and DBI are certain sectors
of this new theory.

Apart from these, we expect to observe more interaction vertices in this theory. For
example, the integrand (5.49) obviously produces a non-trivial amplitude for the
scattering of a single photon with three scalars, which has to vanish if all vertices
involving photons come from the Lagrangian for DBI. We name this theory as extended
DBI, considering the fact that this is an extension of the ordinary DBI theory with the

flavor structure of the scalars non-Abelian.

Given that any amplitude in this theory can be computed from (5.49), one can derive
all the interaction vertices in the Lagrangian starting from lower orders. In fact, an
educated ansatz can be made due to the observation of the two sectors pointed out
before. When the vertices are worked out to all orders of multiplicity, interestingly
they turn out to sum up into a square root again, as is in the DBI Lagrangian. The

conjectured Lagrangian for this theory is

/2

where U = U(®) is defined in (4.28) and expanding U in terms of ® gives rise to the

usual scalar kinetic term. The extra term W, is

W, — i mil Z(m — k) A2m+1 tr(a CDCI)Zka chDZ(mfk)fl) ( )
v [ v] : 553
me k=0 2m+1

We call this the extended Dirac-Born—-Infeld theory (ext. DBI).

5.3 A UNIFIED POINT OF VIEW

In this section we introduce one more operation. While this does not leads to any
formula for a new theory other than the ones we have discussed so far, it provides
a convenient view point of how the integrands in different theories are connected
together, as a result of which we can regard amplitudes in any of these theories as
obtained by several steps of compactification or analogues of compactification from

the gravity amplitudes.
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5.3.1 A Generalized Compactification

To introduce the new operation, let us recall the standard compactification discussed
in Section 5.1

Pf'¥, — Pf[X,]s Pf (W), (5.54)

where S denotes certain subset of {1,2,...,n}. When all the polarization in the Pf'¥,
are compactified (i.e., S = {1,2,...,n}) we simply get

Pf'Y, —s PfX, PfA,. (5.55)

The important fact leading to this result is that for the compactified polarization
vectors &, - & = ol

Now, instead of the usual compactification, we can imagine a compactification from
2d dimensions to d dimensions, and for the polarization vectors that are compactified
we restrict them to be

EM — (o,_o,...,o,kg,k;,...,kg—l). (5.56)
d
We call this “generalized compactification”. Whenever we apply this compactification
we always do it for all labels, which means K, - €, = 0 and €, - €, = k; - k;, for any
a,b.

In this case the matrix ¥, again becomes block-diagonal (since C;,, = 0)

(A |- [ Auke)| 0
‘Ifn—( C \Bn )—( 0 An(k,a)>' (5.57)

If we naively compute Pf'Y we get zero, since ¥ has two additional null vectors due
to the bottom-right A, block

/ n
Ploa¥n _ pey,
Pf A,

S n
(—1) 0 2L pRA, ] = (PFAL) Y S0 =0.  (5.58)
a b=

b=1# Oab 1,b#a

The correct way to implement this procedure is to extract the coefficient of the zero
Y b—1pzaSap = —Saa = 0, which naturally yields a non-trivial result. In other words,

we define the reduced Pfaffian by deleting four rows and four columns, two for each
An/

Pf;ewlyn = (Pf,An)2 . (559)

Hence this connects, e.g., gravity ampliutdes to BI amplitudes.
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5.3.2  Summary of the Theories

In this chapter we have introduced three operations on the integrand, whose effects

are all certain replacement of Pf'¥,, summarized as follows

compactify
compactification : Pf'¥,, ————— Pf[X,,|s Pf [¥,] ¢, (5.60)
squeeze _
squeezing : Pf¥, ---------- > Ciry Ciry -+ Ciry PfTI(fr; try, tro, ..., tr;), (5.61)
lized “compactify” 5
c§n§;:§é?i;§fion : Pf,‘Y” .................. ’ (Pf/An) ’ (562)

where S, tr; ..., tr; are some subsets of {1,2,...,n} with tr; N trj = @ Vi, j, which we
can freely choose, and fr denotes the complement of (tr; Utr, U--- U try). There are

several choices that are comparatively special. The first one is

|’tr,' | =2 Vi (51[11,171 51a2/l72

Ig
. e ) tht Pf/[‘ljn]é‘

Ual 'hl Uaz,bz Uat,bt

N , (5.63)
Pf[X,]s PF [¥,).q

Ctr1 Ctrz e Ctrt Pf,H(t_I', trl, tl'z, ceoy trt)

where S = {ay,b1,a2,by,...,a;, b }. In fact we can reverse the above arrow, which then
becomes the approach that we discussed in Section 5.2.1 then produces the alternative
expression ¢,y Py, e for PFIL. For example, this switches photons to gluons, so
as to bring the integrand for Einstein-Maxwell to that for Einstein—Yang-Mills. The
second one is

tr;={1,2,...,.n} Cn, (564)

in other words all labels enter the same trace. While this is just a special case of the

Cir, Ciry -+ - Cur, PETI(fr; try, tra, . ., try)

generic integrand on the LHS, it actually produces an integrand which is closed by
itself, and thus singles out a certain sector of the original theory. For example, this
produces the integrand for pure Yang-Mills from that for the Einstein—-Yang-Mills, and
we know very well that in a single-trace gluon amplitude there cannot be any graviton

propagators from the point of view of Feynman diagrams.

As a consequence, we are able to start from the integrand for pure gravity Pf'¥, Pf'Y,,,
and interpret the closed integrands for all the theories we have found so far as
obtained by applying a sequence of the operations discussed above. These are
summarized in Table 3. Note that the integrand for gravity consists of two copies of
Pf'?, and the operation of the generlized compactfication commutes with the other
operations, hence the integrands containing (Pf'A,)? can be obtained by different
procedures. However, in general we cannot freely compactify or squeeze both Pf'¥, in

the integrand for pure gravity, as this may produce double poles. The only consistent
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Table 3: Connections among integrands. Compactify: —_,. Squeeze: ____,. “Compact-
ify”: ... ». Non-Abelian: ~~~;. Restrict to single trace: ___.

way is to compactify or squeeze in the second step those particles which are already
photons/gluons from the first step. Due to this restriction, we did not list out EMS in
Table 3.

As mentioned at the beginning of Chapter 4, most of the formulas that we identify with
amplitudes in certain theories are conjectured. The ones that have been completely
proven are the integrand for gravity, Yang-Mills, and ®°. Given these, we do not have
worry about the formulas for EM(S) and YMS, since they are obtained just by the
standard compactifications of amplitudes in gravity and YM. As will be discussed in
detail in Chapter 6, we are able to study a generic soft limit or a generic factorization
limit to confirm the consistency regarding locality and unitarity. However, in the
absence of a complete proof explicit checks up to a sufficiently high order in the
multiplicity n and to a sufficiently generic situation (spacetime dimensions, and
specific configuration of external states when several types of particles are involved)
are still necessary for the remaining formulas. We summarize the explicit checks that

have been performed for each of them in Table 4.
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Table 4: Existing Checks for the Formulas without a Proof
Theory = Ref. Checks

EYM [8,9] (numerically in four dimensions, against results in [55]

and those from BCFW recursion)
up to eight points, single-trace one-gluon amplitudes;
all double- and triple-trace gluon amplitudes up to six points;
double-trace four-gluon one-/two-graviton amplitudes;
double-trace five-gluon one-graviton amplitude.

gen.YMS  [o] (include the amplitudesin YMS)
analytically up to eight points, all possible amplitudes.

ext.DBl  [9] (include the amplitudes in DBl and in NLSM)
analytically up to six points, all DBI amplitudes;
numerically up to ten points, all possible amplitudes.

~ sGal  [o] (inarbitrary dimensions)
analytically up to six points;
numerically at eight points.

A EXPANSION OF pfTI
5 p

In this appendix we provide a proof for equation (5.40) that Pf' 1 can be expanded as
a linear combination of Pfaffians of minors of matrix ¥. Recall the convention there
that we consider ¢ traces of gluons and r gravitons’. In using the definition (5.38) for
the reduced Pfaffian we choose to delete the two rows and columns corresponding to
the " trace, so that the Jacobian is trivially 1, and the reduced matrix [I1]; ; is of size
2(t+r—1) x2(t+r—1).

We express Pf'T1 in terms of summing over perfect matchings

PETI= ) sgn(a(l),...,a2(t+7—1))) Uya)a@) - atr)-3)a2(t4r)-2) - (5:65)
aep.f.

m+r—1
Here a denotes a permutation of the label set hU {1,1/,...,(t —1),(t —1)'}, and

restricted to inequivalent perfect matchings. For an entry I1, g, the non-trivial situation

Here “gluon” and “graviton” are merely ways to name the entries, and they can equally be called “scalar”
and “gluon”; (5.40) is a purely mathematical identity.
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iswhena € {1,...,(t—=1)}ora € {1/,...,(t — 1)’} (the trace labels), in which it can

be further expanded into
ko - #ﬁ (o] (ku : #ﬁ)
Il 5 = —c or Il g= — =, (5.66)
P a“EZtr,x Uamﬁ P a,x;lr“ anrﬁ
respectively, where #, denotes some Lorentz vector depending on the label B. Similarly

when B belongs to the trace labels we have instead
#a - ki, or - (#a - ko) 3

bpetry Tabp betrg Uabg

I p = (5.67)
After fully expanding the I1 entries labeled by traces in (5.65), it is obvious that each
term in the full expansion of Pf'T1 is again a product of (¢ + r — 1) factors of the form
in (5.66) and (5.67) (since when a, § € h 11, g is also of this form), which are the same
as those appearing in the entries of matrix ¥, except for possible extra ¢ factors in the

numerator.

Note that for every trace i, the summation over labels in tr; always appears twice in
the full expansion, due to the block structure of Il. Let us distinguish the particle
labels for these two summations as 4; and b; (though they both sum over tr;), we see
that in each term of the full expansion of (5.65), either o, or 03, will appear, but they
can neither both appear nor both be absent. So in each term, apart from the kinematic

factors, the form of the ¢ factors is exactly
O.CI 0-52 T O.Cmfl’ (568)

where c¢; denotes either a; or b;. Now there are two cases which we discuss sepa-

rately.

