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Abstract

We give a comprehensive review of recent developments on using the pure spinor formalism to compute
massless superstring scattering amplitudes at tree level. The main results of the pure spinor computations
are placed into the context of related topics including the color-kinematics duality in field theory and the
mathematical structure of o/-corrections.
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1. Introduction

Superstring theories offer ultraviolet completions of supersymmetric gauge theories and supergravity in
D < 10 spacetime dimensions. Since gauge and gravity supermultiplets are realized through the massless
vibration modes of open and closed superstrings, respectively, their interactions are naturally unified: su-
perstring scattering amplitudes are computed from a topological expansion in terms of random fluctuating
surfaces dubbed worldsheets that automatically incorporate the interplay of open and closed strings via
splitting and joining.

The worldsheet origin of string amplitudes is a rich source of structure and information. First, it realizes
the connection between gauge theories and gravity through the Bern-Carrasco-Johansson (BCJ) double copy
in a geometrically intuitive manner. Second, the computation of string-corrections to field-theory amplitudes
from moduli spaces of punctured worldsheets reveals intriguing mathematical structures and cross-fertilizes
with string dualities. In order to bring these appealing implications of string amplitudes to their full fruition,
it is important to have detailed control over their explicit form and hence efficient methods to organize their
computation.

The worldsheet degrees of freedom underlying superstring theories and their amplitudes admit a variety
of formulations. The more recent pure spinor formalism developed by Berkovits since the year 2000 [1, 2, 3]
led to the first manifestly super-Poincaré invariant quantization of the superstring. The more traditional
Ramond-Neveu-Schwarz (RNS) [4, 5, 6, 7] and Green-Schwarz (GS) [8, 9] formalisms are for instance de-
scribed in textbooks on string theory including [10, 11, 12, 13, 14, 15, 16, 17] and differ in the implementation
of worldsheet and spacetime supersymmetry. The equivalence of these formalisms is widely expected based
on [18, 19, 20] and explicitly confirmed for leading orders in string perturbation theory but in general a
subject of ongoing research.

This is a comprehensive review of the state of the art regarding the computation of massless superstring
tree-level amplitudes in Minkowski spacetime with the pure spinor formalism. We will illustrate in detail how
the manifest spacetime supersymmetry of the pure spinor formalism simplifies computations and efficiently
organizes the information on the external gauge and gravity multiplets. The main results of this review
include compact expressions for superstring tree-level amplitudes with an arbitrary number of massless
external states revealed by a pure spinor computation in 2011 [21]. These expressions will be shown to
elegantly resonate with a web of double-copy relations between a wide range of string- and field theories as
well as number-theoretic properties of the low-energy expansion.

1.1. Summary of the main results

Throughout this review, the topics are presented in an order which emphasizes completeness rather than
brevity. As such, the topics are developed to a depth higher than what is usually necessary for a brief
application of certain parts of the formalism.! This is unavoidable in a comprehensive review but it can be
mitigated by jumping to the topic of interest and choosing to pick up the minimal background as one goes
along. This section aims to give an overview of the main results in this review along with pointers that
facilitate the identification of key passages on a given topic. References to original work can be found in the
main text.

1.1.1. Basics of the pure spinor formalism

We start by summarizing the worldsheet variables in the (minimal)? pure spinor formalism in ten-
dimensional Minkowski spacetime, based on selected aspects of section 3. Center stage is taken by the
worldsheet action in (3.49)

- 1 2 1 ma apo Ay«
Sps = ;/d 2 (56)( DXon + padf” — waOX") (1.1)

IWe welcome the readers’ help in spotting typos or technical mistakes. Every correction that is firstly brought to our
attention will be rewarded with 20 Euro Cent per numbered equation, to be paid in cash during the next in-person encounter
with one of the authors.

2See [3] for the “non-minimal” pure spinor formalism with additional worldsheet variables.
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with 0 = % and 0 = %, and we shall now give a brief characterization of its main ingredients. Just
like the bosonic string and the RNS or GS formulation of the superstring, the embedding coordinates X™
(with vector indices m,n,... = 0,1,...,9) enter (1.1) as free worldsheet bosons. In parallel to Siegel’s
reformulation of the GS formalism [22], the matter sector of the pure spinor worldsheet action (1.1) also
features a pair of anticommuting spacetime spinors (p,#“) of holomorphic conformal weights h, = 1 and
hg = 0 (with Weyl-spinor indices «, 8,...=1,2,...,16 of SO(1,9)).

The main characteristic of the pure spinor formalism is the pair of commuting ghost variables (wgs, A%)
of holomorphic conformal weights h,, = 1 and h) = 0. They are spacetime spinors in contradistinction to
the anticommuting scalar (b, ¢)-system of bosonic strings or RNS superstrings. Cancellation of conformal
anomalies and nilpotency of the BRST charge Qprst below requires A* to obey the pure spinor constraint

(M™AN) =0, QprsT = %dz Ay, do=pa— %GXW(%”H)Q — %(97’"89)(7@9% (1.2)

with 16 x 16 Pauli matrices v, = 75, of SO(1,9). Further details on the worldsheet ghosts and their
contributions N™" to the Lorentz currents can be found in section 3.3.

We have only displayed the left-moving spacetime spinors in (1.1). The pure spinor formulation of type II
superstrings involves right-moving counterparts (pg, éd) and (Wg, 5\5‘) with O in the place of 0 in the action.
The Weyl-spinor indices & are of the same (opposite) chirality as the indices « of the left-movers in (1.1) in
case of the type IIB (type ITA) theory. One can also construct a pure spinor version of heterotic strings by
incorporating right-moving bosons for compactified 16 extra dimensions into (1.1) instead of (pa,0%) and
(s, \Y), see section 7.5 for a brief discussion of its amplitudes.

1.1.2. The prescription for disk amplitudes

The physical spectrum of the pure spinor superstring is constructed from the cohomology of the BRST
charge in (1.2). As usual in worldsheet approaches to string theories, physical states are associated with
vertex operators V and U, conformal primaries of weight hy = 0 and hy = 1 in the BRST cohomology.
For massless states of the open superstring, the integrated and unintegrated representatives of the vertex
operators are

V=X4,, /dz U= /dz (060% Ao + A II™ + do W + LN, F™™) | (1.3)

see the discussion around (3.59) and (3.62). They combine the worldsheet variables in (1.1), (1.2) and
II™ = 0X™ + £(6y™90) with linearized superfields A,, A™, W, F™" of ten-dimensional super Yang—Mills
(SYM) reviewed in section 2, depending on the worldsheet variables X™ and 6 but not on their derivatives.

The main subject of this review are the superstring disk amplitudes obtained from the vertex operators
in (1.3) through the prescription [1]

.A(l, 2, N 77’L) = / d22 ng N dzn_g <<V1 (Zl)UQ(Zg)U3(Z3). . .Un_g(zn_g)vn_l(Zn_l)Vn(Zn)>> 5 (14)

—00<2;<Z;j41<00

see section 3.4.2. The integration domain informally refers to an ordering of the vertex-operator insertions
on the disk boundary parameterized by —co < 21 < 29 < ... < z, < oo which is associated with the
Chan—Paton trace in the cyclic ordering Tr(¢*1¢%2 .. .¢% ). The correlators (. ..)) arise from the path integral
over the worldsheet variables, and the contributions from their non-zero modes can be evaluated from the
OPEs encoded by (1.1). The zero modes of the variables A%, % with conformal weight hy = hy = 0 require
a separate prescription

(A 0) (A" 0) (AP 0) (0mnpt)) = 2880 (1.5)

which automatically fixes zero-mode correlators of arbitrary tensor contractions of A* X2 \7091992 %3 §o4 g%
via simple group-theoretic considerations. Consistency conditions on (1.4) and the extraction of three-point
component results for external gluons and gluinos are reviewed in detail in section 3.4. Massless n-point
tree-level amplitudes of type II superstrings and heterotic strings are obtained by integrating double copies
of the correlator in (1.4) over the sphere, see sections 7.2 and 7.5.
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1.1.8. The multiparticle formalism

The driving force for the simplification of the n-point disk amplitude (1.4) is the organization of
the OPEs among the vertex operators in (1.3) through multiparticle superfields. The local incarnations
AP A WS Fmm of multiparticle superfields (with words or ordered sequences P = pips ... in external-
state labels p;) are obtained from nested OPEs by systematically discarding total derivatives and BRST-exact
terms in each step. The construction of section 4.1.6 in so-called BCJ gauge implements a specific scheme
of discarding spurious terms and leads to multiparticle superfields with generalized Jacobi identities under
permutations of P, e.g.

Al = —A5,  Alss = —Axs,  Alss + Asy + As, =0. (1.6)

More generally, the symmetries of AT4,, and all the other local multiparticle superfields in BCJ gauge are
those of contracted structure constants f@1@2? fbase feasd — corresponding to the half-ladder graph

a2 ag Gy

ay

Accordingly, the multiparticle superfields inherit a diagrammatic interpretation that resonates with the BCJ
duality between color and kinematics in gauge theories and can be described in a combinatorial framework
based on planar binary trees, see section 4.3.

By dressing the AL, AT W&, Fm™ with the propagators of the associated cubic-vertex diagrams, one is
led to non-local superfields or Berends—Giele currents A~ AL WS, Fi™in BCJ gauge. This is an alternative
to the construction of Berends—Giele currents in Lorenz gauge via perturbiner methods [23, 24, 25, 26]: the
wave equations (4.92) of ten-dimensional SYM encode recursions for Lorenz-gauge currents such as

1 = " o
AP = o SOLAF Pk Ara ) + AT (mWiz ) — (12,5 ¢ j+1...p)] (1.7
P =1
with k;;. = k;+k;+. .. and similar ones for A, Wg and Fg™, see (4.95). These recursions terminate with

the linearized superfields in the vertex operators (1.3) in the single-particle case, e.g. A, = AJ. Berends—
Giele currents in Lorenz and BCJ gauge obey the same multiparticle equations of motion (4.97) such as

p—1
DaA;fmp +DﬂAé¢2mp _ ,y;rbA?lip _’_Z(A(l)(Q...jAjﬁ-l-l---p _-AZ;’_LHPA;Z“J) (18)
j=1

and their BRST-invariant combinations yield the same amplitudes.

1.1.4. SYM tree-level amplitudes
Multiparticle superfields turned out to be invaluable to determine tree and loop amplitudes in string
and field theory from first principles including locality and BRST invariance. As a simple manifestation

thereof, color-ordered n-point tree amplitudes of ten-dimensional SYM obey the compact formula presented

in (5.13),
n—2

A(1,2,...,7’L) = Z<M12...ij+1---n—1Mn> . (19)

j=1
The Mji».. ; may be viewed as non-local multiparticle vertex operators defined by the spinorial Berends-Giele
currents in (1.7) and whose BRST variation follows from the multiparticle equations of motion (1.8)

p—1
Mp = \* AL QerstMi2.p = Z Mo, jMit1.. p- (1.10)
=1

8



Since the superfields in the zero-mode bracket of (1.9) are easily checked to be BRST invariant via (1.10), the
component amplitudes following from the zero-mode prescription (1.5) are guaranteed to be gauge invariant
and supersymmetric. An efficient Berends—Giele organization of the component amplitudes is described in
section 5.2.2 which follows from (1.9) and a combination of Lorenz and Harnad-Shnider gauge for AL. In
particular, this implies the bosonic components of (1.9) to reproduce the Berends—Giele formula [27] for
n-gluon tree amplitudes.

The superspace formula (1.9) is a convenient starting point to prove the Kleiss—Kuijf (KK) and BCJ
relations between SYM tree amplitudes in different color orderings, see sections 5.2.4 and 5.2.5. The KK
relations [28] can be written as A(P W Q,n) = 0V P,Q # @ with the shuffle operation defined in (C.5)
and follow from the shuffle properties Mp.o = 0V P,Q # 0 of the currents in (1.10). The BCJ relations
[29] take the form A({P,Q},n) =0V P,Q # () with the so-called S-bracket {-,-} defined in (4.142) and are
derived from multiparticle superfields in BCJ gauge using the vanishing of BRST-exact expressions under
the zero-mode prescription (1.5), (Q(...)) = 0.

1.1.5. Superstring disk amplitudes
As a key result of this review, color-ordered superstring disk amplitudes A(P) with any number of
external gauge multiplets are reduced to SYM tree amplitudes A(Q) in a BCJ basis of color orderings @,

AL Pn—1,n;0/) = > Fp?a)A(1,Q,n—1,n). (1.11)
Qesnfi‘}

In this simplified form of the string amplitudes, the entire a’-dependence resides in the disk integrals Fp®
(indexed by permutations P, Q of legs 2,3,...,n—2) which are defined in (6.51) and depend on external
momenta. The SYM amplitudes A(Q) in turn carry the complete polarization dependence of (1.11) for
any combination of external bosons and fermions. Remarkably, the superspace structure of string tree
amplitudes is captured by field-theory building blocks A(Q) and separated from the string effects in the
scalar disk integrals Fp@.

As detailed in sections 6.1 to 6.3, the derivation of (1.11) starts from the opening line (1.4) and relies on
the local multiparticle superfields to perform the OPEs among the vertex operators. After integration-by-
parts reduction of the disk integrals, the SYM amplitudes are identified through their superspace represen-
tation (1.9) in BCJ gauge.

The expression (1.11) for n-point superstring disk amplitudes turns out to line up with the Kawai—
Lewellen-Tye (KLT) formula for supergravity tree amplitudes M&®" once the integrals Fp? (/) are rewritten
in a Parke-Taylor basis of Z-integrals defined in (6.62):

MES =— N A(1,Qn,n—1)S(QR)1A(1, R,n—1,n) (1.12)
QaRESnff}
“ AP)=- > Z(PIL,Q,n,n-1)S(QIR)1A(L,R,n—1,n).
Q,RGSnfg

The entries of the (n—3)! x (n—3)! KLT kernel S(Q|R)1 are degree-(n—3) polynomials in k; - k;, see (4.160).
Since the KLT formula for MEg™ reflects the tree-level double copy of supergravity as a square of SYM,
we interpret (1.12) as a field-theory double-copy construction of the open superstring from SYM and disk
integrals Z(P|Q).