Case 1: If in a given term a;,b; appear in the same factor in the denominator, i.e.,

dj. g Oa; ka, - ky,
term” =sen(...,1,1,...) ~++ ———— - .6
op = sgn( ) p—— (5.69)
then in the full expansion we cannot find another term which is identical to
sgn(...,i,i,...) - ——1—..., (5.70)
aﬂi/bi

since the summation in (5.65) is over perfect matchings rather than the full permuta-

tions. Hence fixing the other indices and summing over a;, b; results in

ad] _ T kgl. . kbl
Z Z termai,bi - Z Ua;,b; sgn(.. L ) T S Tty
a;etr; bietr; a;<b;Etr; a;,b;
ks - k
i a; " Ry,
= Sgl’l(l ’Z) Z Sgn(all bl) Uﬂ[,bl‘ Sgl’l(, .. /ai/ bl/ . .) s f LR
a;<b;etr; a;,b;
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(5.71)

Case 2: If in a given term a;,b; appear in different factors in the denominator, i.e.,

non-adj.(1) ( . . ) o Oy, ka, - #e o kb,- - H#y N

term_ =sen(...,i,...,4,... ., (5.72)
u”bl g Uai,c Ub,‘,d
the full expansion also contains the contribution from
-adj.(2) , ) ko -#:. o kp, - #y
term o, M —son(... 0,0, .0) (5.73)
ai,bi & ( ) Oa;c Op,;,d

The summation over a;, b; with the other indices fixed thus produces

-adj , . ky, - # ky, - #
Y Eterle?;ad]'(q)ZZ(Tai,bisgn(...,1’,...,1,...)--- ai ‘e DbitTd

a;€tr; g=1,2 a;bictr; Ua;c Tb;,d
bietr;

= sgn(i’,1) Esgn(ai, bi) 0ap sg0 (..., iy, by, ) (5.74)

a;,bietr;
.. kai ) #C .. kbi ) #d DY
Oa;c U'bi,d

By comparing (5.71) and (5.74), we see that they have the same form

sgn(i’,i) Y sgn(ai,bi) g - (5.75)

a;<b;etr;

This applies to every trace label i, and the remaining factors depending on labels
a;, b are exactly the same as the entries of matrix A,, and can be observed to re-sum
back into Pf[¥]y 4, p,...a,_1,b,_,n Since during the above manipulations preserve the
structure of the original Pfaffian expansion in (5.65), only switching the meaning
of the labels and corresponding entries. Without loss of generality, we can choose
to set sgn(i’,i) = 1 (Vi). Therefore, the full expansion can be re-arranged into

PETI(h try e, .o tr) = Y Prayy, (5.76)
{ab}

with Y, 11 P,y defined as in (5.29).
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LOCALITY AND UNITARITY

As promised in Chapter 4 and Chapter 5, in this chapter we explore two types of limits
of amplitudes using the CHY representation: the soft limits and the factorization limits,
for the purpose of a systematic consistency check regarding locality and unitarity for
all the formulas we have discussed in the previous two chapters.

For later convenience, we abbreviate the scattering equations as

.y Kk gy, 6.1
fa . b;lo_u_o_b 7 7 ()
b#a

where the superscript in fa(”) means that the kinematic variables {k} therein are
associated to an n-particle scattering. Also, in order to focus on the structure of the

formulas in these limits, let us not worry about the overall signs.

6.1 SOFT THEOREMS I

We begin by studying the single soft limit. We follow the convention in Section 2.4.1
and assume k}, to be soft: let kl, = T p" and take T — 0 while keeping p* fixed.

In this limit, a graviton amplitudes satisfies a soft theorem upto the sub-sub-leading
order [56, 57]

MR = (53" + 8, +SPME ] +0(7), (62)
where the soft operators are

nl €n,uv kg kZ

0) ._ Enuvta kg
.n—l €n VkV (kn ]PV)
51(11) =l Z - ka .k,P =, (6.4)
a=1 n-na
n—1 PH oV
2. 1 Enpv (knp Ja") (kno J7V)
Shoi= 2 a; k, -k, ' (6.5)
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Here J1" : ] orbital T J a,splin denotes the total angular momentum operator for the ath
particle, with

9 ., 2
]a orbital * (kg aka ” - ka ok, B (6.6)
]a spm[ ] = 10ap (5vp514 oMoy )€y, (6.7)

acting on the orbital part and on the spin part respectively. Among these, the leading-

order St(lo)

is just a multiplicative operator, corresponding to the Weinberg’s soft
theorem [12], which is actually universal in the sense that it is valid for the general
situation that the soft graviton couples to any particles. This universality was first
(0)

observed by the arguments from Feynman diagrams, and actually each term in S, for
a specific a is largely the three-point vertex of the graviton n coupled to the external
leg for the hard particle a in the limit k}, — 0. Hence deriving this multiplicative soft
operator bridges the CHY representation and Feynman diagrams, which at first sight

appear very different from each other.

There exists a similar soft theorem for gluon amplitudes, but up to the sub-leading

order
MM = (8¢ + s MM + O(x), 6.8)
where
-k,
SS:O) = Z tr(TIa(l) e T n—2) [TI n-1) TL:]) & (69)
0(65,1,1 k k ( )
€ (ky( ]V 1)

Sg) = Y (T .- Tlew [Thon, Th)

wES, 1

, (6.10)
fen kzx(n— 0

(0)

where Sg” is again a multiplicative operator, and it also holds when the soft gluon

couples to scalars.

Aimed at drawing connections between the CHY representation and the Feynman
diagrams, in studying the single soft limit we only focus on the leading order. We first
estimate the leading order scaling in T of various amplitudes. After that we derive the
leading order soft theorems for gravitons and gluons, emphasizing their universality
as viewed from the CHY representation. Extension of this analysis to the subleading
orders can be found in [58-60].
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6.1.1  Scaling at the Leading Order

In a generic CHY formula, let us not exclude the variable ¢, nor delete the delta
constraint J( f,g") ). Then in the measure

dyn = Hldaa H/é(fzg\n)) ’ (6.11)

every fa(”) approximates to fa("‘” except for f,g”), which is

-1
) _ v Pk
=T . 6.12
=L (6.12)
Hence the measure behaves as
1 = op-ky 0
dpn = dpp— = doy 5(; m) +0(T). (6.13)

From Section 2.4.1 we know that in the single soft limit all the solutions to the
scattering equations remain non-degenerate as T — 0, i.e., (0, — 03,) ~ 7° for any a, b.
So the leading order in T of each building block only depends on whether it explicitly
involves the soft momentum k};, and we quickly observe

Cula] ~7°, PfX, ~7°, PfA,~Tl. (6.14)

The situation for Pf'¥, and Pf/H(h; try, trp, ..., try) is relatively involved. In both
quantities if there are rows and columns labeled by 7, at first sight there will be exactly
one row and one column proportional to 7. But there is a unique entry that remains
finite, i.e., the entries (Cy);, ,. Thus we know

PfY, ~1°, PFII~ 1. (6.15)

There is a subtlety for Pf'TI when n € tr; for some trace i. In most situations k}, enters
in a summation and thus sub-leading, which leads to the same conclusion (6.15).
However, the only exception to this is when tr; contains exactly two labels, say {a,n}

for some a. To understand the structure in this case, let us write out the matrix I1

explicitly
beh j beh i
kc'kb I kc'kd kc‘eb I Z kc‘kdUd
\ \ EE—
( ce{an} “cb 1 ce{a,n},detr]ac/d ce{an} e 1 ce{an}detry Ve .
Z UCI;c‘kh : Z Uc];—c'kd Z Uc];c'eb : Z Uck;'kdgd ) il
ce{an} cb I ce{an} detr cd ce{an} cb ' ce{an}detry cd

(6.16)
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To avoid unnecessary information, in the above we content to write out the two
rows labeled by the it trace only, and one column for each of the four types. Since
tr; = {a,n}, from (6.16) it is easy to observe that if we take the first row therein,
multiply by ¢;, and then subtract the second row, then in each entry in the resulting
row the terms for ¢ = a cancel away, so that this linear combination is proportional to
7. Hence in this case we conclude

PFTI ~ 11, (6.17)

One can observe that this case is a generalization for the product PfX, Pf A, ~ 1,
which is an extreme case of PfTI (when every trace contain exactly two labels).
This happens in the amplitudes in EM and DBI, and in YMS and extended DBI
when the flavor/color structure contains a factor of the form tr(T% T™). All these
cases share the common feature that, from the Feynman diagram point of view
the structure responsible for this is a three-point vertex involving different types of
particles, e.g., two scalars coupled to one photon/gluon, or two photons coupled to a

graviton.

With the above estimation, we can easily read out the scaling in 7 at the leading
order for amplitudes in each theory, which are summarize in Table 5. In the third

Table 5: Leading Order Scaling of the Amplitudes

Theory Integrand Leading Scaling
gravity Pf'Y, PfY, 71
YM C, PEY, (.
o3 Cn Cn (.
TEM R P PR, ViR
EYM Cir, + Cor, PFTI(N;try ..., tr)) PEY, g7 1/7% h:t!
YMS Cu PE[X,]s P [¥i) s s:70, g1
gen. YMS CnChry -+ Ciy, Pf/H(g; try ..., try) s:t /10 gt}
B PfY, (PfA)?2 T
DBI Pf[X,]s Pf[¥ )5 (PFA,)? s:72,y:T!
ext. DBl Cy, - - Cir, PFTI(y;try ... tr) (PFAL)?  s:Tl/7%,v: T
NLSM Cn (PFA,)? !
sGal (PfA,)* 73

column of this table, for theories involving two types of particles the leading scaling
depends on the type of the soft particle. Especially in EYM, gen. YMS and ext. DBI
when the soft particle is the one with lower spin, the leading scaling has to fur-
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ther depend on the detailed flavor/color structure, due to the subtlety previously

discussed.

In that same table, we also separate the theories into three groups, according to the
power of 7. The theories that we are interested in regarding single soft theorems are
those in the first group (top) and those in the second group (middle) when a particle
of higher spin becomes soft. In all these cases the leading terms in the single soft limit
diverges as T~!, which is a hint for the presence of a three-point vertex. Those in the
third group (bottom) vanish in the soft limit, which indicates that the theory should

possess non-trivial symmetries that force cancellations among Feynman diagrams
[48].

6.1.2 Single Soft Theorems at the Leading Order

Now we derive the leading order soft theorems for the emission of a single soft
graviton or gluon, which couples to any amplitude for which a CHY formula is
known from previous chapters. The key observation is that the ¢ integrals can
be equally viewed as a contour integral whose contour wraps the solutions to the
scattering equations. Specifically, here we re-interpret [ doy, as a contour integral, and

so by the leading-order approximation (6.13) we obtain

doy, .
M, = /d}ln 1% T Z" R I, + (sub-leading) . (6.18)

= Un Op
The general strategy is to apply a contour deformation. But before doing this, we
need to work out the approximation of I;,.