As detailed in section 6.4.3, the disk integrals Z(P|Q) at fixed color ordering P obey field-theory KK
and BCJ relations between different Parke-Taylor integrands specified by ). By these relations and their
appearance in a field-theory KLT relation (1.12), the Z(P|Q) are proposed to furnish (single-trace) tree-
level amplitudes in a ultraviolet-completed theory of bi-colored scalars dubbed Z-theory. This is furthermore
supported by the emergence of doubly-partial amplitudes of bi-adjoint scalars in the field-theory limit

Tim Z(P|Q) = m(P|Q), (1.13)

see section 6.4.4 and in particular (6.80) for the definition of m(P|Q).
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1.1.6. Color-kinematics duality and double copy

Another main result of section 6 is the manifestly local (n—2)!-term representation (6.64) of superstring
disk amplitudes. By the field-theory limit (1.13) of the disk integrals therein, we obtain SYM amplitudes
from a sum over permutations @ of legs 2,3,...,n—1,

APy = > m(P1,Q,n)Nyqpn- (1.14)
QES,_2

The kinematic factors Ny |, are trilinears in local multiparticle superfields AP in BCJ gauge,
Nijp-tyoin = (1) VipV,5Va1), Ve =A"AL. (1.15)

The appearance of Ny |, in (1.14) identifies them as BCJ master numerators that manifest the color-
kinematics duality of SYM at all multiplicities for any combination of external bosons and fermions. More
precisely, by the discussion in section 7.1, the kinematic numerators in (1.15) are associated with the half-
ladder diagrams in figure 8 and generate all other cubic-diagram numerators by kinematic Jacobi identities.

In the same way as the open superstring manifests the color-kinematics duality of n-point SYM tree
amplitudes, section 7.2.3 reviews the derivation of the gravitational double copy in its cubic-diagram formu-
lation from closed superstrings,

ME™ = Z Nijpnm(1, P,n|1,Q,n)Nygpn (1.16)
P,QES,_2

which is equivalent to the KLT formula for supergravity tree amplitudes Mg in (1.12). In both (1.14) and
(1.16), the key to realize the BCJ duality and double copy with manifest locality is the simplification of the
correlator in (1.4) to the (n—2)!-term combination (7.64) of local multiparticle superfields and Parke—Taylor
factors. Moreover, the construction relies on doubly-partial amplitudes m(P|Q) from the field-theory limit
(1.13) of disk integrals and closely related sphere integrals (7.61).

Similarly, we shall construct explicit BCJ numerators for the non-linear sigma model (NLSM) of Gold-
stone bosons in section 7.4 reflected in the amplitude representation

Anwsm(P) =" Y m(P[1,Q,n)S(Q|Q) (1.17)

QESn 2

analogous to (1.14), with S(Q|Q): the diagonal entries of the KLT kernel in (1.12). Section 7.5 in turn is
dedicated to double-copy representations of Einstein—Yang—Mills tree amplitudes similar to (1.16) that are
derived from the heterotic version of the pure spinor superstring.

1.1.7. o -expansions of open- and closed-superstring tree amplitudes

The low-energy expansion of the n-point disk integrals Fp® and Z(P|Q) in the open-string amplitudes
(1.11) and (1.12) yields infinite series in dimensionless Mandelstam invariants o’k; - k; with multiple zeta
values (MZVs) in their coefficients,

oy = Z Er™ky™ k™, ni,ng,...,n. €N, ong > 2. (1.18)
0<ki<ka<...<k,

After a brief review of mathematical background in section 8.2, the f-alphabet description of (motivic)
MZVs is shown to determine the entire o/-expansion from the coefficients of the Riemann zeta values (,,
(i.e. (1.18) at depth r = 1), see (8.37). This reflects a kind of closure of disk integrals under the motivic
coaction A of MZVs which has also been observed in other areas of high-energy physics and can be expressed
in terms of another KLT formula (8.40) for AZ(P|Q).

On top of these structural results, we review two recursive methods to explicitly determine the poly-
nomials in k; - k; within the o/-expansion of n-point disk integrals. In section 8.5, matrix representations
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of the Drinfeld associator relate the (n—1)-point and n-point versions of the Fp® basis in (1.11). Section
8.6 is dedicated to a Berends—Giele recursion for the Z(P|Q) integrals in (1.12) which is generated by a
non-linear field equation of bi-colored scalars in o/-expanded form and supports the interpretation of Z(P|Q)
as Z-theory amplitudes.

The o'-expansion of closed-string tree amplitudes only features the subclass of MZVs obtained from the
so-called “single-valued” map sv. Even though the notion of single-valued MZVs is only well-defined in a
motivic setting, we informally write the main result of section 8.7.1 as

Melesed (o)) = — Z A(1, P,n,n—1)S(P|Q)1sv FoR(a/)A(1, R,n—1,n) . (1.19)
P,Q,RES,_3

The single-valued map acts on the MZVs order by order in ', for instance sv (o = 0 and sv (opt1 = 2{ak+1
at depth one, but leaves the external polarizations and momenta inert. Similar to the expression (1.11) for
superstring disk amplitudes, the o/-dependence of (1.19) is isolated in a scalar quantity sv Fgo*(o/) while
all the superfield-polarizations are carried by SYM amplitudes fl(P) and A(R). With the SYM amplitudes
in (1.9) one can access all multiplet components of type ITA and IIB amplitudes via (1.19). Moreover, the
low-energy expansion of (1.19) can be made fully explicit through the single-valued map of disk integrals
Fo® within the reach of the expansion methods in sections 8.5 and 8.6.

1.1.8. A web of field-theory double copies for string amplitudes

There is a steadily growing web of double-copy relations among field theories of different spins [30, 31, 32]
which can be formulated in terms of the KLT formula (1.12) with kernel S(P|Q):. In case of supergravity
and Einstein—Yang-Mills, such double-copy relations can be derived from the string-theory KLT formula
reviewed in section 7.2.1. It expresses closed-string tree-level amplitudes via bilinears in color-ordered open-
string tree amplitudes with an o/-dependent kernel S, (P|Q); that depends trigonometrically on the external
momenta.

The representations in (1.12) and (1.19) for open- and closed-string tree-level amplitudes in turn involve
the field-theory KLT kernel S(P|Q); = limy 0 So(P|@)1 and are still exact in /. The emergence of a
field-theory double-copy in a string-theory context can be traced back to the KLT form (6.73) of the n-
point correlation function of vertex operators in the pure spinor formalism. This correlator including the
field-theory KLT kernel therein also enters the tree amplitudes of type II and heterotic superstrings upon
pairing with right movers and for instance explains the factor of S(P|Q@); in (1.19). The latter can in fact
be written as

Mot = — N A(1, P, n—1)S(P|Q)1sv A(1,Q,n—1,n). (1.20)

P7Qesn—3

identifying type II superstrings as a field-theory double copy of SYM with the single-valued open superstring.
Field-theory KLT formulae require BCJ relations of both double-copy constituents as a consistency condition
which is met for the sv A(Q) in (1.20) to all orders in o/, see the discussion in section 8.4.1. As a commonality
of (1.20) with the KLT form (1.12) of open-superstring amplitudes, SYM building blocks are double-copied
through the field-theory KLT kernel with one string-theoretic object — disk integrals or single-valued open-
superstring amplitudes.

Also for heterotic strings reviewed in section 7.5, n-point tree amplitudes obey a field-theory KLT formula

M?Let = — Z A(DF)2+YM+¢3(1,P,’I’L,?’L—l)S(P|Q)1SV.A(1,Q,’I’L—l,n) (121)
P,QeSn—3

with one quantum-field-theory component fl( DF)24+yM4g3 and again sv A(Q) as a string-theoretic compo-
nent. However, the Lagrangian and tree amplitudes of the (DF)?4+YM+¢? field theory are more complicated
than those of SYM by the lack of supersymmetry and the two types of massive internal states, see section
7.5.3. On the basis of (1.21), the tree amplitudes of heterotic strings with external gauge and gravity
supermultiplets reveal a field-theory double copy of (DF)? + YM + ¢ with single-valued open superstrings.

11



Together with similar field-theory KLT formulae (8.106) for open- and closed-string amplitudes of the
bosonic theories, we arrive at the web of double-copy relations summarized in table 3: tree amplitudes in
various perturbative string theories are intertwined with field-theory amplitudes and string-theoretic building
blocks that share the KK and BCJ relations of gauge theories.

1.1.9. Ezample of a possible shortcut

The above summary of selected main results in this review together with the pointers to equations and
sections may offer shortcuts to extract the key information on specific topics of interest. For instance, the
expression (1.9) for SYM tree amplitudes can already be defined through the Berends—Giele currents Mp in
Lorenz gauge. In this case, the consistency conditions and component evaluations can already be understood
from the non-linear theory of ten-dimensional SYM using only non-local superfields, i.e. independently of
string-theory methods and the local multiparticle superfields in BCJ gauge in section 4.1.

However, important aspects such that the BCJ amplitude relations or the kinematic Jacobi identities
among SYM numerators require the notions of local multiparticle superfields and BCJ gauge as well as the
associated formalism. Therefore the theory of multiparticle superfields is given an exhaustive discussion in
section 4 before their applications in scattering amplitudes. Here and in other contexts, the reader should
be aware that the years of development led to a healthy growth in the amount of connections between a
variety of subjects which caused the review to grow beyond the page limits envisioned in earlier stages.

1.2.  Related topics beyond the scope of this review

There is a variety of related topics that fruitfully resonate with superstring tree amplitudes but could
not be covered in this review. As a small sample, we shall make a few comments on the Cachazo—He—Yuan
(CHY) formalism, string field theory, the hybrid formalism and strings in AdS spacetimes here, and a more
detailed account on loop-level string amplitudes covering references up to fall 2022 can be found in section 9.

1.2.1. The CHY formalism

An alternative worldsheet approach to double-copy representations of field-theory amplitudes is offered
by the CHY formalism [33, 34, 35]. It may be viewed as an uplift of the Witten-RSV [36, 37] and Cachazo-
Skinner [38] formulae to generic spacetime dimensions D # 4 and is underpinned by ambitwistor string
theories in RNS [39, 40] and pure spinor [41, 42] formulations. The reader is referred to the review [43] and
the white paper [32] for the wealth of developments in the CHY formalism and its interplay with double
copy and superstring amplitudes.

CHY formulae directly compute field-theory amplitudes from moduli-space integrals for punctured Rie-
mann surfaces similar to those in superstring amplitudes. These CHY integrals are completely localized
via so-called scattering equations and in case of Parke—Taylor integrands seen in the main formulae for
superstring tree amplitudes such as (1.12) coincide with the field-theory limits of disk and sphere integrals,
see for instance (1.13). In fact, our main result in (6.73) or (7.64) for the n-point correlation function of
massless vertex operators in the pure spinor superstring can be readily exported to the pure spinor version
of the ambitwistor string [44].

1.2.2. String field theory

Perturbative string theories admit an alternative formulation in terms of string field theory where scat-
tering amplitudes including their exact o/-dependence are computed from Feynman-type rules for a string
field. The wavefunction of the string field depends on the zero and non-zero modes of the worldsheet vari-
ables and may guide an extension of the multiparticle formalism for massless vertex operators to the entire
string spectrum. Recent lecture notes on string field theory can for instance be found in [45, 46, 47].

On the one hand, string field theory may face more technical complications in a detailed evaluation
of string amplitudes than the worldsheet techniques described in this work. On the other hand, string
field theory is widely considered more promising to describe non-perturbative features of superstring theory
including duality symmetries or background independence. In particular, string field theory turned out to
be a successful approach to tachyon condensation [48, 49, 50] or mass renormalization [51, 52, 53] and is
conjectured to provide an understanding of the AdS/CFT correspondence [54, 55, 56, 57].
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1.2.3. The hybrid formalism and strings in AdS spacetimes

As an alternative to the RNS, GS and pure spinor descriptions of the superstring, the so-called hybrid
formalism admits manifestly SO(1, 3)- or SO(1,5)-super-Poincaré invariant quantization. The hybrid for-
malism was constructed in the 90’s from a series of field redefinitions in the RNS formalism to GS-like
variables which manifest half- or quarter-maximal spacetime supersymmetry [58, 59, 60, 61, 62].

Apart from manifestly supersymmetric amplitude computations in flat spacetime [63], a major appeal
of the hybrid formalism is its aptitude for the description of superstrings in AdS3 x S3 backgrounds [61]
(also see [64] for AdSy x S?). The intricate physical-state conditions for the AdSs x S superstring are for
instance discussed in [65, 66, 67, 68, 69], also see [70] for a three-graviton amplitude. The hybrid formulation
in [61] became a driving force for recent progress on type II superstrings in AdS3 x S x T* spacetime with
NS flux and clarified the gauge-theory dual under the AdS/CFT correspondence [71, 72, 68, 73].

For superstrings in AdSs x S with finite radius, the RNS formulation faces difficulties in incorporating
Ramond flux backgrounds. The pure spinor formalism in turn preserves the full PSU(2,2[4) symmetry of
the coset description of AdSs x S® upon quantization [74], though a larger amount of computations has been
performed in the GS formalism [75]. The reader is referred to the comprehensive review [76] and the white
paper [77] for further references on both the pure-spinor and GS approach to superstrings in AdSs x S5;
also see the white paper [78] for progress on relating string perturbation theory with conformal correlators
through the AdS/CFT correspondence.

1.3. Conwventions and notation

Ten-dimensional superspace. The ten-dimensional superspace coordinates are denoted {X™ 0%}, where
m =0,...,9 are the vector indices and a = 1, ..., 16 denote the spinor indices of the Lorentz group SO(10).
The spinor representation is based on the 16 x 16 Pauli matrices v = g, satisfying the Clifford algebra

Yap = 2§™"462. In this review, unless stated otherwise, the (anti)symmetrization of & indices does not
include a factor of % For more details on gamma matrices, see Appendix A.