Soft Graviton

For single soft graviton emissions, we study amplitudes in gravity, EM(S) and EYM,
which include the situations when the graviton couples to itself or photons/gluons or
scalars. Since the graviton label never enters C,, we only need to approximate Pf'¥,
and Pf’l—I(h; try, ..., try) to the leading order. As discussed before, the leading terms in
Pf'¥, are those containing (C,)y,», and the explicit expansion is

n—1

Pf¥, = PF¥, Z €n Ko

Un_gb

+O(1). (6.19)
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The same applies to reduced pfaffians of minors of ¥, as long as rows and columns
labeled by 1 are involved. Since n € h, it is not affected when a “squeezing” procedure

is applied, and so a general PfTI admits a similar expansion

PfTI(h; try, try, ..., tr;) = PETI(h\{n}; try, trp, ..., try) Z (7). (6.20)

Hence in the soft limit any amplitudes in these theories behaves as

2
-1 n—1 €,-kp
dO'n T (Zb 1 0y— 017) 0
BT yu Sk +0O(77). (6.21)

= Un—Ub

M, = /d,unfl I

Obviously there is no pole at 0;, = o0, and so we are free to deform the ¢;, contour,
which picks up a simple pole at 0, = 0}, for every b € {1,2,...,n — 1}. The residue
at each pole has the form of a factor times the corresponding lower-point amplitude,

and in total we obtain

_ [ (€n - kp) 0
( bgi s )Mn_1+(9(r). (6.22)

Soft Gluon

For the single soft gluon emission, we consider amplitudes in YM, EYM, YMS and
gen. YMS. Note that for ampliutdes in EYM we consider the case when the trace
containing T at least has size three (here let us assume that n € tr; and that tr
contains t; labels). Since Pf'¥,, is fully permutation invariant, its behavior is the same

as (6.19). In addition, one can work out

PfTI(h;try, ..., tr) = PETI(h;tr\{n},tro, ..., tr}), (6.23)

/ . b . = €n - kp
PfII(g; try, ... tr;) = PEII(g\{n};try, ..., try) Z _, (6.24)

p=1 Tn — Ob

fo o
Co=Y to(Tht...Thon Th)C, _aln=D)a) (6.25)
x€S,/Z, Oa(n—1)n Tna(1)
Ot —

Cr, = Z tr(TIa(l). . Tfn) Ctrl\{n}M (6.26)

aeStl /Ztl (tl 1) 0.11,06(1)

With these, the formula for YM, YMS and gen. YMS approximates to

da_ 71 Zi’l 1 €, kb o
My = [ dj i), tr(Tho Ty Thy g,y fa] § 270 =t G Salla)
18 2mi v — o Tan=1)n Tna(n)

(6.27)
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Again, there is no pole at ¢;, = oo, but this time for each term in the summation the
contour deformation only picks up two simple poles, at 0, = 0(,_1) and 0, = 0q)
respectively. The final result is

€n Kan-1) €n- ko«(l)) M, _1[a]
p- ka(nfl) p- kvc(l) (6.28)

MVl = Z tr(TI’X“) .. .TIth(nfl) TIn) T*l (

0665,171
i i i iy 1 €1 Kan—1)
— Z tr(T'«. . . Ta(n-2) [T a(n-1) T n]) T 7Mn_1[1x] .
e P Ku(n-1)

For the remaining theory EYM it is not hard to see that we obtain exactly the same re-
sult, but the summation is instead over the permutations of labels in try.

6.2 FACTORIZATION

In the absence of a general proof for our formulas, one can nonetheless show that they
behave correctly in a generic factorization channel. This analysis requires that one first
do a careful re-parametrization to the o moduli so as to see that the formula indeed
possesses a simple pole when approaching any desired physical channel, and remains
(at most) finite for any physical channels that are forbidden by the theory. In those de-
sired channels, one further needs to verify that the given amplitude factorizes into two
sub-amplitudes at leading order; most importantly, the internal particle thus produced
has to be consistent with Feynman diagrams. When working with the CHY represen-
tation, we say that a given formula is closed if in any physical factorization channel it
splits into two formulas at the leading order, both of which share the same type of
integrand as the original one. We use this to verify that the formulas we obtained in
Chapter 4 and Chapter 5 are self-consistent and closed.

6.2.1 Setting Up the General Analysis

We follow the analysis in Section 2.4.2 to specify a generic factorization channel as
k% = (k1 + k2 + -+ +kn,)*> — 0, for which we re-define

a€elL,

<
0y = Z“ (6.29)
7, AER,
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and fixing {u1, u2,v,_1,v,} to get rid of the SL(2,C) redundancy while leaving { as a

variable. From those discussions we also know that the original scattering equations
produce a constraint for ¢
1 kq -k

—Sk+Z Y 20t =0, (6.30)

aeR Ua Up
bel

by which there exist a set of degenerate solutions such that {* ~ k%R. For these solu-
tions, we concluded that the new {u} and {v} variables satisfy scattering equations
for the left amplitude and the right one respectively (at the leading order in {?), where
the variables for the internal particle uj, and v, are fixed to 0.

When working with a specific CHY formula we need to do this more carefully, i.e., in
the measure dy,, we choose to exclude the delta constraint labeled by {1,2,n — 1} and
properly apply linear transformations to turn one of the remaining delta constraint
(say the n'™ one) to the one imposing the equation (6.30), and in addition one needs to
carefully work out the Jacobian for the gauge fixing with the new variables. These are
explained in detail in [61], which lead to the following expansion of a CHY formula
(with a generic integrand) to the leading order

_ 2 »2(np—ng—3 (u1,0u112)* (041010 —1,0)*
Mn_/dg == TTdu, T[] doa T
acL\{1,2} aeR\{n—1n}
/L ki k n=2 ki -k
xo(@F—k) [Lo( ¥ =) TT o( ¥ =™
a=3 beLU{I,}" %  a=n;+1 beRU{Ig} @b
b#a b#a

L5, 7)) 639

+ (subleading),
where we denote the coefficient of {2 in (6.30) as F since it is not important for the

analysis. From (6.31), if the amplitude indeed factorizes we should expect (up to a
sign)

L5, 71 — 20 [ Ly () b (o)) (632)

to the leading non-vanishing order in ¢, where the “+1” in the subscripts refers to the
internal particle. If this is true, then the integration
dg?
?

merely produces a 1/k3. We do not have to worry about the non-degenerate solutions

§(*F — k) (6.33)

to the original scattering equations, because their contribution can never diverge and
so are always subleading. Furthermore, if I;, ;1 and I,,, 11 on the RHS of (6.32) belongs
to the same kind of integrand as I,, on the LHS, then the unitarity of the amplitude
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described by this formula is confirmed, otherwise this indicates that the formula is

not closed and we need to seek for its extension.

6.2.2  Behavior of the Buildng Blocks for Scalars

According (6.32) in the previous subsection, our task reduces to the study of the
various building blocks in the factorization limit. We first study C,[a], Pf'A, and
PfX,,.

For the Parke-Taylor factor, we first assume that it comes with the canonical ordering.

Its expansion is easily worked out to be (up to a sign)
Cul12+ - n] =¢~" "2 ([ Tu)?
1 1
X (6.34)
Upty2 - Unp—1ng Yng Onp+1 Onp+1n 42 Un—1,nUn

+ 0(§—nL+nR+3) )

Note that the two factors in the second line are exactly the Parke-Taylor factors for

the two factorized parts. For a generic ordering «, if it can be split into two parts, such
that one part contains all the labels {1,2,...,n1} while the other its complement, then
Cn[a] factorizes as (6.34) with exactly the same prefactor (—1)":¢~"t+"k+2(TTu)? and
differs only in the ordering of u’s and v’s. However, if this is not the case, then one
can verify that the power of { will always be greater than —n; + ng + 2, which is a
hint that the entire formula stays finite in the factorization limit. Hence in terms of

the fully color-dressed Parke-Taylor factor C,, we have

Co =32 (TTu)* Cruqy ({u}) Croqry ({0}) + O( 013 (6.35)

More generally, if the flavor/color factor contains several traces and thus several
smaller Parke-Taylor factors of the form (5.28) are present, say Cy,Cir, - - - Cyr, (note
that we only require (tr; Utro U---Utry) C {1,2,...,n}), there are several situa-

tions

1. For some 1 < r <t, we have (try UtryU---Utr,) C L and (tr,4 Utr,i o U--- U
tr;) C R. In this case it trivially splits and we do not see any internal labels

arises

Cory - Cony = Il =l lmeal bl (T )2

actriU---Utr,

x Cory ({u}) - Cor, ({4}) Cuay .y ({0}) -+ - Coy ({0}) (6.36)

+ O (gt Tl ey
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where || denotes the cardinality of the set.

. For some 1 < r < t, we have tr, = tr} U trf with tr% N trf = @, and that
(tryU---Utr, 1 Utrk) € Land (!RUtr,,q U---Utr;) C R. In this case it
factorizes into two parts, one containing r traces and the other t — r + 1 traces,

and two internal labels appear

Cir, - - - Car, :gZ—Itrl|—~~~—ItrHI—Itr¥|+|tr5|+\trr+1\+'“+\tft| ( H u)?
actryU---Utr,_1Utrk
% Cor ({1}) o,y ({1}) Cony ({1}) 6.37)
X Ciigpuek ({2}) Co, iy ({03) -+ - Cor ({0})
+ O3 Iml=r e = e e ey

. There are two or more traces whose labels splits into two parts, one belonging to
L and the other belonging to R. In this case at the leading order or Cy,Cir, - - - Cyr,
one will observe more than one pair of {I;, Iz }, which is not sensible for tree-
level factorizations. In fact, when combining this with the remaining part of the
integrand (to be discussed later), one can verify that the total power of { in I, is
too high to produce a simple pole. Hence in this case the amplitudes at most
stays finite, and we do not further discuss this.

Next we study the behavior of Pf'A,. In the factorization limit, the matrix A,

approximates to

belL | beR
—ta fak o _plb ) g (6.38)
I R T N " R
(% e, ) aER

Without loss of generality we assume 1 € L and n € R. In the definition of the reduced

Pfaffian, it is convenient to exclude the rows and columns labeled by 1 and 7. There

are two situations

1. Both |L| and |R| are odd. In this case, dues to the fact that we use Pf'A, =
Pf[An]i,ﬁ, by the structure in (6.38) one immediately see that

—np+ng+2

P A, =02 ([ Jua) PE AL ({u}) PE Agypr ({0})

acL
—np+ng+4

+o( "

(6.39)

),

where from direct computation Pf' Ay}, y = %Pf[A ru{ny)i g, and PEAg gy =

uLnPf[ARU{IR}]ﬁ,IAR'
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2. Both |L| and |R| are even. In this case the leading piece in Pf A, does not
factorize cleanly, and its power in ( is %’”‘RH. Hence in most cases we would
expect that the simple pole is not present. The only exception is when Pf' A, is
accompanied by a PfX,,, which will be discussed later.

We do not discuss in detail about PfX,, (or more generally Pfx},), because in all the
formulas we found in Chapter 4 and Chapter 5 whenever it appears it always appears
with a copy of Pf'A,. Since as commented before PfX,Pf A, is a special case of
Cir, Cir, - Cir, Pf'TI, we postpone this to the discussion of Pf'TI.

6.2.3 ®% U(N) Non-Linear Sigma Model, and the Special Galileon

Now we are well-equipped to study the amplitudes whose corresponding integrand
can be constructed using C,, and Pf A, only: which are @3, NLSM, and sGal. From
(6.35) and (6.39), there is never any polarization vectors produced for the internal par-

ticle, and so it has to be a scalar always. Explicitly, we see that

@1 CuCi — 1 (CLugryCromny) (Crugie}Crugin)) - (6.40)
NLSM : Cn(PflAn)z - ﬁ(cLu{IL}(Pf,ALu{IL})Z) (CRU{IR}(Pf/ARU{IR})z) , (6.41)
sGal : (PfA,)* — § (PF AL 1) (PE ARG1y)* (6.42)

where § = g2(-ntm+2) (ITu)* is exactly the correct factor in (6.32) that we expect
in order that the formula factorizes, and the latter two are true only in odd particle
channels (in even particle channels, one can explicitly check that the { power is higher).
Hence we see these three formulas are closed by themselves.

In addition, if we focus on the double partial amplitudes m,[x|8] in ®3 instead
of the full amplitudes, we see that a given my,[«|p] factorizes if and only if both
« and B can be split into two parts, which consist of labels in L and R respec-

tively.

6.2.4 Behavior of Building Blocks with Polarization Vectors

In this subsection we discuss the behavior of Pf'¥,, and Pf'TI, where in particular
we are going to see how an internal photon/gluon or graviton may arise from
factorization. This is non-trivial because in the CHY representation there is nowhere
any Feynman diagrams and for a generic amplitude it is not even sensible to talk

about internal particles, not to say what particle it is.
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Behavior of Pf'Y,

We first have a look at the structure of the matrix ¥, in a generic factorization limit,

which is
bel | beR bel | beR
_ UgUyp kﬂ'kb I _ kﬂ'kb _ UgUyp kﬂ'eb I _ kﬂ'eb
, ,,,Q,“,aiug‘,,c,%, ,,Q,Mgiub,‘,g,%,, ,a,e,%,
gkﬂ-kb T‘ g ka'kb gkﬂ-eb ‘T g ka-eb a e R (6 43)
Uq L Vg —Up Uq L Vg —Up ’ ’
_uguy €gky 1 repky | ugup €50€p €1°€p
{ _ ,ﬂC, ,u,na—,ug r_ g ,av,b _L_ ,ﬂC, ,u;—,ub, [ g ,av, __ 761767% B
€qa-kyp €,-ky €41°€p ! €1°€p
g Uy gvafvb g Uy 1 gv,, 0, acR

The only exception to the above is the diagonal entries of the off-diagonal blocks, i.e.,
(Cy)aa- For these entries, when a € L we have

u € keu u? €.k
(Cn)u,a = _ftl Z ﬁ + O(g) = _Z u a_ :l + O(g) , (6.44)
cel\{a} "7 ¢ ceLU{I }\{a} "° ¢

again with uj, = 0. And when a € R we have
€k €k €k
(Caa =), == +), = )+0@) =), —“—+0(’), (645
cel U1 ccR\fa) Vo T Ve ceRU{TR I\ {a} Y2 — Ve
with v;, = 0. Thus to the leading order all the entries with both labels in L (or R)
are exactly the entries that should appear in ¥} (7, (or ¥ry(y,)) for the factorized

amplitude, up to a simple coefficient.
From (6.43), (6.44) and (6.45), we observe that

-1
(Tn)ap ~ ¢oabels (6.46)
Z, else.
Recalling the definition of Pfaffian (4.5), this means that in the expansion of Pf'¥,
in terms of perfect matchings, the more factors whose two labels are in L the more
dominant the corresponding term is. In order to see the emergence of the internal
particle, it is most convenient to exclude, say, 1 € L and n € R in the first block of
labels, i.e., Pf'Y, = — (;11_);;:1 Pf[‘{’n]i,ﬁ, Counting labels in both blocks together, we
see there are altogether 2n; — 1 labels belonging to L, which is odd. This means at the

leading order, all the terms are in the form

(Yu)rL- - (Tn)or (Fn)rr (Fn)rr - (Tn)RR, (6.47)

nL—l 71[{-1
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where for simplicity we use L and R to denote any label in the set. Note that the entry
(¥n)Lr always has the form of a Lorentz product e, - e,. We insert a completeness
relation into each of such factor

ki, k

MLy

eq- e =eh Nuv €, = el (E €1, €l + 2 e, = E €q €I €1 €p, (6.48)
€] 1 €1

where €] = €], = €1,. The last step above is not an identity by itself, but as long as
with this substitution we are able to confirm in the end that the original formula

factorizes and each part from the factorization corresponds to an on-shell amplitude,
then the kj ,k;, term merely projects out.

Clearly the substitution (6.48) fully disentangle the labels in L from the labels in R.
After summing over all perfect matchings with the pattern (6.47), we observe that the

leading terms factorize into two reduced Pfaffians again

Pf"f[fn = €*HL+HR+2 (H uﬂ)z ZPf/lFLU{IL} ({M}) Pf/\IjRU{IR}({v}) + O(é*”LJrnRJr:’)) ,

aclL €]
(6.49)

where Pf/‘I’LU{IL} = M%Pf[TLU{IL}]i,jL; and Pf/lPRU{IR} = %Pf[‘FRU{IR}] , as one di-

i, Ir:
rectly observe from the computation. Details about this re-summation is explained in

[61].

It is helpful to comment on the structure ¢, - ¢, that enters (6.48) a bit more. In
most cases e can be proportional to either k¥ or €*, but it can also a summation,
e.g., (Cn)aa ~ C€a (Lperugn)\{a} k) when a € L. Note that this fact continues to
be true in a generic matrix II (5.35). Recalling the squeezing procedure with which
we obtain IT from ¥, we should expect that Pf'TI factorizes in the same way, as
long as the factorization channel merely separates the labels that explicitly enter
IT.

Behavior of Pf'TI

Since generically PfT1 corresponds to amplitudes with multi-trace, and is always ac-

companied by Ci, Cyr, - - - Cy,, there are also three situations here.

1. For some 1 < r <'t, we have (try UtryU---Utr,) C L and (try41 Utrsp U--- U
tr;) C R. In this case, the labels that enter the matrix I1, i.e., {1,2,...,7,1,2,...,t},
are simply separated into two groups, those belongs to L and those to R. With
a slight abuse of notation we say i € L iff tr; C L, and similarly for R. By the
observation at the end of the previous subsubsection, it is easy to see that the
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leading piece of Pf'TI factorizes in a way similar to that of Pf'¥,,. In fact, it is nice

to combine the Parke-Taylor factors and PfTI together, and a detailed derivation

leads to
Cir, -+ - Cor, PETT =C "2 (T ug)* Y _PEYp gy, ({u})
aceLl €]
X Ctr1 ce. Ctry Pf’H(hL U {IL}; try,... ,trr) (650)

x thrﬂ U Ctrf Pf/H(hR U {IR};trr+1, ce ,tI‘t>
+0(g ),
where hy C L, hg C R and h = h; Uhg. So in this case the factorization

produces a polarization vector for the internal particle.

. For some 1 < r < t, we have tr, = trf UtrR with trf Ntr} = &, and that
(trpyU---Utr, ;Utrl) € Land (t!RUtr, .y U---Utry) C R. In this case, it
is easier to work with the representation of PfTI in terms of the expansion
Z{a,b}’P{a/b} (5.29). Recall that in this expansion every term involves a Pfaffian
instead of a reduced Pfaffian, and the Pfaffian is for a minor of the matrix ¥
with all the graviton labels and exactly two labels from each trace, except for one
trace that we choose to exclude. Since we are able to exclude any of the traces, a
particularly nice choice is to exclude r, then with the experience in the behavior
of ¥,, we know that the Pfaffians entering the summation (5.29) cleanly factorize.
Again let us combine Pf'TI with the Parke-Taylor factors, and we obtain

Ctrl tte Ctrt Pf/H :g_nL+nR+2 (H uu)ZPf/TLU{IL}({M})

acl
X Coy -+ Cor, y Coliyyy PETI(h;try, ... tr,_q, tre U {Ir})
X Cyr 1y Ciryey + - Cory PETI(hg; tr U IR}, trpe, .o tre)
+ O RT3y
(6.51)
So the factorization of IT in this case does not produce any polarization vector

for the internal particle.

. There are two or more traces whose labels splits into two parts, one belonging to
L and the other belonging to R. As mentioned before, by counting the leading
power in { we know there cannot be any simple pole and so this case is excluded.

Some emphasis needs to be stressed on the combination Pf[X,]sPf [¥,].¢ for some

S € {1,2,...,n}. As discussed before, if we expand Pf[X,]s in terms of perfect

matchings, than each term in the expansion of Pf[X,,|sPf [¥,] ¢ can be regarded as

a special case of Cy,Cy, - - - Cir, PTI(h; try, tra, . . ., tr;), where |tr;| = 2 Vi. Suppose
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a generic factorization channel splits the set S into S € L and SR € R, and also
its complement into St and S® € R. In analogy with the above discussion, this
combination can factorize in two ways

1. If |S'| is even (and so is |SR|), then we have

Pf[X,]sPf [¥a].c _Zg AR (T ua)?

acl
x PEX 1, st PE Y o). PHX R st PE ¥ RUG1 . gk
_|_ O(g—ﬂL+nR+3) ,

(6.52)
which produces a polarization vector for the internal particle.
2. If |S"| is edd (and so is |SR|), then we have
PE[X,|sPE [Wul.e =C " 42 (T ] ua
acl
x PELX O sto y PE (Y Logn piogn 1 (6.53)

X PHX Ry 1y sro(1 PE T RULRH RO )8R
+ O(é-fnLJranLB) ,

which does not yields any new polarization vector.

6.2.5 Theories with Photons/Gluons and Gravitons

In Section 4.2 we found several more formulas for scalar amplitudes whose factoriza-
tions have not been checked so far. These are (here we use the integrand for the full
amplitude)

I;{MS:scalar _ Cn Pan Pf/An , I;]EMS:scalar — (Pan Pf/An)Z ,

(6.54)
I]]q)BI:scalar — Pan (Pf’An)B .