Multiparticle index notation. In this review we will use a notation based on words to label multiparticle
states. More precisely, let N = {1,2,3,...} be the alphabet of external-particle labels. We will consider the
vector space generated by linear combinations of words P = pipy ... with letters p; from the alphabet N.
Capital letters from the Latin alphabet are used to represent words (e.g. P = 1423) while their composing
letters are represented in lower case (e.g. p = 3). The length of a word P = p1ps ... p; is denoted by |P| =k
and it is given by the total number of letters contained in it. The empty word is denoted by P = () has
length |P| = 0. The reversal of a word P = p1ps...py is P = pj...pap1. The deconcatenation of a word P
into two words X and Y is denoted by > 5»_yy, and it represents all the possible ways to concatenate two
words X and Y (including the empty word) such that XY = P. This operation will be often used when the
words are labels of other objects (usually superfields such as Mp), for instance

Z Mx My = MyMia3 + M1 Moz + Mia Mz + My23My. (1.22)
XYy=123

More definitions can be found in the Appendix C.
The multiparticle momentum k% for a word P with letters ¢ from massless particles (k; - k;) = 0 and its
associated Mandelstam invariant are given by

m m m 1
p = kp1+'“+k:p\p\ , Sp = E(k/’pkp) (1.23)

For example k753 := k7" + k3" + k5* and s123 = 512 + S13 + S23.

2. Super Yang—Mills in ten dimensions

Super Yang-Mills (SYM) theory in ten dimensions is the simplest among D-dimensional SYM theories;
its spectrum contains just the gluon and gluino, related by sixteen supercharges [79] that form a Majorana-
Weyl spinor of SO(1,9). Tt is perhaps not a coincidence that it is also the theory relevant to the low-energy
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limit of superstring theory [80]. Its super-Poincaré covariant formulation [81, 82] is, in particular, one of the
pillars supporting the pure spinor description of massless states of the open superstring. And indeed the
SYM superfields of [81, 82] and their multiparticle generalization [83, 84, 85] reviewed in section 4 played an
essential role in the calculation of the general n-point superstring disk amplitude. It is therefore beneficial
to start this review by giving a detailed account of this beautiful field theory.

On top of the original superfields of [81, 82] we will define additional superfields of arbitrary mass
dimension and study their non-linear equations of motion. This framework simplifies the #-expansions of
multiparticle superfields as detailed in Appendix F and the expressions of kinematic factors in higher-
loop scattering amplitudes, including the D®R* interaction in the superstring three-loop amplitude [86] as
discussed in [87].

It is also well-known that the dimensional reduction of the simple ten-dimensional SYM theory gives
rise to various maximally supersymmetric Yang—Mills theories in lower dimensions, including the celebrated
N =4 theory in D = 4 [79]. Therefore a better understanding of the D = 10 theory propagates to a variety
of applications® to any lower dimension.

2.1. Ten-dimensional SYM

To describe the gluon and gluino states of ten-dimensional SYM, one introduces Lie algebra-valued
superfield connections A, = A, (X, 0) and A,, = A,,(X,0), the supercovariant derivatives,

Va:=Ds— Ay, Vi = 0m — A, (2.1)
and imposes the constraint [81, 82]
{Va, V} =705V, (2.2)
Note that 9, = BXL"” and the superspace derivative
0 1
D,y :=—+4+ =(7"0)a0m 2.3
e+ 30™0) (23)

satisfies {Dq, D} = YeOm, see Appendix A.1 for our conventions for the 16 x 16 Pauli matrices ..

Non-linear equations of motion. The constraint (2.2) and the associated Bianchi identities imply the fol-
lowing non-linear equations of motion [81, 82]

{Van Vﬁ} = ’Yo%vm ) [Van Vm] = 7(7mw)a ) (24)
1
BN _ Z(amny B mn] _ [m . n]
{VQ,W }* 4(7 )a Frun, [VaaF ] = (W Y )av
where
Fon = f[Vm,Vn} , We = [Vm,WO‘] , (2.5)

and we recall that our conventions for (anti-)symmetrizing k indices do not contain factors of %, e.g.
T = Trv _Tvi . The superfields F”" and W are the field strengths of the gluon and gluino, respectively.

Gauge invariance. The equations (2.4) are invariant under the infinitesimal gauge transformations of the
superfield connections under a Lie algebra-valued gauge parameter superfield 2 = Q(X, 0)

boha = [Va,Q],  dohn = [V, Q] (2.6)
which in turn induce the gauge transformations of their field-strengths

SoWe = [Q,WO],  6oF™ = [Q,F™],  6oW = [Q,W2]. (2.7)

3The dimensional reduction of the multiparticle superfields appears to be unexplored territory so far.

14



Lemma 1. The equations (2.4) imply the (massless) Dirac and Yang—Mills equations,
Vs [ Vi, WP =0, [V, F™] = 405 { W, WP} (2.8)
Proof. To obtain the Dirac equation, we use the constraint equation (2.2) to get

Vs [Vin, WP] = [{Va, Vs }, W] = —[{W?,Vo}, V] — [{Vs, WP}, V,]

1 1 1
_ _Z(amny\ B — I (AMmnnpym T (amn, myygn
= —=70"")a” [Frn, V| = 207" W) = 2 (777" W)
9
= D [ W], 29)

where we used Y™ = 9y™, 7”"5'6 = 0 and (2.5) to arrive at the last line, implying that Yo [Vm, Wﬂ} =0.
To obtain the Yang-Mills equation, one evaluates the anti-commutator of the Dirac equation with vV 4
and uses the Bianchi (or Jacobi) identity,

0 =2°Y05{ Vs, [Vin, WP} = 42097 { WP [Vs, Vin] } + 7270 [V, {W?, Vs }]
1
= =770 (m)oo {W? W} + 2920905 (1)s” [V, Frs]

= 895, { WP, W7} — 8[V,,,F™"], (2.10)

where to arrive in the last line we used the Clifford algebra (A.28) and ™,, = 10 to obtain — (YY" Vs, ) go
874, and used the trace relation (A.24) to get 1T (Ym ") = 4(65,65, — 65,05). O

Non-linear equations of motion. The equations of motion (2.4) can also be rewritten as
{Va, A} +{Vp,An} = 'Y;nBAm —{Aa, Ag}, [Va, Am] = [Om, Aa] + (7mW)a
1
{VmWﬂ} = Z(an)aﬂana [Va,F™] = (W[m'Vn])oz . (2.11)
After using the definitions (2.1) these become

{DaaAﬁ} + {DﬁvAa} = 'Y%Am + {AaaAﬁ} ) [DavAm] = [avaa] + ('me)a + [AmAm] s

1 mn mn m_.n mn
{Daawﬁ} = Z(’y )aﬁan + {Aaawﬁ}a [DOMF ] = (W[ ’7 ])a + [AOHIF ]5 (212)

which will be used later in section 4.2.3 to obtain the Berends—Giele recursions for superfields from a
perturbiner expansion. For later convenience, we use the collective notation K referring to any element of
the set containing these superfields,

K e {Ay, A, W FT ) (2.13)

2.2. Linearized superfields

Scattering amplitudes deal with linearized perturbations, so we need the linearized description of ten-
dimensional SYM. This is obtained by discarding the quadratic terms from the equations of motion (2.11)
and yields

Do Ay + Da A, = 7i5A, Do Ay, = (ymWida + Om AL
1 . _
DaW/ = 2(3"")a " Fiuy Doy = O (3 Wi (2.14)
In addition, the linearized version of the gauge transformations (2.6) are given by
0aAs = D2, 00 Am = 0mY, (2.15)
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and they will play a role in the definition of massless vertices in the pure spinor formalism in section 3.4.
In the context of scattering amplitudes, the linearized superfields are labelled by natural numbers ¢. These
numbers are the single-particle labels keeping track of the i*? external state taking part in the scattering
process. In addition, the linearized equations (2.14) describe the motion of a single SYM particle with label i.
More abstractly, ¢ can be thought of being a letter from the alphabet of natural numbers. As we will discuss
in section 4, the concept of labeling superfields with a single letter ¢ has been generalized for multiparticle
states labelled by words P, the multiparticle superfields. It will then be shown in section 5 that SYM
scattering amplitudes involving multiple particles can be compactly written in terms of these multiparticle
superfields. And in section 6 we will see how they are utilized in the computation of superstring amplitudes.

2.2.1. 0-expansions

The linearized version of the gauge transformations (2.6) can be used to attain Harnad—Shnider gauge
9> Al = 0, where the 6 dependence is known in terms of fermionic power-series expansions from [88, 89, 90].
After peeling off the dependence of linearized superfields on the bosonic coordinates X™ via plane waves?
ek X with on-shell momentum k? = 0, the different orders in @ alternate between gluino wave functions x¢
and gluon polarization vectors e}*, or their associated linearized field strength

S = ke — ke (2.16)
More precisely,
[ 1 m 1 m 1 [l mnp
A (X,0) = 4 S (Om)al + 3 (O%m)a(637X) — 55 (09)" (07"70) £, (2.17)
1 . 1
_ mnp Q mnp pqr n gqr ki- X
o O30 ( 0) + T (O3m)a (07776) (617 D)L +} ,
1 1
ATM(X,0) = {e;” + (v x:) — g(eymme)ffq + E(Gv’””@)kz?(xmp@)
— r nfpd_ r NP (1~ 4 ki X
b e (07 OOV K I — i (077, 0) 07 ORI (i 9>+...}e ,
1 | 1 N
W) = {xE + 107 P = F 00 K (62"0) = 5 (01) OO £
1 1
— FA m POy — — s mp.n ¢pPq ki-X
§ o (01 Pl OR K (x1770) mo(@vm ) (00" 0) (g TR +} |
F (X, 6) = {fz“” 0 0) + L0, R 1~ (03,0 K (i)

L, ORI £ (04°,,0) (041 9)k?]kfkf(xﬁ9)(975qr9)+---}6’”'X,

192 480 ps

see (F.7) for the analogous f-expansions of the non-linear fields K in (2.13). Terms in the ellipsis involve
six or higher orders in # which won’t be needed for the purpose of this review but can be obtained in closed
form via expressions such as [89]

AT(X,0) = {(Cosh\/_) (%)mq(emi)}eki'x, (2.18)

where

1
O™y = 5 (67" bk (2.19)

4We absorb factors of 4 into momentum factors k™ in order to attain plane-wave factors of e* X subject to the simple
conversion Oy — km instead of the more conventional e?*'X with 8y — ikm. The traditional conventions can be retrieved by
replacing km — tkm and s;; — —s;; for Mandelstam variables defined in (1.23).
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2.3. Superfields of higher mass dimension

As the loop order of SYM amplitudes increases so does the mass dimension of the associated kinematic
factors. In the pure spinor formalism the maximum mass dimension for a four-point amplitude using
only the standard SYM superfields in (2.13) is k?F* obtained from the pure spinor superspace expression
(AP \Y( Ay W) Frn Fpg Frs) at genus two [91].

Therefore it would be convenient to define SYM superfields of higher mass dimension as compared to
the standard ones in K. The obvious candidates of the form 9,0, . ..K are inadequate because the ordinary
derivatives J,, do not preserve gauge covariance at a non-linear level probed by higher-point amplitudes.
So, instead, the connection V,, in (2.1) guides the subsequent definitions [87]

Py mee [levwmz»»»mka] , (2.20)

le...mk\pq — [le’sz...mHP‘Z} ,
where the vertical bar separates the antisymmetric pair of indices present in the recursion start FP?.

2.83.1. Equations of motion at higher mass dimension

Similarly as in the standard SYM superfields of [81, 82], the equations of motion for the superfields of
higher mass dimension (2.20) follow from [Va,Vm] = —(vymW), and [Vm,Vn} = —F,,, together with
Jacobi identities among iterated brackets. In general, one can prove by induction that

{ Vs WP} = 5 () "EYIT = 3 {(W) g, W7

5(N)=R®S
R#0

[VmFNlpq]:(WN[pyq])af Z [(W’y) FS\pq} (2.21)

5(N)=R®S
R#0

The vector indices have been gathered to a multi-index N := ning...n; with (Wy)V = (Wni-nk-14mk)
and 6(N) denotes the deshuffle map defined in (C.10). The simplest examples of (2.21) are given by
{Va, W™} = L (70) o FTIPT — {(Wy™) o, WP} (2.22)
[Vmﬁrmlpq] — (Wm[qu])a _ [(Wﬁm)a,ﬁ"pq} ,
{Va, W2} = 4 (pg) o “F"P7 = { (W), W} — {(W1™ ), W7} — { (W), WP},
[va,anlpq] — (Wmn[pvq})a _ [(Wmvn)mﬁrpq] _ [(va)myn\pq} _ [(an)mﬁrmlpq} ,
{Va, WP} = 4 (775)a"FIT — {(WP) 0, WP} — {(Wy ™), WPP} — {(WP) o, W™ P}
—{(W™yP)a, WP} — {(WyP)a,, WP} — {(W") o, WP F} — {(Wy™)ar, WP}
where we used 6(mnp) = mnp@P+mnp+mpAn+npRm+p@mn+nQ@mp+menp+ 0@ mnp.

One can also show inductively that the Dirac- and Yang—Mills equations (2.8) generalize as follows at higher
mass dimension:

Vi, ("WN)al = Y [FP, (7 W9)a] (2.23)
J(N])%;IS®S
Vo, FNP] = 5 > [FEm S - N (WA (4PWS), ) (2.24)
6<N};Ig®s 5(N)=R®S

where FF" for non-empty R := Qq is defined as FQ" := F?l9", For example,
[V, ("W™)a] = [F™, (v W)a} : (2.25)
[V, (P"WP)a] = [F07, (3, W] + [F™7, (0 WP)a] + [F7, (1 W™)a]
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[Vm, Fn|pm] = [anv Fpm] - {Wnav (,YPW)Q} - {Waa (’prn)a} )

where we used the deshuffle map 6(np) =npR P+ n@p+pRn+ 0 np.
Note that the linearized versions of higher-mass dimension superfields are simply the outer products of

derivatives ‘
W e = g QW Fiml”'mk Pe— gma .8”’“Fipq, (2.26)

3

where i denotes a single-particle label. In this case, the equations of motion (2.23) and (2.24) translate into
O (Y"WN) =0,  0,FN™ =0, (2.27)

In case of an empty multi-index N — @, this includes the linearized Dirac and Yang—Mills equations
O (Y"Wi)a = 0 and 9,, F]"" = 0.

The higher-mass-dimension superfields obey further relations which can be derived from Jacobi identities
of nested (anti)commutators. For example, (2.5) determines their antisymmetrized components

W[nlnz]nsnﬂkﬂ — [Wns---"kﬁ,F"llWQ} , (2.28)

[nin2]ns..nglpg _ [Ens...nklpg Fnine
F = [IF ,F ] .