We commented in Section 4.2 that the former two integrands are not closed. From the
discussion at the end of the previous subsection this is obvious, since the combination
PfX,Pf A, is a special case of Pf[X]|sPf[¥,].s (when S = {1,2,...,n}), and in any
even particle channel this part of scalars amplitudes in either YMS or EMS thus
have to factorize according to (6.52), which produces a new polarization vector

to be associated to the internal particles. Because IYMS:scalar

contains one copy of
PfX,Pf A,, this internal particle has to be a gluon (photon is ruled out due to the

presence of C,). And because IEMS5¢lar jg exactly two copies of this combination, the

85



internal particle has to sum over the graviton states, the B-field states, and the dilaton
state.

In comparison, the factorizations in even particle channels are excluded for the scalar
amplitudes in DBI, due to the presence of extra two powers of Pf' A,. Recall that in
such a channel Pf' A, by itself scales as { w, so that IEBlzscalar acquires too high a
power to eliminate the simple pole. Hence these amplitudes can only factorize in an

odd particle channel, and according to (6.39) and (6.53)
PfX, (Pf/An)S :CZ(—nL—i-nR—i-Z) (Hu)4

x PEX o1y (Pf/ALU{IL})3 PEX 10 1y (Pf/ALu{IR})3 (6.55)
+ O(gz(fannRJrS)) ,

verifying that [PBEsealar is closed.

For amplitudes in GR, YM and B], since the corresponding integrands are constructed
from C,, Pf’gbn and Pf'A,,, there is only a single type of facotrization channel, and by
(6.34), (6.39) and (6.49), it is easy to verify that these factorizes correctly and are closed.
The only thing special about Bl is that the even particle channel is forbidden in this
theory, due to the same reason as that for the scalar amplitudes in DBI as discussed
above.

For amplitudes in EM, YMS and DBI, the corresponding integrands share the common
factor Pf[X,]sPf [¥,].¢, and so by (6.52) and (6.53) there are two types of factorization
channels according to whether the channel splits any trace structure, and the internal
particles observed in these channels are different. As mentioned in the previous
subsector these amplitudes can be regarded as special cases of amplitudes in EYM,
gen. YMS and ext. DBI, respectively. By (6.50) and (6.51) the factorization pattern in
these theories follows similarly. We do not repeat to write out the explicit expressions
for their behaviors in a generic factorization channel here, but merely provide an
example in YMS that is very neat. Recall the double-trace gluon amplitudes in EYM
shown in (5.44)

. y 1
IEYM.double trace g _ E Ctrl Ctrz Str, Pf’Tn ) (656)

Let us explore the channel defined by s, = sy, — 0. In this channel it is very easy to
see how Cy,, Ci, and Pf'¥, behave. For the remaining Mandeltam variable, while it
vanishes, we need to know its leading behavior. Recalling the constraint (2.34), to the
leading order we have

1 ku'kb

E S%rl ~ €2 2 = gZ E(Ctrlu{IL})IL,IL (Ctrzu{IR})IR,IR ’ (657)
Zetrl Ua Up €1
€try
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and so altogether

L]qEYM:double—trace 8 ~ gz(—nL—O—nR—i-Z) (Hu>4 Ctr1 (Ctr1U I )IL,IL Pf’Ttrlu IL
(i} W (6.58)
><Ctrz (Cth{IR})IRJR Pf,\PtrzU{IR} :

Given the fact that

(Couinin = PEII({IL Y tr1),  (Coyugie))inir = PEII({Ir}; tr2), (6.59)

one immediately recognize that this formula correctly factorizes into two, each of
which computes a single-trace amplitudes of gluons coupled to one graviton (the
internal particle) in EYM, as is expected by Feynman diagrams.

6.3 SOFT THEOREMS II

In this section we present two types of double soft scalar theorems, each of which
captures the behavior of amplitudes in a class of theories in this limit, respectively
[13]. Double soft limits of scalars are of interests in the study of symmetries in the
underlying theory, e.g., the moduli space of vacua and the E; ) structure in N’ = 8
supergravity [62]. As before, we stick to the convention in Section 2.4.1 and assume
kI | = tpt and k, = Tg" to be soft (t — 0).

The first class consists of theories with neither color nor flavor structure, which
includes sGal, DBI, and EMS. For theories in the first class, any n-point amplitude

behaves as
My = (kn1 k)™ (S 4+ 5 + S2) M5 + O ("), (6.60)

where m = 1,0, —1 for sGal, DBI and EMS respectively, and

1 (ku : (kn—l — kn))z
s — = ( ko (kp1+kn)+ky1-kn), (66
4; PR e s R GO R (6.61)
1 ko - (kn1 —ky) y
S(l) - — 1= 2 1 kn_ kn]/ gl y 6.6
: 2 agl ka - (knfl + kn) +kn1-ky ( L ) ( 2)
18 1 4m — 3
() pvy2 Ry
° 2 a; ka - (kn—1+kn) +kn1 - kn <(k”1'”k”'” o) =g Ker k) ) '
(6.63)

Here S is a multiplicative operator which has an expansion in T starting at O(t?),
S is a first-order differential operator starting at O(7?), and 5@ is a second order
differential operator starting at O(72).
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Two comments are in order at this point. The first is that in (6.60) the kinematic
invariant (k,_1 - k,) plays the role of a natural “dimensionful parameter” needed to
link amplitudes with different number of particles. This simple dimensional argument
leads to universal formulas for S0 and SU, i.e., they are theory independent. The
second is that the only dependence on the theory under consideration appears in the
multiplicative piece of S(2).

The second contains theories with a U(N) flavor/color group for the scalars, which
include NLSM and YMS. The double soft scalar emission for a color-ordered partial
amplitude is

Mu[1,2,...,n]) = (kp1- ko)™ (SO +SWY M, 5[1,2,...,n—2] + O(T?"*2), (6.64)
with m = 0, —1 for NLSM and YMS respectively, and

50 — 1 <kn2 “(kn—1 —kn) +kn1-kn | k1 (kn —ku—1) +kn 'k”_1> (6.65)
2 \kp—2- <kn—1 + kn) + kn—l “kn kl : (kn + kn—l) + kn 'kn—l ’ '
. kn—1,ukn,y ki jukn—1,
S(l) = — < A w M ’ F’“’)
Nl ot k) F ot K2 g (o K1) + K K 1)
(6.66)

In this formula S(© starts at O(1°) while S starts at order O(7).

In the following we summarize the proof for these scalar soft theorems to the sub-
leading order. Emphases are stressed on the origins of different parts in the soft
operators.

6.3.1 Scaling at the Leading Order

Again we first investigate the leading scaling in T of different formulas in the double
soft limit. As a result of the discussions in Section 2.4.1, in this case there exist
both degenerate solutions and non-degenerate ones, depending on whether the two
punctures for the soft particles pinch together. It is helpful to count the leading scaling
of the contributions from both types of solutions respectively, because they may not
both contribute to the leading terms in the limit.

As mentioned before it is nice to re-define

Cu-1=p =5, On=p+ g (6.67)
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Let us delete neither do;,,_1do, nor §( f,g'i)l)é( f,g”)) in the measure dyu,, and do the
transformation (we do not care a possible over sign)

doyy doy 6(F™) 6(F") = —dpdz25(£", + ) 6(F) — £ (6.68)

Clearly, the remaining part of dj, merely reduce to the lower-point one dyu,_» in
the limit T — 0. Recall that in the non-degenerate solutions ¢ ~ 7° while in the
degenerate ones ¢ ~ 7!, With the form on the RHS of (6.68), it is straightforward
to see that for the non-degenerate solutions du, ~ 72 and for degenerate ones

dpy ~t L

We then go on to check the scaling behavior of the various building blocks:

1. With the new variables the Parke-Taylor factor (considering the two soft particles
to be adjacent) is

1
(01— 02) - (w2 —p+5)(=E)p+5—01)
1

Obviously it remains finite on non-degenerate solutions but diverges as 77" on

(6.69)

degenerate ones. More generally, we may encounter multi-cycles of Parke-Taylor
factors, where each is of size equal or bigger than two. Inspired by the above
structure, the general case always stays finite on non-degenerate solutions, while
on degenerate solutions there are several situations: (i) when a cycle of size
greater than two contains 0,1 ,, it scales as T~1; (ii) when still in this situation
but the cycle is of size two, it scales as T72; (iii) in all other situations it stays
finite as well. Analogously, we always have PfX ~ 7~! on degenerate solutions.

2. We then look at the building block Pf'A,,. In terms of the new variables matrix
A, has the form

0 @ . (6.70)
P

All entries whose explicit expressions are suppressed always scales as 7, and
so on non-degenerate solutions every term in the expansion of Pf A, scales as
72. However, due to the lower right block, on degenerate solutions the leading
scaling reduces to T'.

3. Finally we inspect Pf'¥. To see the structure clearly, let us rearrange the rows
and columns of matrix ¥ so that the last four rows/columns are labeled by
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{n—1,n:n—1,n}. Then it suffices to focus only on the entries explicitly shown
in the following

Y, 21 O(t) O(1) O(%) O(7Y)

I S D S S i SO AT A
‘ 72 y _(C;{)nfl,nfl T p;?
|

Y, = | 0 T —(CH (6.71)

’ €4—1€n
1 0 T
! 0

Note that both (Cy;),—1,-1 and (Cy ), remain finite on all solutions. Since Pf'Y,,
contains a term Pf'¥,,_»(Cp)—1,1-1(Cn)nn and it is easy to verify that no term

0

can ever diverge, we conclude that Pf'Y,, ~ 7° on all solutions.

We summarize the results so far in Table 6 (Here “adj.” indicates that the two soft
particles are adjacent in the trace, while “non-adj.” means they are non-adjacent.
When non-trivial flavor structure is present, we assume the two soft particles share
the same flavor index). Combining these results, we can find the total behavior of

formulas for different amplitudes, which we list out in Table 7.