Similarly, more antisymmetrized indices give rise to nested commutators, for instance
wlmnlf — [wh Fme) (2.29)
[WmB FP] + [W™P FP™) + [WPP Fmn]
wlmnpdB — [[Wﬂ’an],qu] — [[Wﬂ’Fmp]’an] + [[Wﬂ’qu]’an]
+ (WP, F"7), F™9) — [[WP, F™9), F™P] + [[WP, FPe) ],

yylmnls _

with similar expressions at higher multiplicities.
Moreover, the definitions (2.20) via iterated commutators imply the generalized Jacobi identities of
section 4.1.5 on the set of vector indices, of which first instances are

Flminel — o Elmnllpg 4 pleallmn _ o (2.30)

3. Pure spinor formalism and disk amplitudes

The discovery of the pure spinor formalism by Berkovits in [1] gave to the world an efficient tool to
compute superstring scattering amplitudes in a manifestly supersymmetric manner. It combined numerous
convenient aspects of the Ramond—Neveu—Schwarz (RNS) [4, 5, 6, 7] and Green—Schwarz (GS) formulations
[8, 9] in a way that allowed computations of various amplitudes previously out of reach.

In this section we will review the basic aspects of the formalism with a view towards the prescription to
compute disk amplitudes in the superstring; multi-loop aspects will not be covered, but a path through the
recent literature can be found in section 9. The presentation will follow the ICTP lectures by Berkovits [92]
as well as a combination of the PhD theses of the present authors [93, 94].

We will now present some of the motivations that led to the development of the pure spinor formalism.

3.1. Difficulties with the covariant quantization of the Green-Schwarz string

Type I superstrings [95], type II superstrings [96] and heterotic strings [97] are supersymmetric in ten-
dimensional space-time and therefore it is natural to seek a manifestly 10d supersymmetric description of
their worldsheet action. This is traditionally achieved with the GS formalism [8, 9] but unfortunately the
classical action cannot be quantized while maintaining Lorentz covariance.

The GS action for heterotic superstrings (or a chiral half of type II superstrings) in conformal gauge is
given by [8]

1 f o, (1. — 1 ~ 1—
== —I™,, + -1I m90) — 11 m 1
Sas - /d z [2 mT Yy m(e'y 69) 4 m(97 69) (3 )
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1 1 — 1 — 1 _
== / a2z [Eaxmaxm + 50X, (07790) + 5(67™06) (67 00) | .

™

where we employ supersymmetric momenta

o™ =o0xX™+ %(97’”89) , I =0X™+ %(97"159) : (3.2)
The dependence of X™, 6 on the worldsheet coordinates z,Zz as well as the action of the gauge sector of
the heterotic string is suppressed. Throughout this review, the integration measure is d?2 = dRez A
dlmz = %dz A dZz, and derivatives are denoted by the shorthands = 0, and 0 = 9. Holomorphic and
antiholomorphic derivatives are related to those w.r.t. worldsheet coordinates o = %(z—i—?) and ot = %(z—?)
via 0y = 0 + 0 and 9; = 9 — 9. Following the standard closed-string conventions, we are setting o/ = 2 in
sections 3 to 5 (but will reinstate it in sections 6 to 8).°

Covariant quantization of (3.1) is hindered by a technical challenge: the conjugate momentum to 6¢

0Sas 1
po=2m—268_ _ 1

e LU [CRON 5:3)

depends on 0¢ itself, so it gives rise to the GS constraint d, = 0 with

1 1
o =pa = 3 (1" = 107010)) (in0)e (3.4
The variable d,, associated with the GS constraint satisfies the Poisson brackets

{da,ds} = ivapllm . (3.5)

Due to the Virasoro constraint IT,,,II" = 0, the relation (3.5) mixes first- and second-class types of constraints
in a way that is difficult to disentangle covariantly®. The standard way to deal with this situation is to go
to the light-cone gauge [95, 99, 100, 96], where the two types of constraints can be treated separately and
quantization can be achieved. However, one obviously loses manifest Lorentz covariance in the process.
These difficulties are universal to heterotic and type II string theories in their GS formulations.

3.2. Siegel’s reformulation of the Green—Schwarz formulation

In 1986 Siegel [22] proposed a new approach to deal with the covariant quantization of the GS formalism.
His idea was to treat the conjugate momenta for 8% as an independent variable, proposing the following
action for the left-moving variables

1 1 _ _
SSiogel = — / d?z {anmaxm + paaea] (3.6)
™
in which the variable d,, . )
Ao =P — 5 (OX™ + 7(07™06)) (ym6)a (3.7)

was assumed to be independent and not a constraint (the difference between the expressions (3.4) and (3.7)
for d,, is proportional to 08* and vanishes by the equations of motion for p, ). In this way, the mixing (3.5)
of first- and second-class constraints of the GS formulation is not an issue in Siegel’s approach.

5The a’-dependence of the worldsheet CFT and the associated scattering amplitudes can be reinstated based on dimensional
analysis. For instance, demanding worldsheet actions to be dimensionless and X™,v/a/ to have dimensions of a length, we
retrieve Sgs — ml)/ [ d?20X™MOX 4. ...

6Recall that first-class (second-class) constraints are defined by the vanishing (non-vanishing) of their Poisson bracket [98].
The constraint 112 = 0 then implies that one half of the Poisson brackets (3.5) vanishes. We are grateful to Max Guillen for
discussions on this point.
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Lorentz currents and energy-momentum tensor. The action (3.6) is easily checked to yield a Lorentz current
of the spinor variables”

1
o= =S (py™"0) (3.8)

and a holomorphic component T := T(z) of the energy-momentum tensor
1 m (07 1 m o
T = —§6X 0Xm — pa00® = —§H I, — da,00“ . (3.9)
The supersymmetric momentum II"™ = 0X™ + %(97”89) is defined as in section 3.1 though its right-moving

counterpart " relevant for type II superstrings departs from (3.2) and is defined with separate §-variables.
For example, under the Lorentz transformation with parameters e,

1 mn « 1 mnyo
6poz = ngn(’)/ )aﬁpﬁa 00% = ngn(’)/ ) Beﬁa (310)
we define the variation of (3.6) to be 0Ssiegel = —% f %E"”@Emn. The calculation using Noether’s method

is straightforward

. _ l 2 e l 2 l mn\ B,. Qp« l mn g\
0850t =+ [ 200,007 = % [ 3 |10 () 2009 4 1paDen(770))

1 0 |15 8 1 o 1 3
_ = - mn\«a - _ - Zymn 11
/d z |:4a€mnpa(’y ) ﬁe :| T /d 22 a&"mn, (3 )

7r
where we used the antisymmetry (77"),” = —(y"")?,, see (A.16).

CFT. The action (3.6) defines a conformal field theory in which the holomorphic conformal weights of
0X™, po and 0% are hgx = hp, = 1 and hy = 0, respectively. See [101] for an in-depth review of conformal
field theory. The operator product expansions (OPEs) among the variables in Sgicgel follow from standard
path-integral methods [22]

§8
X7 (2 D)X (0,) o~ Iz — a2 (w) ~ 2 .12
™11, (w mo0(w
do(ds(u) ~ ~ 2220 daomm () ~ 2 g

where here and throughout this review, ~ indicates that regular terms as z — w are dropped on the
right-hand side.

Vertex operator. Siegel also proposed a supersymmetric integrated vertex operator for massless open-string
states labeled by ¢ as follows

Uiesel — / dz (00° AL (X, 0) + AL, (X, )1 + do W (X, 0)) (3.14)
where {A°,, AT, W} are the linearized SYM superfields reviewed in section 2.2.
3.2.1. Difficulties with Siegel’s approach

There are three types of difficulties with Siegel’s approach which will be addressed by the pure spinor
formalism to be introduced in section 3.3 below.

"The double-colon notation for normal ordering of coincident operators, :A(z)B(z):, will be left implicit in this review.
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Non-vanishing central charge. According to the be-system calculations [4] with conformal weight h, = 1,
each spinor component of the fermionic pair (pa,0<) in the energy-momentum tensor (3.9) contributes
—3(2h, — 1)? + 1 = —2 to the central charge for a total of 16 x (—2) = —32 while the X™ contribute +10
[12]. Therefore the central charge of the energy-momentum tensor (3.9) is cx + cpp = 10 — 32 = —22. This
non-vanishing result for the central charge leads to an anomaly when quantizing the theory, raising a first
major difficulty in Siegel’s approach to the GS formalism.

Inequivalence of massless vertex operators. As emphasized in [1], the vertex operator (3.14) cannot reproduce
the same results for amplitudes computed in the RNS formalism as it does not satisfy the same OPEs. More
explicitly, after using the f-expansions (2.17) of the linearized SYM superfields, the gluon vertex operator
obtained from (3.14) is

) 1 _
piesel / dz (70X = 5(7™"0) fl + - ) H X (3.15)

up to terms of order 62 in the ellipsis. The vertex operator for a gluon with polarization vector e in the
RNS formalism, on the other hand, is given by (see (7.3.25) in [10]®)

1 ; y
S = [ s (00X + Jum i g, )X (3.16)

where 1)™ are the RNS worldsheet spinors of conformal weight hy, = 3, and fi, = ki el — kie! denotes
the linearized field strength of the gluon.
Comparing (3.16) with (3.15) one notices that the operator multiplying 3 fi . is the Lorentz current for

the fermionic variables in each formalism,

mn m n mn 1 mn
RNS — A Siegel — _i(p'y 9) (317)

The difficulty arises because their OPEs are different. On the one hand, in the RNS formalism we get

N Pyl () — §amnnIP (1) N smlagpin
2 3

RN (2)2Ris (W) (3.18)

z—w (z —w)

where the double-pole term has coefficient 41 which can be identified with the level of the Kac—Moody
current algebra. On the other hand, using the OPE (3.12) we get

mn 1 po (w)(y™" P4 — APy ™) 50% (w) 1 Te(y™"P9)
Siegel(z)zgtizegel(w) ~ Z 2 —w Z (Z _ 'LU)2

plmynlq _ galmyn]p mlq spln
_ oy (w) = 01™% (w)+46 0 -

po— —w) (3.19)
where in the second line we used y™"yP1 — APIyMT = 2TP~MI — QENA~TP | DFTA~TP — 25™P~™ following
from (A.32) and Tr(y™"vp,) = 16(d;"6, — 6,0y ) from (A.24).

The discrepancy in the coefficient of the double pole between (3.18) and (3.19) leads to analogous
discrepancies in the computations of gluon scattering amplitudes using the RNS vertex operators (3.16) and
those of Siegel in (3.15).

8The difference in the sign of the second term is due to our cavalier attitude towards factors of ¢ and can be understood as
follows: for plane wave e?*'X the RNS vertex operator is proportional to e™ (i0Xm + (k - )m), so rescaling k — —ik to our
convention and dividing by ¢ yields e]"0Xm — %wmw"ﬁnn
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Missing constraints. Finally in Siegel’s formulation (3.6) one would need to include an appropriate set of
first-class constraints to reproduce the superstring spectrum: the Virasoro constraint 7" and the kappa
symmetry generator G of the GS formalism

1
T= 30", —dad6®,  G* =" (yd)" (3.20)

in terms of the supersymmetric momentum and GS constraints should certainly be elements of that set
of constraints. Even though there was a successful description of the superparticle using Siegel’s approach
[102, 103], the whole set of constraints was never found for the superstring case. Nevertheless, Siegel’s idea
was not lost as it was used by Berkovits in his proposal for the pure spinor formalism [1].

3.8. Fundamentals of the pure spinor formalism

We have seen above that while Siegel’s approach circumvented the difficulties associated to the GS
constraint, the non-vanishing central charge cx + c,9 = —22 and the level +4 of the Lorentz current algebra
presented serious challenges to this new formulation. This motivated Berkovits to modify Siegel’s approach
by introducing pure spinor ghost variables contributing +22 to the central charge of the energy momentum
tensor and —3 to the double pole in the OPE of the Lorentz currents, thereby fixing the most pressing issues
with the formulation by Siegel and leading to Berkovits’ pure spinor formalism [1]. Let us briefly review
below some of the central elements in this reformulation.

Lorentz currents for the ghosts. Berkovits’ idea was to modify the Lorentz currents (3.8) by the addition of
a contribution N™" coming from ghosts,

MM = g N (3.21)

The newly defined M™" would satisfy the same OPE (3.18) as in the RNS formalism if the contribution to
the double pole arising from the ghosts N™" had a coefficient —3

o SPIm NTIa () — galm NP (1) gmlagpln
N (z)NPq(w) - ( Z—w ( 3(2 —w)? ’

S (2)NP4(w) ~ regular. (3.22)

This would fix the issue with the Lorentz current OPE and set the level of the overall Lorentz currents M ™"
to 4 —3 =1, in lines with the level of the RNS currents in (3.18).

Energy-momentum tensor for the ghosts. To fix the problem with the non-vanishing central charge of the
energy-momentum tensor in Siegel’s approach, one would need these same ghosts to have a central charge
cx = +22. Fortunately, the right solution to both problems was found when a proposal for the BRST charge
was put forward and the need for pure spinors became evident.

The BRST operator. The next step in the line of reasoning which led to the pure spinor formalism is the
proposal of the BRST operator

Qurst = 75 02 X*(2)da(2) (3.23)

where A\ are bosonic spinors and the Siegel variable d, corresponding to the GS constraint has been defined
in (3.7). The BRST charge (3.23) must satisfy the consistency condition Q3zg = 0, otherwise the BRST
charge itself would not be invariant under a variation of the gauge constraint [12]. Using (3.23) and the
OPE (3.13) we obtain

1 1
Qbrst = §{QBRST, QBRsT} = -3 ?{d'z (A" M), - (3.24)
Therefore imposing that the BRST charge is nilpotent
Qhirst =0 (3.25)
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implies that the bosonic fields A* must satisfy the pure spinor constraints
AMYMA=0, (3.26)

which were first studied by Cartan from a geometrical perspective [104].

3.3.1. U(5) decompositions

The formalism discovered by Berkovits is based on the properties of the pure spinor A%, and it is important
to identify the number of degrees of freedom which survive the constraints (3.26). Naively, one could think
that those ten constraints associated with m = 0,1,...,9 would imply a pure spinor of SO(1,9) to have
only 16 — 10 = 6 degrees of freedom. However, this not the case; we will see below that a pure spinor has
eleven degrees of freedom.

U(5) decomposition of pure spinors. In order to see that a pure spinor has eleven degrees of freedom, it is
convenient to Wick rotate SO(1,9) to SO(10) and to break manifest SO(10) symmetry to its U(5) subgroup
[1]. The explicit calculations are shown in Appendix B, with the result that the pure spinor decomposes
into irreducible U (5) representations as 16 — (1,10, 5), or more explicitly as

1
Aa—AQﬂAMA%,mmAM:AAmeAW:§F¥M“MJ@, a,bc,de=1,...,5 (3.27)

for AT # 0, where €20°d¢ is totally antisymmetric with €!234® = 1. In this language, A, parameterize a

SO(10)/U(5) coset. The pure spinor constraint (3.26) only eliminates the 5 > A% in favor of AT € 1 and
Ao € 10. Hence, there remains 1 + 10 = 11 degrees of freedom in a pure spinor of SO(10).

Note that in absence of Wick rotation the A, parameterize the compact space SO(1,9)/(U(4) x RY)
with RY representing nine light-like boosts [105, 18, 106].

U(5) decomposition of the Lorenz currents. To solve the pure spinor constraint (3.26) it was convenient

to break the manifest SO(10) symmetry to its subgroup U(5), so a pure spinor is written in terms of

U(5) = SU(5) ® U(1) variables. Consequently, the Lorentz currents must also be decomposed to their

irreducible SU(5) representations

ab
)

N —y (TL, ”Za Nab, I ) (328)

in a manner specified in Appendix B. In the remainder of this section, these SU(5) Lorentz currents will be
constructed out of elementary ghost variables to be denoted by s(z), uss(z) and their conjugate momenta
t(2),v%(z) such that the required condition (3.22) is met. To do this we will first state how the OPE (3.22)
decomposes under SO(10) — SU(5) ® U(1) given by (3.28):

Proposition 1. The SO(10)-covariant OPE of the Lorentz currents
0P N™ (w) — §"PN™1(w) — MNP (w) 4+ 6" N™P (w) 5 (6magny — gmpena)

mn Pq
N™"(z) NP (w) P CEE , (3.29)
implies that the SU(5) @ U(1) currents (n,nZ, nay, n) satisfy the following OPEs:
Nap(2)Nea(w) ~ regular, n®(2)n(w) ~ regular, (3.30)
—5¢ néd (w) + 0 ng (w) — 26¢ 6%n(w) csd _ scs5d
nab(z)nCd(w) N [a’"b] [azb]_ — V5 a”d] _ 51)(‘1(1_ ,Lf;sz 7 n(z)ng(w> ~ regular,
c —Sgng(w) + dgni(w) 0305 — 50305 2 nap(w)
i (eJnw) ~ —ERAL L) gk ok () -+,
Y be (Sb ac _ 250 ab ab
nab(z)ng(w) -~ dn (w) +ogn (’LU) 509%™ (w) : n(z)nab(w> - 71” (w> 7
z—w Vb z—w
c —05nga(w) + 05npq(w) + 25§nab(w) 3
Ny (2)nS(w) ~ e , HQMWON*@jEp'
Proof. See Appendix B.2 and also [107, 108]. O
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U(5) decomposition of spinors. There is one more consistency condition to be obeyed when constructing
the U(5) Lorentz currents. The pure spinor A® must obviously transform as a spinor under the action of
the total Lorentz current M™" in (3.21),

1 1
oX = 3 b{ dz smann,Aa] = JEmn ("N (3.31)

Since the OPE of A* with the Lorentz currents ™" of (3.8) is regular we conclude that the pure spinor
must satisfy (3.32) given below. Given the solution of the pure spinor constraint (3.27) in U(5) variables
we need to know the group-theoretic decomposition of how a SO(10) spinor transforms in terms of its U(5)
representations.

Proposition 2. The SO(10)-covariant transformation of a spinor

(Y™™ g A (w)

N ()2 (w) ~ % e

, (3.32)

implies that the OPEs among the SU(5) representations (n,ng, nap, n®) and (AT, Aea, ) are given by

B @ At (w) 1 Aca(w)

+ ~ ~ —
n(z)A\" (w) 5 n(2)Aea(w) e z-w’ (3.33)
: 3 A(w)
n(2)\(w) ~ —= , nd(2)AT (w) ~ regular,
(@) ~ o ()N (w) ~ reg
09 A — A 268N 10gA° 9N
(D hea(w) ~ 2l ZORAww) _ 2ORAeale) ey o LX) 00N (0),
(z —w) 5 (z—w) 5(z2—w) (z2—w)
)\ab(w) 6u,bcde)\e (w)
a A* ~ a Ae ~N e,
Ra(INF () ~ S ap(: Aea(w) ~ L
Nap(2) A (w) ~ regular, n®(2)AT (w) ~ regular,
5[a5b])\+ (’LU) eadeeA (w)
ab _ ¢ ~d ab c ~ de
n®(2) Aea(w) pa— n®(2)A\(w) Se—w)
Proof. See Appendix B and also [107]. O
It turns out that all these OPEs can be reproduced from an action involving the ghost variables s(z),
uap(2), t(z) and v°4(z) below that serve as the ingredients of the Lorentz currents (n,n%, n.,, n%) and pure

spinor (AT, Acq, A°). The pure spinor formalism crucially hinges on the existence of such a construction.

Before moving on, note the consistency between the OPE (3.32) and the simple pole of (3.29) arising
from a twofold application of the spinorial transformation. That is, if [N™" A\%] = %(’ym”)o‘gAﬁ then
[NPa, [N™ \Y]] = £(4™")%5(7P9)PsA° which implies,

1
[N, NPA),XOT = [N [NP9 XS]] — (NP9 [N XS]] = 2 [(47197) 5 — (77" 97) " ] A7 (3.34)
= 0PN XY — §"P[NI XY — §™I[N™P AY] + §™ NP N,
where we used the gamma-matrix identity yPIy™" —MMAPL = 2§P~M4 2P~ — 2™ 9~"P 4 2§ 9~y™P ywhich
follows from the product relation (A.31). These OPEs play a crucial role in evaluating the CFT correlation

functions for string amplitudes and will for instance be used in the derivation of the multiparticle vertex
operators at multiplicity two in section 4.1 [109, 83].

3.3.2. The pure spinor ghosts
In this section we will display the solution to the above problems found by Berkovits with the introduction
of a specific U(5) parameterization of pure spinors, Lorentz currents and the energy-momentum tensor.
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The action for the ghosts appearing in the pure spinor constraint is given by [18, 1, 92]

_ 1 2 3 1 ab?®)) _
Sy = 2—/d z(—8t83+§v auab), a,b=1,...,5, (3.35)

™

where ¢(z) and v*(z) are the conjugate momenta for s(z) and u,(z). Furthermore, s(z) and ¢(z) are chiral

bosons, so one must impose their equations of motions by hand, ds = 9t = 0. The OPEs are given by

t(z)s(w) ~In(z —w), (3.36)
611617 _ 5a5b
v (2)teg(w) ~ % .

Matching group theory with CFT. The fundamental result allowing the construction of the pure spinor
formalism is given by the explicit construction of the U(5) Lorentz currents (n, n, ngp, %) and pure spinors
(AT, Aap, A?) in terms of the ghost variables s(2), t(2), v%°(2) and uup(2) from the action (3.35). This has to
be done in such a way as that their U(5) OPEs among themselves satisfy all the group-theoretic relations
(3.30) and (3.33). The solution found by Berkovits is given by? [18, 1, 92]

n= —% (iuabv“b + g@t - gas) , AT =e®, (3.37)
ny = —upv® + %(%fucdvc‘i, Aab = Uab ,
n = —eSp? A = ée_séadeechUde,
Ngp = —€ ° (28uab — UgpOt — 208 + uacudeCd — %uabucdvc‘i) .

The unusual normalization of n(z) was chosen such that the coefficient of its double pole is —3. Straight-
forward but long calculations show that their OPEs among themselves reproduce all OPEs in (3.30) and
(3.33), provided that the ghost variables s(z), t(z), v*®(z) and uqs(z) satisfy the OPEs (3.36). For instance,
two sample calculations are

a 1 1 5 5 s(w), a
n(2)n® (w) %(Zufg(z)vfg(z) + 20t(z) - 585(2))6 ()b (1) (3.38)
1 1 s(w a \/g s(w),.a
%Ze @pF9 (2wt (2)0% (w) — 7815(2)6 ()b ()
__safsb a §b
~ Lles(w)vfg(z)( 6f59 + 696f) _ @ 1 es(w)vab(w>
V54 z—w 2 z—w
2 ntw)
Vb z—w
and
, 1 1 1 —s(w
n®(2)A\(w) = f§65<Z>ecdef9(vab(z)ude(wmg(w) + Uge (W)™ (2)ugg(w))e ) (3.39)
L e gy () 4 26 g ()
zZ—w

~ leabcde Ade (’LU)
2 z—w’

9Note the sign flip of the Lorentz generators and of A% with respect to [92]. This ensures that the conventions of
Appendix B.2 are respected.
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_sasb sash
where we used the OPEs uy,(2)v®(w) ~ % and 9t(z)e*™) ~ —2_es(®) that follow from (3.36).

The above results reproduce two of the OPEs in (3.30) and (3.33) that were obtained from a group-theoretic
decomposition of the parental SO(10)-covariant OPEs. All the other OPEs can be verified similarly. There-
fore, even though the action for the ghosts S is not manifestly Lorentz covariant, all OPEs involving N™"
and A* descend from manifestly SO(10)-covariant expressions. So the pure spinor formalism has manifest
Lorentz covariance.

Energy-momentum tensor. We will show that the central charge of the energy-momentum tensor for the
ghosts

1
T\ = §v“b8uab + Otds + 0%s, (3.40)

following from the ghost action (3.35) is +22. This is indeed the required value for it to annihilate the total
central charge when added to Siegel’s matter variables. The derivation of (3.40) follows from Noether’s
procedure using

55 = % / i [BeTh(2) + OFTA(3)] | (3.41)

under the conformal transformations of (v, uuy, ds, 0t) whose conformal weights are (1,0), (0,0), (1,0) and
(0, 1), respectively,

% = 9zv® 4 £v™ + EV? Stap = £OUGH + EOUG, , (3.42)
805 = Deds + 025 + OEDs + DEds , 850t = OOt + Dedt + DOt + 20t

and requiring the Lorentz currents (n, ng, n®, nyp) to be primary fields [1, 92] (see also [107] for the explicit
calculations).

Proposition 3. The central charge of the energy-momentum tensor for the ghosts (3.40) is ¢y = 22.

Proof. The central charge is determined from the fourth-order pole in T)(2)Tx(w) ~ ((chfu 2))4 + ---. There
are two contributions
17, o 10y 050k o)) 10
ZU (Z)auab(z)v (w)auab(w) = Z (Z — ’LU)4 = (Z — ’LU)4 ; (343)
1
0t(2)0s(2)0t(w)0s(w) = G
whose sum implies that ¢y = +22. (I

Therefore, as there are no poles between the ghosts and matter variables, the total central charge of the
energy-momentum tensor in the pure spinor formalism

1 1
Tps = fEaXmaXm — PadO® + Ev‘“’auab + Otds + 8%s, (3.44)
vanishes; cx +cp9+cy = 10—32422 = 0. Therefore there will not be a conformal anomaly in the formalism.

3.3.3. The action of the pure spinor formalism

U(5)-covariant action. From the discussion above we learn that adding the pure spinor ghost action of
(3.35) to the Siegel action (3.6) implies that the energy-momentum tensor of the theory has vanishing
central charge, as cx + cp,p = —22 from the matter variables is neutralized by cyx = 22 from the ghosts.
Furthermore, the Lorentz currents of the combined actions have the same OPE as in the RNS formalism.
Berkovits then proposed that the pure spinor formalism action for the left-moving fields is given by [1]

1 1 - — — 1 -
Spg = — /d2z (—GX’"@XW + Pa00® — O0tds + —v“bauab) . (3.45)
T 2 2
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Spacetime supersymmetry transformations are generated by
1 m 1 m
Qu = p dz (pa+ 5(1"0)adXm + 57(170)a (07 D0) ) (3.46)

and their action on the variables in the pure spinor formalism with Weyl-spinor parameter ¢ is given by

1
OX™ = (e™0), 60 = e, (3.47)

s = —5(4™)30 X + 5(EMm)(O07™)s
§s = 0t = Sugy = 0™ = 0.
The action (3.45) is found to be supersymmetric by exploiting that the total derivatives
O (erm®)IX™] — 9[(eymb)0X™] = (eym00)IX™ — (e7m00)0X™
0[(e7m8)(6~™06)] —B[(e7m)(07™90)] = 3(e7mb)(967™0) (3.48)

from the variation of 9X™dX,, and the #2-contribution to dps integrate to zero under d?z.

SO(10)-covariant action. The action (3.45) in the pure spinor formalism can be written covariantly as
1 2 1 ma FaYale’ I\«
Sps = — [ d°z §6X OX o + pa00® — wa, 0N |, (3.49)
7

where w,, is the conjugate momentum to the pure spinor. The dependence on o/ can be reinstated from the
following length dimensions of all these variables [110, 111]°

1 1
[@]=2, [X"]=1, [*]="T=3, [pa]=[wa]=—3- (3.50)
Inspired by the approach of Siegel, this action needs to be supplemented by the definitions of the supersym-
metric momentum II™, the GS constraint d, and the supersymmetric derivative D, which we repeat here
for the reader’s convenience:

1
™ = 9X™ + (67" 06)

1 m 1 m
do = pa = 5 (0X™ +£(6799)) (Y. (3.51)
0 1
D _ _ m
«a 890‘ + 2(7 e)aam

In addition, the BRST charge is given by!! (dropping the subscript grsT henceforth)

Q= j{dz A (2)da(2) . (3.52)

The SO(10)-covariant versions of the energy-momentum tensor (3.44) and the fermionic Lorentz currents
derived from the action (3.49) are given by

1 1 1
Tos = —5 "Ly — dad0 +wadX*,  M™" = =2 (py™"0) + 5 (wy™")). (3.53)

10We omitted all factors of o’ for brevity and maximum flexibility. For the open- and closed-string they can be restored from
the conventions o/ = 1/2 and o’ = 2 respectively.
n recent years this BRST charge has been derived from first principles [112]. For previous attempts, see [113, 114, 115, 116].