Table 6: Scaling of Building Blocks in Double Soft Limits

building block non-deg. soln. deg. soln.
diy T2 71
Cula] (adj.) 70 1
Cn[a] (non-adj.) 70 70
PfX, 70 1
Pf A, (= !
Pf'Y, 70 0

6.3.2  Proof of Scalar Double Soft Theorems S(©)

In this subsection we provide a proof for the double-soft theorem to the leading
order. Clearly, we need to get rid of the p and ¢ integrations in order to land on
the lower-point amplitude. Starting from the formula after the transformation (6.68),
the general idea is to localize the ¢ integration using & ( fﬂ)l — f,&”)), and regard the
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Table 7: Scaling of Formulas in Double Soft Limits

Amplitude Integrand non-deg. soln. deg. soln.
YM (adj.) Cpla] PEY, T2 T2
YM (non-adj.) Cpla] PEY, T2 1
GR det' ¥, 772 71

 YMS: ¢ (adj)  C,[a] PEX,PFA, 2
YMS: ¢ (non-adj.) C,[a] PfX, Pf' A, 70 71
BI Pf'Y, (Pf A,)? T2 7!
DBI: ¢ PfX, (PfA,)3 (s !
EMS: ¢ (Pfx,)? (Pf A,)? 72 !
NLSM (adj.) Cnla] (PfA,)? 72 70
NLSM (non-adj.)  Cu[a] (Pf'A,)? 72 !
sGal (Pf'A,)* 0 3

p integration as a contour integration whose contour wraps the zeros of f,@l + f,S”).
This leads to

_ [ 4o -2
Mn= 9 2 / P‘n £ +f 3 [f” _fm In(k,o,0,8),  (6.72)

¢ solutlons e

where ¢ is understood to be evaluated on its solutions to the equation frE'i)l — f,g") =0

We also use the notation dy/, to denote the remaining part of du,,.

As a result from the previous subsection, we only need to consider the degenerate
solutions, in which & ~ T!. So we can perturbatively expand it as & = T¢&; + O(7?),

and from (2.29) we know at the leading order it is uniquely fixed to be ;' =
ﬁ 2;12 ka:fi;uq). Then (6.72) can be expanded to

&t
/dﬂn 2 %Zm y2 ka p+q) —— I, + (sub-leading), (6.73)

where the p-contour is now specified by y"~7 ka p(f;q) 0.
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To derive the leading-order soft theorems from (6.73), we need to expand I, with
respect to T. From previous discussions it is easy to see the relevant building blocks

behave as
On—2— 01 0
Cull,2,...,n]=Cy2[1,2,...,n—2 +0(77), (6.
[ ] 2[ ] (U'n—Z_P) (_761) <P_0'1) (), (6.74)
PfX, = _Tlg PfX, o+ O(1), (6.75)
PfA, — —Tg TPt A,y + O(T2). (6.76)
1

Combining these, for scalar amplitudes in sGal, DBI and EMS (with m = 1,0, —1) we
obtain

2 1-m
M — /dﬂn 2 2 dp 1 gl < 1 ) (TP q) —|—O( 2m+2>

271i Y- ZkP(P'HI) Tp-qg \ 78 ¢1
n— Zku P q)
(TP p-q)" (2” 1 p—o ) 2m+2
_/dynfz b2 —=——— 27'[1 - 2 ko (p+9) +0(x ).
a=1 p—o,

(6.77)

Now we perform the p-integral by deforming the contour and use a residue theorem.
Although there appears to be a simple pole at p = o, it is eliminated by an additional
zero in the numerator due to momentum conservation. Thus we only encounter
simple poles at p = 0, (2 =1,...,n), and the final result is

n—2 . i 2

Note that the soft operator in the bracket agrees with S in (6.61) at O(1), because
the additional piece in S*) is of higher order by momentum conservation, Y""?k, -

(p +q) = —27(p.q)*. This concludes our proof for the leading order soft theorem in
these theories.

Similarly, for scalar partial amplitudes in NLSM and YMS (with m = 0, —1) we obtain

- - &/req
M,[1,2,...,n] = —/d,un—Z I—[1,2,... me Ty -2 ko (pta)

P—0a

o e ey ey (2) (& qﬁz o)

= /dﬂan In,2[1,2,...,7’l —2]

n— 2 k- )
% (T2P -q)" dP L= o p%q Op—2 — 07

27ti g2 ku P+q) (0n—2—p) (p—01)

O(T2m+l) ,
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(6.79)

Obviously there is no pole at p = o0, and we pick up two poles at p = o7 and p = 0y,
which then leads to
(<°p-q)" (knz (p—q) k(g P)>
M,(1,2,...,n] = + M, »[1,2,...,n—-2
| ] 2 kna2-(p+aq) ki-(q+p) . |
T O(TZerl) )

(6.80)

The derivation of the double soft theorem at the sub-leading order is more involved,
and we refer interested readers to [63] for details.

6.3.3 More General Cases

So far all what we have studied are scalar amplitudes only, even when the theory
may involve other types of particles. In this section, we extend the discussion in two
directions. Firstly we are going to show that the scalar double soft theorem (6.60) is
still valid in DBI when external photons are present (the only modification, as usual,
is to regard JHY as the full angular momentum operator, i.e., including both the orbital
and the spin part). And secondly, we are going to show that there is also a similar
leading-order theorem for simultaneous emission of two soft photons in photon
amplitudes in Born-Infeld (BI) and Einstein-Maxwell (EM).

DBI Amplitudes with Mixed External States

For a DBI amplitudes with both scalar and photon external states, with two soft
scalars the soft theorem is still in the form of (6.60). Here we sketch the proof still
only at the leading order. The main task is to study the behavior of the new building
block Pf'[¥,].¢ in the double soft limit. When evaluated on the degenerate solution

the detailed structure of the matrix [¥,].5 is

CoTke- k.-
(An2)ap ) 0% 5% | (“Cu2lad

ke ﬂgq TP

N P—0p —61 P—0q
[Tn]is ~ Tq-ky : Tqp 0 Tq€4 ’ (6‘81)

pP=0% . & P=0y

(Co2)eh ' ooh sy ‘ (Bu-2)cd

where a,b € {1,2,...,n—2} and ¢,d € vy (we assume the last two labels denote
scalars). Since the four blocks at the corner are completely finite we do not bother to
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write them explicitly. This is very similar to the case of matrix A;,, and we immediately
know
P [¥,].s = ”’é PP [¥, o]s + O(1?). (6.82)
—61
Recalling (6.76) we see that when we replace the integrand for scalar amplitude
PfX, (Pf'A,)? to that for mixed amplitude Pf[X,]; Pf' [¥,].s (Pf A,)?, the expression

(6.77) stays the same, and hence we have exactly the same S0,

Double Soft Photons Emission in Born—Infeld and Einstein—-Maxwell

We go on to investigate photon amplitudes in BI and EM, with two soft photons. We

can use a single integrand for this class of amplitudes
I, = (P£X,,) ™ (Pf A,)* ™ Pf'Y,,, (6.83)

where m = 0, —1 denotes BI and EM respectively. The prescription of the limit is still
the same as that for the soft scalars. Again the only thing we need the check is the
behavior of the matrix ¥, since now the second block of labels also includes n — 1

and n.

To the order sufficient for our interest the structure of matrix ¥, is

! Tka'p Tkaq _ T ‘ ko-€n—1 ks-€x
,@”j%)@ﬂ,,fch ,,,,, o | (“Cuad ! ot a—p__
Tpky T T Tpq Tped | [ (T PEn
P*?7 | 0 —G1 p—04 \( C”)”*Lnfl —G1
TqKp I qpr Tq-€q I q-€n—-1 T
Y o~ 0=0p 1 61 0 p—04 | & (=Ch)nn
n -~ | Tep TEq ! €c€n_1 €.-€ ’
L = = T L )L S = =
€y_1" €p—1- €,-1"€, €y-1°€
Zjﬁf I (Cn)n—Ln—l ,Léq zjﬂ; I 0 iggf
€,k ! €n'p €€ ! €1°€n_1
Pié ‘ ¢1 (Co)nn Pi@i ‘ Té, 0
(6.84)

where the two extra diagonal terms of matrix C,, are approximated as

n—2 n—2 1

€n-1-ki €19 €n—1"P;
Cinin-1= - +0O(1) = —t +0(1), 6.8
(Ci)n—1,n-1 l; Py 2 (7) l; Py (7) (6.85)

with pi = k; — ’;'.];" q (We denote this new vector as p;- because p - p;- = 0). In the
second equality above we applied the scattering equation labeled by n — 1 to get rid

of ¢;. Similarly, we have

n—2€n‘q;
(Co)un =), —=+0(1), (6.86)
i-1 P~ Ui
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with g
observe that

Pf'Y, = Pf[¥,]n 1nn10 PE¥u o+ O(T?), (6.87)
where [¥,]n—1n:n—1, is the minor of ¥, with entries {n —1,n : n — 1,n} only. we
obtain

-7 o —m . 2+m

g _ fdo 1 i ( 1 ) <T’9 ‘7> 6.88)

27i 1 ) TPq T —&1

Z

><<W1_ Ze’“ Pi€n-q; P-enq-em)

¢t = (o—0i) (p—0j) &
_f 9 (TZP D" (prgen—i-en—p-enq-en 1_2 €n 1 Pi €n ;-
27 & = (o —0i) (0 —0j)

v

n—
kb ke (p+q)
TZ P—0p

Recalling the solution (2.29) ‘51 Zp 7 Yot 2
ple pole at p = o, as one can check its residue is proportlonal to

. . —_ . . n—2 ? =
Prena en ZP S Sl (Vg (p—gq) | =Y enr-pren-at, (6.80)
4(p-q) =1 =1

which vanishes due to momentum conservation. Hence contour deformation again

ka —q)

, although there seems to be a sim-

picks up a simple pole at every p = 0, with b € {1,2,...,n — 2}, which leads to the

result

Z (PPp-g)t (P~qen1-en—p-enq-en1
Ty - (p+9) 4(p-q)?

(ko (p— 4)) —€nr - Pi- en-qﬁ) |
(6.90)

Since the original expansion of the Pfaffian is not modified by the p integration, we ob-

serve that the soft factor can still be written as a Pfaffian, and so

O (Ppog)" (ke (p—9)° 4
M, = PESy | Mo + O(T4H2m) (6.91)
4 azzl kp-(p+4) )
where S, is a 4 x 4 anti-symmetric matrix
0 peq | Py€n1 pren
—q- 0 —q - €, AL . €n
Sb — q pAL q 1 qb , (692)
—€1-1° Py €14 0 €n-1"€n
—€n-p  —€n-Gy | —€n-€n1 0
where py := ( ) py and gi = (’; '7[7) qir-
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RELATIONS AMONG AMPLITUDES

7.1 RELATIONS AMONG AMPLITUDES IN YANG-MILLS AND GRAVITY
7.1.1  U(1) Decoupling Identities and Kleiss—Kuijf Relations

In Section 1.2.2 of the introduction we introduced color decomposition, which breaks a
full amplitude in a theory with non-trivial flavor/color group into smaller pieces called
partial amplitudes. While these partial amplitudes can be determined individually,
one may doubt whether this really simplifies computation, because we still have to
determine all of them.