27



3.83.4. Operator product expansions

We shall now summarize the SO(10)-covariant form of the OPEs that govern the CFT of the pure spinor
formalism. The basic worldsheet matter variables obey

X™(#2) X" (w,B) ~ ~0™" In]z —wf, da(2)07 () ~ =2 (3.54)
117 ()" (1) ~ (za_%y

the OPEs involving the Lorentz currents are

SPIM MM () — s AP () gmlagpin
+

M™™ (2)MPY(w) ~ po— Cwp’ (3.55)
N () SN 2SN ) (O
mn\a )\ﬁ w
N ()2 (w) ~ %%

and generic superfields K (X, #) that do not depend on any derivatives 9* X™, 9¥0* with k > 1 obey

du(2)K (X (w, ), 6(w)) ~ 222 (Xz(tﬁ’f)’e(w)) , (3.56)

B OmK (X (w, @), 6(w)) .

zZ—w

" (2)K (X (w, ), 0(w)) ~
Using these OPEs one can check that the supersymmetry currents (3.46) satisfy the supersymmetry algebra

{Qa, 28} =705 %8Xm, (3.57)

and that all of {96%,1I"™, d,, N™"} are conformal primary fields of weight +1,

{06, 11™, doy, N} (w) N 0{06%, 1™ do, N™ } (w)

2 z—w ’

Tps(2){00%, 11", do, N™™ }(w) (3.58)

(z —w)

a crucial fact in the construction of the integrated massless vertex operator below.

3.4. Scattering amplitudes on the disk

We shall now review the opening line for superstring disk amplitudes along with the dictionary between
superspace expressions and component amplitudes.

3.4.1. Massless vertex operators

In order to compute scattering amplitudes in superstring theory using conformal-field-theory methods,
first we need to describe the vertex operators containing the information about the string states. The inte-
grated massless vertex operator (3.14) proposed by Siegel led to the discrepancy of double-pole coefficients
due to the Lorentz currents of the fermionic variables. The integrated massless vertex operator proposed
by Berkovits adds a correction to Usiegel(#) proportional to the Lorentz current N,,, of the pure spinor
ghost [1]

1
U(z) = 90 Aa(X, 0) + A (X, O™ + da W (X, 0) 4+ 5 N F™" (X, 6) (3.59)
28



where the linearized SYM superfields 4, (X, 0), A, (X, 0), W*(X,0) and F™" (X, 0) were introduced in sec-
tion 2.2 and the dependence 6% = 0%(z) and X" = X"™(z,%) on the vertex insertion points is left implicit.
The superfields have the following length dimensions [110, 111]

[Aa] = [Am] =0, W =—5, [Fum]l=-1, [V(2)]=[U(z)]=1, (3.60)

1
2’ 2’
and the superfields K (X, ) are decomposed into plane waves as
K(X,0) = K(0)e"™. (3.61)

Using the #-expansions (2.17) in Harnad—Shnider gauge, the gluon vertex operator following from (3.59)
features the complete Lorentz current M™"(z) = X™"(z) + N™"(z) of (3.21) as the coefficient of the
component field strength. In this way, the issue with the double-pole mismatch with the RNS vertex
operator is absent from (3.59). Therefore it will appear in the amplitude prescription integrated over (parts
of) the worldsheet boundary, i.e. in the conformally invariant combination [ dzU(z).

The prescription to compute tree-level amplitudes will also require a massless vertex operator with
conformal weight zero to be used at fixed locations on the Riemann surface to remove the redundancy of
the Mobius transformations. The proposal by Berkovits for this unintegrated vertex is

V = A4, (X,0). (3.62)

Furthermore, the massless vertex operators represent the physical states of gluons and gluinos and must be
in the cohomology of the BRST operator @ of (3.52).

Definition 1. A state ¥ is said to be in the cohomology of the BRST operator if it is BRST-closed, Q¥ = 0,
and not BRST-exact, ¥ # QS for some ().

Recall that the BRST charge satisfies Q? = 0 due to the pure spinor condition (3.26) and the OPE (3.13).

Proposition 4. The unintegrated vertex operator V(z) = A\*(2)Aq(X,0) for massless particles k* = 0 is
BRST closed QV = 0 when the linearized superfield A, (X, 0) is on-shell and has zero conformal weight.

Proof. An on-shell linearized superfield A, satisfies the equations of motion (2.14). In particular D, Ag) =
YapAm, 0

QV (w) = 7{ Az X (2)da ()N () A (X (w), 0(w)) = A*N° Do Ag = %(Ava)Am o, (3.63)

where we used the OPE (3.56) and the pure spinor constraint (3.26). To show that V has conformal weight
zero, first recall that in a conformal field theory the OPE of the energy-momentum tensor with a conformal
primary ¢y, of weight h is given by [101, 12]

h¢h (w) + aw ¢h (w)

T ~ . 3.64
Using the total energy-momentum tensor Tps from (3.53) and the OPEs (3.56) we get
190M0,V (IO, + 00% Do)V + ON* A, ov
T()V(w) ~ -5 ( i V+ = , (3.65)

2(z—w)? (z —w) (z —w)
where we used the massless condition and the chain rule for 9,
(IO, + O0* Do)V + 0N Ay = N*0AL (X, 0) + (OXY)An (X, 0) = OV (X (w), 0(w)) = OV (w) (3.66)

since

(00°Dg 4+ 110, ) K (X, 0) = (00°05 + 0X ™0 K (X, 0) = 0K (X, 0) (3.67)
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for an arbitrary superfield K (X, 8) that is independent on A* and on the worldsheet derivatives of X™, %
as can easily be checked using the expressions for D, and II"™ in (3.51). O

As can be seen from (2.15), a BRST-exact vertex operator of the form Q€ is interpreted as capturing
the gauge variation of the super Yang—Mills fields Q2 = A*D,Q2 = A\“dqA,. In this sense, viewing V as a
representative in the cohomology of ) excludes pure-gauge superfields.

The synergy between pure spinors and the SYM equations of motion seen in (3.63) was already anticipated
by Howe and Nilsson in [117, 118], also see [119, 120] for a more recent overview articles on the importance
of pure spinors for off-shell supersymmetric actions. An early application of ten-dimensional pure spinors
to the classical superstring can be found in [121].

Relating integrated and unintegrated vertices. In the RNS formalism, the integrated vertex operator Ugrns is
related to the unintegrated vertex operator Vrns = cUrns via QUrns = OVirns [122]. This can be checked
by recalling that Urns = {§ b, Vans} and T = {Q,b}, where (b,¢) is the ghost system used to fix the
reparametrization invariance of the worldsheet. The proof then follows from the Jacobi identity

QUrns = [Q, {%bv Vens} = —[Vrns, {ijéb}] - [jé b, {Vrns, @} = OVrns (3.68)

because the cohomology condition requires {Vins, @} = 0 and the conformal weight h=0 of Vins implies
that [jg T, VRNS] = GVRNS by (364)

While the pure spinor formalism does not feature any direct analogue of the (b, c¢) system!? — that is why
the forms of the unintegrated (3.62) and integrated (3.59) vertex operators are very different — the vertex
operators V, U still satisfy the relation (3.68) of their analogues in the RNS formalism (see also [127]):

Proposition 5. The massless integrated and unintegrated vertex operators (3.59) and (3.62) are related by
QU = oV . (3.69)

Proof. Using the OPEs (3.54) and (3.56) as well as the equations of motion for the linearized SYM superfields
(2.14) we get

Q0% Ay) = (ONY) Ay — 00N Ds A, (3.70)
Q(I™A,,) = (\My™90) Ay, 4+ TIMAY(Dy Ay
QA W) = —(M" W)L, — dgA\*D WP |

1 mmn — 1 [0 mn 1 « mmn
Q(ENmnF = 3 Cmn N daF™ + 2 Ny X* Do ™
Summing them up yields
QU = (0A*)Aq — 00°X* (Do Ag — Vs Am) + XT™ (Do Am — (mW)a)
1
—\%ds (DaWﬂ + ("), ﬂan) + Ny Oy 0™W)
= (OA\*)Aq + X400 Dg Ay + A\TIM0,, Ay (3.71)

where Ny, (A" 0™ W) vanishes due to a combination of the pure spinor condition (Ay")q (Avn)s = 0 proven
in (A.35) and the linearized equation of motion %’Zg@mWﬂ =0,

Ny (M"O™W) = %(w'ym'yn/\)(/\'y"[?mW) — (WA (M0, W) =0. (3.72)

Therefore, using (3.66) the BRST variation QU in (3.71) becomes
QU = (OX*) Ay + 22 (00° DAy + 1M 0 Ay) = (OXY) Ay + N*0A, = O(NA) = OV, (3.73)
as we wanted to show. (]

123ee [3, 123, 124, 125] for a composite b ghost in the non-minimal pure spinor formalism (see also [126]).
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Corollary 1. The integrated vertex operator fdzU(z) is BRST invariant up to surface terms.

As we will see below, surface terms do not contribute to open- or closed-string amplitudes by the so-called
canceled-propagator argument. The cancellation of surface terms is also used to demonstrate linearized gauge
invariance of the massless vertex operators: under the linearized variations do A, = Do) and dg A, = 02
of (2.15) with some gauge-scalar superfield €, the variation 6oV = A*D,£2 = QS vanishes in the cohomology,
whereas

0U = 00D Q2+ 110, Q2 = 09 (3.74)

reduces to vanishing surface terms after using the chain rule (3.67).

Superspace vertex operators for massive open-string states ¢ can be constructed by following the same
principle: identifying a BRST-closed unintegrated vertex operator V,, of conformal weight zero and then
engineering its integrated counterpart U, of weight one such that QU, = dV,,. By the conformal weight
h(eFX) = —N at the N*" mass level, the combinations of I, d,, . . . accompanying the plane waves accumu-
late more and more conformal weight and Lorentz indices at growing N. That the pure spinor cohomology
contains all massive states of the superstring was shown in [128, 129] (see also [130]). The vertex operators
at the first mass level are known in superspace from [131, 132, 133], and it is an open problem to pinpoint
their explicit form at higher levels.

3.4.2. Scattering-amplitude prescription at genus zero
The prescription to compute n-point tree amplitudes of open-superstring states is given by the following
correlation function of vertex operators on a disk worldsheet [1]

A(P) :/dZQ dzs ... dzp—o (Vi(21)U2(22)Us(23). . .Up—2(2n—2)Va—1(2n-1)Va(zn)) , (3.75)
D(P)

where (...)) refers to the path integral over the variables in the pure spinor action (3.49) and Mébius
invariance of the correlator was used to fix the insertion points of the three unintegrated vertex operators.
We adopt the particularly convenient choices to parameterize the disk boundary by the real line z; € R and
to place the unintegrated vertex operators at

(21, 2n—-1,2n) — (0,1,00). (3.76)

For a general n-point disk ordering characterized by a cyclic permutation P := pips...p,, the formal
definition of the integration domain P in (3.75) reads

D(P) :={(z1,22,...,2n) ER" | —00 < 2p, < 2p, <...< 2p, <OO}. (3.77)

For example, with the three fixed positions as in (3.76), a domain specified by the canonical ordering
P =123...n amounts to the disk ordering 0 < zo < 23 < -+ < zp—2 < 1 of the integrated vertex operators
at the boundary of the disk such that the cyclic ordering 1,2,...,n in P is preserved.

The prescription (3.75) is tailored to color-ordered amplitudes A(P) and can be color-dressed by weight-
ing each disk ordering D(P) with a trace of Chan—Paton factors t* in the same cyclic ordering,

M(1,2,m) = Y A(1,p(2,3,..,n)) Te(t %@ %@ gt (3.78)
pesn—l

where p is in the set of permutations S,,_; of the n—1 legs 2,3,...,n. Cyclicity of the trace propagates
to the color-ordered amplitudes, A(1,2,...,n) = A(2,3,...,n,1), and the prescription (3.75) furthermore
implies reflection properties A(1,2,...,n) = (=1)"A(n,...,2,1).

As will be reviewed from several perspectives, the %(n—l)! cyclically and reflection inequivalent permu-
tations of A(1,2,...,n) are not linearly independent. First, the monodromy relations [134, 135] in section
7.3 only leave an (n—3)!-dimensional basis of disk orderings. Second, these relations among the disk am-
plitudes can be refined according to the multiple zeta values in the o’-expansions, see section 8.4: Parts of
the string corrections obey field-theory relations of SYM tree amplitudes [136, 137] and others obey KK-like

symmetries [138] related to permutations in the (inverse) Solomon descent algebra [139, 140, 141, 142, 143].
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CFT calculation and zero modes. In order to evaluate the tree-level correlation function (...)) in (3.75),
one first integrates out the non-zero modes using the OPEs (3.54) to (3.56) to obtain its dependence on the
positions z; carried by the conformal-weight-one variables [00%(z), 1™ (2), dn(2), N™"(z)]. As explained in
[12], this unambiguously determines the correlator as a function of the positions z; on a genus-zero surface.
After using the OPEs in this way, the correlation function (3.75) will still contain the zero modes of A\*
and 6%, as they are variables of conformal weight zero with a single zero mode at genus zero [5]. These
zero-mode correlators are denoted by (...) (as opposed to the above double brackets (...)) including the
non-zero modes), and one needs an ad-hoc rule to integrate them. Using the shorthand

(A365) := (My™0) (A" 0) (AYP0) (0mmnp) (3.79)

113

the only non-vanishing contributions in ten-dimensional'® zero-mode correlators is proportional to (3.79) [1]

(A\%6°)) = 2880, (3.80)
where the normalization 2880 was chosen in [145] in order to match the RNS tree-level amplitude conventions.
Proposition 6. The combination (\36°) is in the cohomology of the pure spinor BRST operator.

Proof. 1t is BRST closed
QY"O) (M "0)(A0) (0rmnpt) = 3(Xy™ A) (X" 0)(MP0) (0 Ymnp ) (3.81)
—2(M"0) (A" 0)(MPO) (AYimnpt) = 0.

The first term vanishes by the pure spinor constraint (3.26), while the vanishing of the second term
MY™)aMY™) g(AYP)y (MYmnpf) = 0 can be seen by decomposing y™"P = A"~ — §""4P 4 §"P4™ and
using (A.35), (M) a(Avm)s = 0. Moreover, (3.79) is not BRST exact,

(A0 (M 0)(AP0) (0vmnpl) 7# QLA 0) (3.82)

because there is no scalar built from two s and six fs. If there was a Q(\, ) such that QQ = (A30%), it
would necessarily be a scalar function containing two As and six s since Q08¢ = A* and the 0,,-admixture
of A*D,, can be dropped for functions of only A and 6. The SO(10) representation of two pure spinors A* is
characterized by Dynkin labels (00002) while six antisymmetric thetas are represented by (01020) & (20100),
see Appendix D. However, their product [146]

(00002) ® ((01020) ® (20100)) = (00011) @ (00022) & 2(00120) & - - - (3.83)

has no scalar representation (00000). This shows that the putative BRST ancestor Q(A,6) in (3.82) cannot
be constructed, finishing the proof. O
In the formulation of the prescription (3.75), we have chosen legs 1,n—1 and n to be represented by an
unintegrated vertex operator Vj at fixed locations z1, z,—1, z,. It remains to verify that any other choice of
three legs to appear in the unintegrated picture leads to the same result for each color-ordered amplitude.

Proposition 7. The disk amplitude prescription (3.75) does not depend on which triplet {i,j, k} of the
external legs enters via unintegrated vertex operators Vi(z:)V;(z;)Vi(2x) at fized punctures z;, zj, 2.

Proof. Following the strategy of [145], it is sufficient to show that the representation V;, [ dz;41 Uip1 of
neighboring states ¢ and i+1 can always be swapped to f dz; U, Vig1, e

<<V1(0)/0 d22 UQ(ZQ) 1:[ / dZJ UJ(zJ)Vn_l(l)Vn(oo)>>

3For the dimensional reduction of the condition (3.80) to D = 4, see [144].
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0 n—=2 .1
_ <</ dyUl(y)Vg(O)H/ dz; Uj(zj)vn1(1)vn(oo)>>. (3.84)

-0 j=3"%i

Since QUj(w) = § dz X\*do(2)U;(w) = OV;(w), we can rewrite the left-hand side via

MOV = [ dydViVaeo) = [ dyQUiw)Valoe). (3.85)

— 00 — 00

In the first step, we have discarded V;(c0)V;,(c0) by the so-called “canceled-propagator argument” [12] which
states that terms with colliding vertex operators V;(2)V;(z) or V;(2)U;(z) identically vanish. As a next step,
we deform the integration contour of the BRST current A*d,, such that it encircles all the vertex operators
apart from Uy:

<<V1(0) /01 dzs Us(2) f[ /1 dz; Uj(zj)vn_1(1)vn(oo)>>
- <</OOO dy Uy (y) /01 dze Q |:U2(252) ﬁ /Zj1 dz; Uj(zj)Vn_l(l)Vn(OO):| >>
_ << / 000 ) [ . 8V2(zg)f[ / a2, Uj<zj>vn_1<1>vn<oo>>>

0 n 1
=+ <</OO dy Ul(y)VQ(O)j:3 / dz; Uj(Zj)Vn—1(1)Vn(oo)>> (3.86)

In passing to the third line, terms where () acts on the U; vertices with 3 < j < n—2 were discarded due

to the canceled-propagator argument: it forces both boundary terms of the f:, ) dz; OV;(z;) integrals to
i
vanish,

. Uj—l(zj—l) (V}(l) - V}(Zj—l)) e Vn—l(l) ...=0. (387)

On the other hand, the integral over QUsy = V4 contributes non-trivially to the last line of (3.86): while the
upper integration limit zo = 1 cancels due to Va(1)...V,,—1(1) = 0, the lower one zo = 0 generically does
not coincide with the position y of Uy, i.e. Uy (y)V2(0) # 0. O

As we have seen in (3.47), the worldsheet action in the pure spinor formalism is spacetime supersym-
metric. This means that the OPEs among its worldsheet fields have the appropriate transformations under
the generators Q, in (3.46) and will not violate supersymmetry. However, one still needs to show that the
zero-mode integration rule (3.80) for the disk-amplitude prescription (3.75) preserves the supersymmetric
nature of the formalism.

Proposition 8. The disk-amplitude prescription (3.75) is supersymmetric [1].

Proof. We will show that the supersymmetry variation of the amplitude under 6% = €¢“ vanishes, i.e. that
dA(1,...,n) = 0. Note that the only possibility of getting a non-vanishing result after the supersymmetry
transformation 0% = ¢“ is if the correlator in the amplitude (3.75) contains a term of the form

A(P) = /dZQ o dzp—o (AMY™O) (MY 0)(ANYPO) (0Ymnpt) (0% P (2, €, X, k) + ...)) (3.88)

D(P)
for some ®,(z, e, x, k) depending on the worldsheet positions z; of all open-string vertex operators as well as
polarizations ™, x* and momenta k™. The zero-mode integration (3.80) would then imply the supersym-

metry variation to be dA = [dzo- - [ dzp—26*®o(z, €, x, k). To see why this variation must be zero, note
that the result of the OPE calculation in the amplitude prescription (3.75) leads to an amplitude that can
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be written as [ dzo- - [ dzn_a(A*NPXY fapy (0, ¢, X, k)) for some function f depending on the zero modes of
# and on the momenta and polarizations of the open-string states. However, the amplitude must be BRST
invariant, so its correlator must be such that

/ dzg -+ dzn 2 NN NN Ds fupy (0, €,x,k) = 0. (3.89)

D(P)

Using the function f following from (3.88) and plugging it into (3.89) we conclude

/ dzg - dzy o N NP AN Ds(2,e,x, k) = 0. (3.90)

D(P)

This vanishing is only possible if ®; is a total worldsheet derivative, ®5 = 9(...), implying that the super-
symmetry variation of the amplitude vanishes after integration, 6.4 = 0. O

3.4.3. The field-theory limit

Disk amplitudes of massless open-superstring states reduce to n-point tree-level amplitudes among the
supermultiplet of ten-dimensional SYM [79] when the dimensionless combinations «'k; - k; are taken to be
small [147, 148, 149, 150]. We will refer to this low-energy regime as the field-theory limit and informally
write o/ — 0. Since the scattering energies are small in comparison to the inverse string-length scale, this
limit can also be thought of as shrinking the string to a point particle.

Throughout this review, SYM tree-level amplitudes in the field-theory limit will be denoted by A(1,...,n)
when they contain all states in the supermultiplet, i.e.

A(1,2,...,n) = lim A(1,2,...,n). (3.91)
a’—0

As will be illustrated in section 3.4.5 below, the superstring-amplitude prescription (3.75) yields formal sums
of component amplitudes with external bosons and fermions since the pure spinor formalism is manifestly
supersymmetric. When restricted to bosonic external states, the field-theory tree-level amplitudes will be
denoted by AYM(1,2,...,n). The construction of SYM tree-level amplitudes A(1,2,...,n) using pure spinor
cohomology methods will be described in section 5.2, and the alternative derivation from the o/ — 0 limit
of the superstring amplitude will be reviewed in section 6.5 (see also (7.42)).

3.4.4. Pure spinor superspace
Superfield expressions containing the zero modes of three pure spinors define pure spinor superspace
[1, 151]
NNINY fope (0, e, X, k) (3.92)

where fog~(0, ¢, x, k) represents a function containing zero modes of ¢ as well as gluon and gluino po-
larizations and momenta. It is easy to see that such expressions necessarily arise from the amplitude
prescription (3.75) after integrating the non-zero modes via OPEs as outlined above. For example, the
massless three-point disk amplitude A(1,2,3) = (V1V5V3) leads to the pure spinor superspace expression
fapy (0, e, x, k) = AL(0) A%(0) A3 (6), see (2.17) for the f-expansion of the SYM superfields Al (6).

As seen above, the final step in the computation of string disk amplitudes boils down to integrating out
the zero modes of three pure spinors and five fs using the prescription (3.80). These zero-mode integrations
result in the component expansion of the amplitude under consideration written as a scalar function of
polarizations and momenta. Let us write the most general form of a pure spinor superspace expression
containing five s as

)\a)\ﬂ)\'yeél 962 963 964965 faﬁ'y\6162636465 (6, X5 k) 5 (393)

where (e, x, k) indicates a dependence on gluon and gluino polarizations as well as their momenta. We need
to extract the Lorentz contractions of polarizations and momenta from pure spinor superspace expressions
like (3.93). This can be done on the basis of the group-theory statement that there is only one scalar built
from three pure spinors A* and five unconstrained 6s.
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Lemma 2. There is only one scalar representation in the decomposition of three pure spinors and five
unconstrained fermionic Weyl spinors of SO(10).

Proof. This follows from the tensor product of SO(10) representations (00003) corresponding to three pure
spinors A*A\?\7 and (00030) & (11010) corresponding to §21§%26%§%40% [146]

(00003) @ ((00030) & (11010)) = 1 x (00000) & 2 x (00011) & - - - , (3.94)

where the scalar (00000) occurs with multiplicity one. O

The above Lemma means that any expression containing three As and five s can be reduced to its
scalar component (A\36°) with proportionality constants given entirely in terms of Kronecker deltas, gamma
matrices and Levi—Civita €19 tensors. This will be exploited in Appendix E to build up a catalog of various
pure spinor correlators.

For example, suppose we have the pure spinor superspace expression ((Ay™0)(Ay"0)(AMyP0)(67ap0)) with
free vector indices m, n,p and a, b, c. In order to use the rule (3.80) one needs to extract its scalar component
(A365). Because we know from the Lemma above that there is only one scalar representation in this product,
this is easily done using symmetry arguments alone. The result is

(™ 0) (A" 0) (NP 0) (0yapc)) = 246757 (3.95)

abe

where 0,"? is the generalized Kronecker delta (A.9). To see this, observe that the right-hand side is the

abc
unique term that is antisymmetric in both [mnp| and [abc], as required by the symmetries of the left-hand
side. The proportionality constant can be fixed by contracting the vectorial indices on both sides with

52.655¢: On the left-hand side we get ((A30°)), while the right-hand side reduces to 24 x 120 = 2880 (using

mYn"p-
Siimb = (130) = 120, see (A.11)). Therefore we recover the normalization (3.80), and the Lemma guarantees
that this is the correct tensor.
For another example, consider ((Ay™0)(Av"0)(AvP0)(xvn8)(¢,0)), for two arbitrary Weyl spinors x

and 9. Based on the Fierz identity (A.18), §°0° = %7%1(97”’59), we obtain

(AY™0) (A" 0) (AP O) (OvnX) (O7p2)) = *i(wi”tva<(/\vm9)(/\v”9)(Mp9)(9%st9)>

96
1
= =700y ) = 180" ¥) (3.96)
where we used (3.95) and v,7""Py, = —72y™. For an alternative derivation, see [145]. And for a more

in-depth excursion on the evaluation of pure spinor superspace zero-mode correlators, see Appendix E.

3.4.5. Component expansion from pure spinor superspace
As an illustration of the above steps, the supersymmetric three-point tree amplitude following from (3.75)
is given by

A(1,2,3) = (AN (AA%)(AA®)) = A(1p, 26, 36) + A(15, 24, 37) + A(L15,26,37) + A(17,27,35),  (3.97)

where the subscripts b or f refer to the bosonic or fermionic component polarizations, corresponding to the
gluon or gluino at the massless level of the open superstring.

Evaluating the explicit component expansion for the three-gluon amplitude is a matter of plugging in
the f-expansions (2.17) in Harnad—Shnider gauge and selecting the components with five s which contain
the gluon fields. Doing this for the spinorial superpotential A,, the only terms in the bosonic #-expansion
that can contribute are

4a(%,0) = { Sem™0)a — o5 Frn(p0)a(Br"76) beh X (3.98)

In combination with the minimum of #2 from the two other vertex operators, the term containing #° in A,
leads to a superspace expression proportional to A30P27 which is annihilated by the pure spinor bracket rule
(3.80). This results in the three-gluon component amplitude

1
A(Le, 25, 3p) = — gt f1e5 (A" 0) (X" 0) (N 0) (0714r0)) + cye(1,2,3). (3.99)
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As discussed above, symmetry arguments and the normalization condition (3.80) fix all pure spinor correla-
tors and we find (4 = 10)

(M0 A" 0) (A" 0) (07pqr0)) = 24670 = 6457 (3.100)

par

So the three-gluon amplitude (3.99) is given by

1
A1y, 25,3p) = 561 el + cye(1,2,3) (3.101)
= (61 ’ k2)(€2 : 63) + Cyc(la 2, 3) )

where we have applied transversality e; - k; = 0 and momentum conservation ki+ks+k3 = 0 in passing to
the second line. To obtain the amplitude with one gluon and two gluinos distributed as (15,2, 3), we use
the fermionic component expansion Aq(0) — 1 (67m)a(07™x)e" X in (2.17) for legs 2,3 to get

A13,21,35) = =7 () ) 3 0) 07 x2) (077 X3)) = " (x2mxs). (3.102)

where we used the pure spinor correlator (3.96) and picked the unique term ~ 6* from A’ which is compatible
with two s from both A2 and A2. Assembling all the components in the three-point amplitude (3.97) yields

A(1,2,3) = —61 T ey + el (x2vmXx3) + cye(1,2,3). (3.103)

Given the systematic nature of the above procedure, an implementation using FORM [152] has been written
which performs these expansions automatically [153] (see also [154]).

In contrast to the three-gluon amplitude of the open bosonic string, the three-point superstring amplitude
(3.103) is independent on o’ and therefore coincides with the SYM amplitude,

A(1,2,3) = A(1,2,3) = —61 T el + e (x2vmXx3) + cye(1,2,3). (3.104)
For both color-ordered and color-dressed amplitudes of ten-dimensional SYM,

A(1,2,...,n) = lim A(1,2,...,n), M(1,2,...,n) = lim M(1,2,...,n) (3.105)
a’—=0 a’—0
we will use non-calligraphic letters to distinguish them from the analogous superstring quantities, see (3.78)
for the color-dressed open-string amplitude.