It has been known for a long time that the actual computational work needed is
much less at least in the amplitudes of pure Yang-Mills, thanks to the many algebraic
relations among the partial amplitudes. The simplest type of relations are called U(1)
decoupling identities

n—1
Y MiM,2,...,amna+1,a+2,...,n—1] =0. (7.1)
a=1

Physically, this corresponds to the factor that if one considers the gauge group to be
U(1), then the amplitude where a photon scatters (in U(1)) with a set of gluons (in
SU(N)) has to vanish. Apart from this, we also have the Kleiss—Kuijf (KK) relations
[64, 65], which can be written as

MM, a,n, 8 = (=DF Y MM[L, 0], (7.2)
Y€OP(a,BT)

where B! denotes the reverse ordering of B, || denotes the size of B, and OP(a, B7)
denotes all possible shuffles of &« and B, i.e., permutations of a« U B with the ordering a
and BT preserve respectively. For example,

M™M[1,2,3,6,4,5] =
MM[1,2,3,5,4,6] + M/M[1,2,5,3,4,6] + M™[1,2,5,4,3,6] (7.3)
+MM[1,5,2,4,3,6] + MM[1,5,4,2,3,6] + MM[1,5,2,3,4,6] .
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The U(1) decoupling identities and the KK relations together reduce all the (n —1)!
partial amplitudes to (n — 2)! independent ones.

The CHY representation makes these relations particularly straightforward. Recall
that in this formula

MMa] = [ dy, Cola] PEY, (7.4)

every part is permutation invariant except for C,[¢] which depends on the given
ordering. As one can explicitly verify, if we substitute each MM[a] by the corre-
sponding C,[a], (7.1) and (7.2) hold for generic ¢’s. So the above relations among
amplitudes are direct consequences of the algebraic properties of the function C,|«].
In fact this has already been observed in the early proposals for formulas alterna-
tive to the CHY representation in four dimensions, commonly known as connected
formulation.

7.1.2  Bern—Carrasco—Johansson Relations

It turned out the (n — 2)! basis for Yang-Mills partial amplitudes are still redundant,
and the actual algebraically independent basis are of size (n — 3)!. This is originally
observed by the discovery of a set of new relations resulting from imposing algebraic
relations among the kinematic part of the numerators in Feynman diagrams that
resembles the Jacobi identity among the structure constants. These are called Bern—
Carrasco—Johansson (BCJ) relations [66]. While the amount of such relations are huge,
most of them are redundant and can be derived from the simplest ones known as the
fundamental BCJ relations, which are

As was proven in [23], the building block C,[a] is again solely responsible for these re-

a

snrb)MgM[l,Z...,a,n,a—k1,a—|—2,...,n —-1]=0. (7.5)
1

lations. To be precise, when we substitute M, [a] by C,[«] in (7.5), then these relations
are valid on the support of the scattering equations. The fact that the scattering equa-
tions are needed is the reason why (7.5) are more non-trivial.

7.1.3 Kawai-Lewellen—Tye Relations

A practical way to study gravity amplitudes is to use the Kawai-Lewellen-Tye (KLT)
relations [14] in the field-theory limit. These are originally relations that express a
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closed string amplitude as convolution of two copies of open string amplitudes. In
the field theory limit, they reduce to the relations between gravity amplitudes and YM
amplitudes. In the field theory context these relations were explicitly written down in
[15]. When expressed in terms of the (n — 3)! fully independent basis as discussed
before, they are commonly written as

MR =Y MM[La,n—1,n] Kyla|g] MYM[L, B,n,n 1], (7.6)

«,BES, 3

where «, B are permutations of labels {2,3,...,n —1}. IC,[«|p] is called the KLT
momentum kernel, which is a function of the Mandelstam variables only and depends

on the two orderings a« and B. Explicitly,

n—2 c—1
Kalalp] =1 (Sm(a) + ¥ 0o Sa(dm(c)) : (7:7)
c=2 d=2
where Géi) = 1 if a comes in front of b in the ordering B and zero otherwise

[16].

From the experience in previous discussions one may wonder whether the KLT
relation again is closely related to the Parke-Taylor factor in the context of the CHY
representation. The answer is yes, and this is achieved by an identity called the KLT
orthogonality [17].

7.2 KAWAI-LEWELLEN-TYE ORTHOGONALITY
7.2.1 Proposition

Let us first define an inner product

(i,f) :== Z C,(Zi) [1,a,n—1,n] K,[x|B] C,Sj)[l,ﬁ, n,n—1], (7.8)

a,ﬁesrﬁS

where the superscript (i) means to evaluate on the i solution to the scattering
equations. With this definition, the Kawai-Lewellen-Tye orthogonality is stated as
follows

Proposition 7.2.1. The inner product (7.8) satisfies

) &4, Vije{1,2,...,(n—3)} (
i T =07,V e AR o
(i,1)2(,j)? : 7
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For a proof, note that the LHS of (7.9) remains invariant under SL(2,C) x SL(2,C),

where one SL(2,C) acts on ¢!)’s while the other on ¢/)’s. Hence it suffices to prove the
proposition for a particular choice of gauge on 0'( ) s and ol)’s respectwely For conve-
nience, we choose a partial fixing by setting {a 1,(7n } = {o0,1} and { 1,(7,5 )} =
{1, 00}. Correspondingly, define the following object

Ki({o} {o}) = ¥ : Kalalf) - (7.10)

a,‘gesnigl,uc(Z) e 0'“(,1,3),,,‘(”,2) (71,04(2) e 0'“(,1,3),,%(”,2)

The motivation for K, is that it appears in the LHS of (7.9) after the above partial

gauge fixing, i.e.,

Gj)  _ Kn({(f(i}{tf 1)

NN ] ] ] . (7.11)
1) (02 K2 ({o®}, {o®}) K2 ({oD)}, {c)})
In addition, we define a (n —2) x (n — 2) matrix @,
Sab a#b,
~ UahUah
n)ab = (7.12)
(§0 )ab ?#12(4771)11“ a="b.
CFa

This matrix has co-rank one, since all the rows/columns add up to zero. So an invariant
quantity associated to this matrix is a reduced determinant det’ ¢, := det[@,]s, where
[@n]a is the minor of @, with the a row and column deleted. Obviously the reduced

determinant is independent of the choice of a.

A crucial observation for the two objects defined above is that

Ka({c},{0}) = (-1)"det'gu({c}, {7}), (7.13)

for generic values of ¢’s and @’s. Since this proof of (7.13) is technical, we refer
interested reader to Appendix B of [11] for details. The basic idea here is that since
both are functions of the unconstrained complex variables {c'} U {7}, we can prove
this identity by showing that they have the same set of poles (including a possible

pole at infinity) and that the residues at each pole are identical.

Now the reduced determinant det’ @, has an interesting property. To illustrate it, let
% g prop

us further define an n x n matrix

Pab a#b
= Tab O 4
D =4 ' = 1
( n)a,b . 2?21 (q)n)u,c/ i=b. (7 4)
c#a
Obviously we have the relation
Pn = o lilﬂoo[&)n]nil,ﬁ ’ (7.15)
Fy—roo
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where the limit we take is consistent with the partial gauge fixing we did before.
Note that when both {c} and {7} are certain solutions to the scattering equations the
entries of @, satisfy

n n n

~ ~ ~ S ,b
Z(cbn)a,b Op = — Z(ch)a,b (Ua - Ub) + 04 Z(cbn)u,b = - =2 =0, (7.16)
b=1 b=1 b=1 ba Yab
- Sab ~ Sab . v A
Z(q)n b 0a Op = Zsub—UaZ - UaZi"{‘UaUa Z(q)n)u,bzor (7-17)
b=1 bza Yab bza Yab b=1

which indicate that the matrix ¢, has a kernel that is spanned by the following four

vectors
(0]53,050°...,0,5,)7", (7.18)

with 7,5 € {0,1}. The situation divides into two cases: when {¢} and {7} are two
different solutions the kernel is four dimensional; but when {o} and {7} are evaluated
on the same solution the kernel is instead three dimensional, because now the vector
with {r,s} = {1,0} becomes identical to that with {r,s} = {0,1}. Recalling (7.13),

this means

Ka({oV}, {0V)}) o det[@u]y 24 ({0}, {o1}) o 67 (7.19)
Applying this in (7.11) proves the KLT orthogonality (7.9).

In fact, by the form of the basis for the kernel (7.18), one can observe that when {c}

and {7} are the same solution, we have the exact identity

Ka({o} {0} = T deti@,),,- 1 ({0}, 1) = ul{o}), (7.20)

Oa Op—1 On
2 2 2

Oy 051 O

where J,({c}) = det'®, is exactly the Jacobian from solving the delta constraints in
the CHY representation, as defined in (3.7), which is now evaluated on the solution
{c}. Using (7.20) and (7.11), the KLT orthogonality relation (7.9) can be equivalently

written as

) C()[l a,n—1,n]K,la ],B] [1 B,n,n—1] = 6" (det'®,), (7.21)

"‘/,BESVHS

which is what we have shown in (1.50) in the introduction.

7.2.2 COTISEC]METlCE

With the KLT orthogonality in the form of (7.21), it is very easy to see how the KLT
relations (7.6) work. Moreover, these relations can be set in a more general context.
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Suppose we have two theories A and B, both of which assume non-trivial flavor/color
groups such that we can define partial amplitudes as in (1.28). With this assumption
the integrands for amplitudes in both theories have to contain a Parke-Taylor factor.

Let us assume that these integrands have the form
IMa) = Cula] I}, I[a] = Cula] I, (7.22)

where recall that I transforms as half of the full integrand. Then we can consider the

following

Y Mp[Lan—1,n] Kyl ME[L,B,n,n —1]

lX,ﬁGSn,:;
(n=3)! C,(qi) [1,an—1,n T;&(i) (n=3)! C;Sj) [1,8,n,n—1] TE,(]')
= Z 2 B) Ko o] B] Z 0 (7.23)
0,BES,_s i=1 Jn j=1 Jii
(n=3)! 7A,(i) 7B.()) _
= ) WZ/anlfTE,
i=1 Jn

where in the first equality we used the CHY representation in terms of summing
over the solutions (3.5). Obviously the combination I/ [P transforms correctly under
SL(2,C), and so we can regard it as the integrand for some theory C, and hence

My = Y. MplLan—1n]Kyalp] MJ[1, B nn—1]. (7.24)

a/ﬁesn—3

Let us abbreviate the relation (7.24) as C = A ®krt B. When both I's are Pf'¥,, this is
the well-known KLT construction of gravity amplitudes from Yang-Mills amplitudes
GR = YM ®k;1 YM. But now we can also choose each I to be either Pf [X]sPf [¥u).g
or Ci, Cr, - - - Cyy, P11, (try, tro, . . ., try) or (Pf A,)?. Hence we also have the following
KLT relations

BI = NLSM ®xir YM, (7.25)

sGal = NKSM ®g;1r NLSM, (7.26)
EM = YMS Qi1 YM, (7.27)
DBI = NLSM &1 YMS, (7.28)
EYM = gen. YMS ®xi1r YM, (7.29)
ext. DBI = NLSM ®ki1 gen. YMS. (7.30)

The KLT construction for YM, YMS, gen. YMS and NLSM is trivial, because they are
re-produced by the KLT of ®* with themselves.
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7.3 THE ROLE OF TRIVALENT SCALAR DIAGRAMS

From the above results, it looks that the scalar amplitudes in ®° are very special. The
fact that A = ®° @1 A for A being a theory in which flavor/color ordered partial
amplitudes are defined suggests that the KLT momentum kernel is the inverse of M g
i.e., the trivalent massless scalar diagrams. This correspondence is made precise as

follows.
First let us define two (n — 3)! x (n — 3)! matrices
(i) (i)
: G, 1l,a,n—1,n ; G, 1,a,n,n—1
U(Z)D( = u [ - ] 7 V( )lX = u [ - } 7 (731)
Jn({e}) Ja({e®})

and let K*g := K0, [«|B]. Then the KLT orthogonality (7.9) can be written in terms of

these matrices as
UKV =1, (7.32)

where 1 is the identity in the solution space. Obviously both U and V are invertible.
So let us multiply both sides of (7.32) by VT on the left and (VT)~! on the right, which
yields

VIUK =1, (7-33)

where now the 1 is the identity in the permutation space. Interestingly, note that

=3 D11 4om,n— 1)L, B, n — 1]
VT U & _ n 7 7 7 'Vl 4 4 7
(Viuyp= L Tn({o}) (734)

1
= /d;zn 153[1,oc,n,n—1|1,,6,n—1,n],

which is exactly the double partial amplitude that we have defined in the ®* theory
flavored in U(N) x U(N). Thus we observe that the KLT momentum kernel is nothing
but the inverse of the cubic massless scalar diagrams [7]

-1

Knla|B] = (mn[1l,0,n,n —1]1,8,n—1,n]) (7.35)
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OUTLOOK

In this thesis we introduced the scattering equations, which provide a map from the
kinematics data of an n-particle scattering to an auxiliary space 9y, the space of
all inequivalent n-punctured Riemann spheres, with the purpose of modeling the
tree-level S-matrix. The only assumption for these equations is that the momenta
are conserved and massless on-shell. So it is expected that the scattering equations
are universal, in the sense that their form remains the same for any type of massless

particles and any interactions in a given theory.

The scattering equations lead to a very natural integral over 9y ,, which can be
utilized to construct formulas for various tree-level amplitudes. By making simple
proposals for the integrand therein, we found out several instances which generate
physically sensible results, and these results are identified to tree-level amplitudes in
certain theories. With the introduction of three operations acting on the integrand,
we discovered other integrands that are more complicated but still well-defined, and
they turned out to describe the tree-level scattering in several more theories. With
the arguments from the study of a generic factorization channel and behaviors in the
soft limits, we showed that all these formulas are closed (i.e., valid for all possible
amplitudes to all multiplicities in the theory).

For the future explorations related to the scattering equations and the CHY represen-

tation, some of the most relevant ones are
1. Extension of the scattering equations and their applications to loop levels.
2. The CHY representation in fixed spacetime dimensions, in particular 4d and 6d.
3. The CHY representation in theories with fermions, and supersymmetries.
4. Scattering equations for massive particles.

In the following we briefly comment on these one by one, but they are also inter-
related.

Conceptually there exists a very natural extension of the scattering equations to loop

levels. Recall that in Chapter 2 we basically discovered these equations starting with
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a generic meromorphic form w!(z) on CIP! with only simple poles at the n marked
points, and then imposing the requirement that it squares to zero everywhere on CIP',
ie., wyw! = 0. Since the meromorphic forms exist for any Riemann surface, when we
switch to amplitudes at the level of g loops, we can simply repeat the same analysis
but on a Riemann surface of genus g [25, 27, 37]. Note that at ¢ > 0 a Riemann surface
allows for non-trivial holomorphic forms that can be freely added to a meromorphic
form, which introduces more degrees of freedom. A straightforward interpretation is
that for the scattering equations at loop orders, information about the loop momenta
should also enter into the kinematics data, and so what the corresponding CHY
representation (if it exists) computes is the integrand before integrating out the
loop momenta (the loop integrand) instead of the final loop-level amplitude. It is an
interesting fact that the number of independent loop momenta matches the dimension
of the space of holomorphic forms. But it is difficult to solve the scattering equations
even at one-loop and four-points, because elliptic functions start to enter (almost all
concrete analysis regarding this up to now are consistency checks in various limits, in
which the Riemann surface degenerates [27, 31]). Besides, it is puzzling how a loop
integrand, which is expected to be rational, can come out of a formulation that contains
elliptic functions. Nonetheless this is still a major direction worth exploring. And if
this extension indeed works, we may hope to land on certain compact expressions as
what we have already achieved at tree level.

Prior to the CHY representation, various alternative integral representations for the
tree-level S-matrix in four dimensions were discovered. These are called connected
formulations, and are particularly suitable for, e.g., N' = 4 super Yang-Mills and
N = 8 supergravity [10, 17, 41, 67—71]. As was shown in [10], one can obtain similar
formulas for various theories in three dimensions, as a direct result of dimensional
reduction from four dimensions. The availability of the spin-helicity formalism in 3d
and 4d plays an important role here. A similar formalism also exist in six dimensions
[72], but less is known about how an analogous connected formulation should work
in six dimensions. It would be interesting to see how the formulas that we propose in
this thesis can exactly reduce to existing formulas in various connected formulations
when restricted to four dimensions. Understanding this may help us acquire intuition
about how to reduce them to six dimensions.

In this thesis we have fully restricted our attention to bosons. This does not mean that
the current framework fails for fermions. As commented in Section 3.2, in principle any
Feynman diagram acquires an integral formula based on the scattering equations (3.4).

For instance, look at the simple process of Compton scattering e~ v — e~y (assuming
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the energy is high enough so that the electron mass can be ignored), which contains
two Feynman diagrams, leading to the following expression

o Ks+ K4 _ K+ K3 >
- YRRV + VT REETRY] . 8.
re (Ll4 ¢3 (k3 + k4)2 ¢1 Uy 7 Uy ¢1 (kZ I kS)z ¢3 Us ( 1)
with the help of (3.14) this expression can be turned into
. 2 1 — -
et Ay <M4¢3(k3+k4)¢1”2 +M4¢1(K2+k3)¢3”2> . (8.2)
2 01,202,3034 041 01,202,4043031 02303,101,4042

Other examples of involving fermion are available in, e.g., [27, 35, 73]. The real
problem, however, resides in whether the results like (8.2) can re-sum into something
simple and compact, and at best, whether for a given theory involving fermions we
can find a closed formula for its tree-level S-matrix, i.e., a CHY representation as those

summarized in Table 1. This remains largely unclear.

More or less related to the above is the question of how to encode supersymmetries into
the CHY representation. As mentioned before, in the connected formulations super-
symmetries enter naturally with the help of spin-helicity formalism (mainly because
we are able to introduce fermionic spinors to parametrize the on-shell superspace
[74]), but this is absent in arbitrary dimensions, and in the current proposal of CHY
representation polarization vectors/spinors are used instead. Since supersymmetric
theories are very sensitive to spacetime dimensions, perhaps we should expect again

to rely on certain techniques specialized to a chosen dimension.

There is another restriction to our discussions in this thesis: we require that the
particles in the theory are all massless. This plays a fundamental role already in the
proposal of the scattering equations, i.e., Q = 0. So when we want to extend them to
the case involving massive particles, it is natural to expect to modify these equations,
or even the concept that leads to them. With some clever observations, modifications
were worked out so as to allow for the description of scattering among a single type
of massive scalars [38], and the scattering involving massive scalars and gauge bosons
in the context of spontaneous symmetry breaking [39, 40]. But beyond these we are

lacking a general concept of how to deal with massive particles.

Apart from these, it is also interesting and perhaps important to explore the connection
of the CHY representation with string amplitudes. Note that a Riemann sphere is
present in both the CHY representation and the ordinary string amplitudes (the
worldsheet), but there is an essential difference between the two. In string amplitudes
one sums over all possible histories of string propagation and thus integrates over
the moduli space of the worldsheet where every point is equally important. And

the boundaries of the moduli space single out to specific field-theory diagrams only
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in the infinite string tension limit. In addition, the moduli space depends on the
external states and the theory. In contrast, in the CHY representation we are always
dealing with Riemann spheres for whatever particles under consideration. And
while it has the form of an integral, only at most a finite number of points in 9y,
contribute to the amplitude, which highly depends on the kinematics. Despite these
differences, there are still several remarkable similarities. It is well-known that the
field-theory amplitude of gluon scattering comes as the infinite tension limit of the
corresponding string amplitude. In a series of recent works [75], it was shown that
the string amplitudes for gluons can be linearly expanded onto a basis in the form of
KLT relations. This basis, the open string disk integral, depends on two orderings «,8,
and is defined as

1
Zulpl = | Hdzarnza ks , 83
t) <<zl A<D 2B(1)B(2) Z(2),p(3) " " ZB(m),B(1)

where all z’s are real, and the prime in []'dz is defined in the same way as (3.3). The

factor |z, ,|¢ % is called the Koba-Nielsen factor. Note this has a remarkably similar

form as the double partial amplitudes in ®3

malalB] = /Hd%l'[é (¥ k)

a=1 b#a Ta,b 8
. . (8.4)
Ta(1),a(2) Ya(2),a(3) """ a(n)a(1) 9B(1),8(2) YB(2),8(3) """ UB(n)B(1)

Moreover, by expressing YM amplitudes as the KLT of ®* amplitudes with themselves,

X

one can find that m, [«|p] is indeed exactly the &’ — 0 limit of the disk integral Z, [«|p].
It would be interesting to find out whether this connection between (8.3) and (8.4)
has to tell something deep. In particular, it is worth to mention that the scattering
equations can also arise from the saddle point expansion of the Koba—Nielsen factor
in (8.3) in the limit of high-energy fixed-angle scattering (the Gross-Mende limit),
corresponding to &’ — oo rather than a’ — 0. Some results along this exploration

were made in, e.g., [35].

Finally, the main open question is what is the space of all quantum field theories
whose complete tree-level S-matrix admits a CHY representation (in the sense that
a closed formula is available), and what is special about the theories that admit one.
Once extended to loop level, one can ask whether the CHY representation is a hint for
a different way of thinking about quantum field theory.
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