3.4.6. Preview of higher-point SYM amplitudes

In the same way as the single term V;V,2V3 in the superspace expression for A(1,2,3) produces the six
terms in (3.104) upon component expansion, higher-point string and SYM amplitudes take a particularly
compact form in pure spinor superspace. For instance, we will see later that the six-point SYM tree-level
amplitude can be written in pure spinor superspace as

A(1,2,...,6) =

<V12V34V56>+1<( Vias n Va1 )(V45V6+V4V56

1
- +cyc(1,2,...,6), 3.106
3 512534856 2 )> ye( ) ( )

5125123 5235123 545 556

in terms of multiparticle vertex operators Vp subject to beautiful combinatorial properties that will be
introduced below. The expression (3.106) can be checked to be gauge invariant and supersymmetric in a
couple of lines with pen and paper. Moreover, it evades BRST-exactness for purely kinematic reasons and
lines up with a recursive structure of n-point SYM tree amplitudes in pure spinor superspace. Here and
below, our normalization conventions for Mandelstam invariants for massless particles are

1
S12 = k/’l . k/’g = §(k1+k/’2)2, S12..p = Z Sij = k1+k/’2+ +k ) (3107)

1<i<y
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Already for the purely bosonic terms, the component expansion of (3.106) in terms of single-particle polar-
izations and momenta produces more than 6700 terms. Still, we will see later that the complete component
expansion of (3.106) can be arranged in the compact form

1’mmnn 1’mmnn mgmn n mgemn n
A(L2,...,6) = 5812f34 €6 T [e153fis"eg + eibfg " elas + e flaels + (4 < 6)] (3.108)

1
+ (X127mAza)e5s + 3 [(Xr23YmXas)eg” + (XasymXe)elss + (XsVmXi23)ehs + (4 > 6)] + cye(1,2,...,6)

in terms of recursively defined multiparticle Berends—Giele polarizations ¢’%, X' of (4.117) and field strengths
fp" of (4.120) instead of single-particle polarizations and momenta. Similar objects also drive compact
representations of supersymmetric loop amplitudes in string and field-theory, and they are excellently suited
for numerical computations [155].

The ten-dimensional polarization vectors in the bosonic components of expressions in pure spinor super-
space can be straightforwardly dimensionally reduced. In this way, one obtains scalar and gluon amplitudes
in maximally supersymmetric SYM in lower dimensions, say N' = 4 in four dimensions. Upon insertion of
spinor-helicity expressions, (3.106) and (3.108) then reproduce all the six-point MHV and NMHV compo-
nents of N = 4 SYM at tree level. Hence, pure spinor superspace elegantly unifies all the MHV, NMHYV,
NF¥MHV components upon reduction to four dimensions and captures all the different functional forms of
color-ordered amplitudes with particles of alike helicities in neighboring or non-neighboring legs. The num-
ber of terms in the pure spinor superspace representations of n-point SYM amplitude grows moderately
with n thanks to the multiparticle formalism to be introduced below.

4. Multiparticle SYM in ten dimensions

OPEs among massless vertex operators of the pure spinor superstring feature rich patterns which led
to a systematic definition of multiparticle superfields of ten-dimensional SYM in [83, 84, 85], in both local
and non-local forms. These multiparticle superfields encompass arbitrary numbers of single-particle gluon
and gluino states and can be constructed independently of their OPE origins using field-theory methods, in
particular Berends—Giele recursion relations [27] and perturbiner methods [23, 24, 25, 26]. Over time, the
definition of multiparticle superfields led to an elegant symbiosis of an ever-increasing number of related
topics: their local version is at the heart of the local BCJ-satisfying numerators, and their non-local version is
used to relate the BCJ properties of the amplitudes as originating from standard finite gauge transformations.
In addition, multiparticle superfields appear in connection with planar binary trees leading to a combinatorial
underpinning of the KLT map [156, 157] as well as the closely related S bracket [83] and contact-term map
[85]. Ultimately, the use of multiparticle superfields simplifies the construction of expressions for scattering
amplitudes of both SYM field theory and superstrings.

4.1. Local superfields

The definition of local multiparticle superfields is inspired by OPE calculations of massless vertex oper-
ators (3.59) and (3.62) in the pure spinor formalism. These multiparticle superfields generalize in a natural
way the single-particle description of ten-dimensional SYM theory reviewed in section 2.2. For each of the
standard four types of superfields A (X, 0), A% (X,0), W2 (X,0) and F?,, (X,0), the single-particle label i
is generalized to labels for multiple particles, characterized either by words P such as P = 1234 or by nested
Lie brackets as [[[1,2],[3,4]],5]. As such, it will be convenient to refer to their multiparticle counterparts
collectively in a set Kp

Kp e {AF(X,0), AB(X,0), Wa(X,0), FF"(X,0)}, (4.1)

with obvious extension for Kp g where P and () can themselves be nested brackets.
Calculations of superstring disk correlators revealed that there is a rich set of properties obeyed by the
multiparticle superfields, reflected by the symmetry properties of their multiparticle labels. The symmetries
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in turn are attained by various gauge transformations of the individual single-particle superfields and give
rise to different definitions of multiparticle superfields, all related by gauge transformations. Of special
importance is the gauge transformation leading to Jacobi identities within the nested brackets characterizing
the multiparticle state. We will see in section 7.1 that this gauge leads to the color-kinematics duality of Bern,
Carrasco and Johansson [29]. At the superfield level, this translates to non-linear gauge transformations
which act on multiparticle superfields defined recursively in the so-called Lorenz gauge.

The construction of the two-particle superfields is inspired by string-theory methods in the following
way. The insertion of a gauge-multiplet state on the boundary of an open-string worldsheet is described by
the pure spinor integrated vertex operator (3.59),

Ui = 00"Al, + I AL, + do W + SN™F), . (4.2)

In the computation of disk amplitudes with the prescription (3.75), the worldsheet fields of conformal weight
one [00*,1I"™, d,, N™"] contracting linearized superfields K; with particle label i approach other linearized
vertex operators describing other particle labels. This is captured by OPE singularities (3.54) to (3.56) and
lead to composite superfields at their residues, dubbed multiparticle superfields.

The first example of a multiparticle superfield appears in [158] as the OPE residue of two massless vertex
operators, an integrated Us describing SYM states with particle label 2 and an unintegrated V; with particle

label 1 Lor(21)
k- 2121
%(Zl)UQ(ZQ) ~ 2,’21k1 kZT y Z'LJ = Z’L*Zj . (43)
21
In order to attain open-string conventions, we dropped the Z;; dependence of the factor in the OPE of
plane waves ef' X (21)eh2 X (22) |2y, |72k ghiz X (22) with |29 ~2k1k2 = z;lkl'kQEglkl'k? The corresponding
n-point correlation function on the sphere

<<H ek]"X(Zj)>> — H |Zij|*2ki'kj (44)

1<i<y

will be referred to as the Koba—Nielsen factor.
The superfield structure of the OPE is captured by

Lgl = 7A’in(A’}/mW2) - ‘/1(]{31 . AQ) + Q(A1W2) (45)
which has a simple BRST variation
QL2 = (k1 - k2)Vi V2, (4.6)

where Q = A\*D,, denotes the action of the BRST operator (3.52) of the pure spinor formalism on superfields
independent of 9*210. The BRST-exact term Q(A;Ws) in (4.5) does not contribute to the variation (4.6)
and will be removed in passing from Lo to the two-particle superfield Vi5 below. Proceeding recursively
and defining higher-rank superfield building blocks [159]

l —(k1+ka+ . L (Z )
A li 1 2 ~~~]€p 1 kp 2131...(p—1)1pl 1
2131...(p—1)1( 1) p(zp) ~ Z 1( ) ( ) P

(4.7)

Zpl
yields BRST transformations such as
QL2131 = (k12 - k3)La1 Vs + (k1 - k2)(L31Va + ViLaa),
QL213141 = (k123 - ka)L2131Va + (k12 - k3)(La1Laz + L2141 V3) (4.8)
+ (k1 - k2)(L3141Va + L31 Lya + La1 L3 + Vi L3ag0)

with a suggestive recursive structure. The collection of Lo131..p1 is said to be BRST covariant since their
Q-variation is expressible in terms of products of lower-rank building blocks (with V; as their rank-one
version) along with factors of k; - k;. Here and below, we are using the notation

k1. p = kitke+ ... +kp (4.9)
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for multiparticle momenta. However, a major shortcoming of the OPE residues Lg131.. 1 defined above is
their lack of symmetry under exchange of labels 1,2, 3, ..., p. Luckily, the obstructions to having symmetry
properties conspire to BRST-exact terms and can be removed by redefinitions that do not affect the desired
amplitudes [160, 21, 83]. As a simple example of this phenomenon, the symmetric part of the rank-two OPE
is BRST exact

Loy + Lis = Q{(A1W2) + (AaWr) — (A - Ag)} . (4.10)

The spinor and vector superfields A, and A™ of D = 10 SYM can be distinguished by identifying the
superfields that they contract — above these are W or A,, (and we only use the - for vector-index contrac-
tions, i.e. not for spinor indices). Using the BRST transformation properties of Lojs1.. ., these BRST-exact
admixtures have been identified in [21] up to rank five, and their removal leads to a redefinition of the OPE
residues that satisfy generalized Jacobi identities (see section 4.1.5 for their definition). The outcome of this
removal procedure is an improved family of multiparticle superfields Vjg3.. , dubbed BRST building blocks.

This approach was streamlined and further developed in [83] where all multiplicity-two superfields K
were extracted from the OPE between two integrated vertices as the coeflicients of the conformal fields in
the OPE, following earlier calculations in [109]

Ul(Zl)UQ(ZQ) ~ 21_2]“']%_1 (800‘ [(kl . AQ)A; - (kz . Al)Ai + DaAl(%Wlﬁ - DaAéWQﬁ}
+ 17 (k1 - Ag) AL, — (ko - A1) A2, + k2, (AsWh) — kL (A Wa) — (Wi Wa)]
+do [(ky - Ag)Wi — (kg - ADWS + (V""" W) F, — (V™" W) Fopy]

maT na

(L ko)zry TR [(AWa) + (A2Wh) — (A - Ag)] . (4.11)

1
SN (b A2)Fh, — (k- A)FR, = 265 (Wi W) + 2F), P2 ])

Using the relation 0K = 00*D,K + 1"k, K for superfields K independent of non-zero modes 9% and \%,

cf. (3.67), we can absorb the most singular piece ~ zﬁkl'k2_2 into total 21, 2o derivatives and rewrite

Uy (21)Us(2) — —zrfka=t (aoaAf FIMARZ 4 d W + %Nmanfn) (4.12)
+ o (zﬁkl‘krl [1(A; - Ag) — (A1W2)D — s (z;;l'kz—l [1(A; - Ag) — (Agwl)}) .

Straightforward calculations using the linearized SYM equations of motion (2.14) yield the following multiplicity-
two superfields,

Al = [A%(ka - A1) + AT (v Wh)a — (1 ¢ 2)]

ATy = A (ky - Ay) + AL FS™ + (Wi Wa) — (1 ¢ 2)],

Wiy = 2(Ymn W) FI™™ + Wi (ko - A1) — (1 ¢ 2), (4.13)
Fl3" = Fy™ (k- Ay) + 3B, FYP 4 B (W) — (16 2),

where we reiterate our conventions F\™,FI'"? = F F'"” — FP,F™ for antisymmetrization brackets. An
interesting observation is that the two-particle field strength F]3™ admits a more conventional form

Fi3" = k15 ATy — ki ATy — (k1 - ko) (A" A — AT AYY) (4.14)

with a non-linear extension as compared to the linearized field-strength superfield F"" = k" A} — k] A"
More importantly, the covariant nature of the BRST transformations observed in (4.8) generalizes to the
whole set of superfields in K75. In fact,

Do AR + DA = vaAn + (k1 - k) (AgAG + ARAD), (4.15)
Do ATy = AT Wi+ kB AL+ (ky - ko) (ALAT — AZAT) |
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DaWiy = L(ymn)aPF3™ + (ky - ko) (ALWY — A2W)),
Do FB™ = Ky (Y Wiz)a + (ky - k2) [ALFZ™ + A (7" Wa) o — (1 2)] -

This set of superspace derivatives for the multiparticle superfields K72 mimic the single-particle case (2.14).
The difference involves contact-term corrections proportional to the Mandelstam invariant ki - ko = s12.
We will see below that these contact terms admit a generalization and can be compactly described by the
so-called contact-term map acting on Lie polynomials. In this review a “Lie polynomial” is understood
to be any linear combination of terms that can be written in terms of nested commutators. For a more
mathematical definition, see [143].

The definition of multiplicity-two superfields can be formalized by

U12(22) = — 7{dz1 (21 — ZQ)kl.szl(Zl)UQ(ZQ) (416)
=00%A + ™ A)? + da Wiy + AN )2

where the contour integral extracts the singular behavior of the approaching vertex operators as z; — 25 and
annihilates the total derivatives w.r.t. z1, z2 spelled out in (4.12). As we shall see below, these singularities
on the worldsheet translate into propagators k:l_22 = 251_21 of the gauge-theory amplitude after performing the
field-theory limit. In other words, OPEs in string theory govern the pole structure of tree-level subdiagrams
in SYM field theory obtained from the point-particle limit. In addition to the multiplicity-two integrated
vertex Uiz, we define the multiplicity-two version of the unintegrated vertex as

Vig = A\*AZ. (4.17)

The two-particle equations of motion (4.15) imply that the single-particle relations @QV; = 0 and QU; = 0V;
generalize as follows at multiplicity two [83]:

QViz = (k1 - k2)Vi V2 (4.18)
QUiz = OVig + (k1 - ko) (ViU — WoUn) .

Note that the total derivatives in the last line of (4.12) are in one-to-one correspondence to the BRST-exact
difference

Vi :L21+Q{%(A1 .Az)f(Alwg)}. (4.19)

The higher-multiplicity extensions of Vi3 and Uiz to be constructed below also enjoy covariant BRST
transformations among multiparticle vertex operators such as

QViaz = (k1 - ko) [ViVas + VisVa] + (k12 - ks)Via Vs, (4.20)
QUi2z = OVigz + (k1 - ko) (ViUaz — VazUs + VigUs + VaUiz) + (kia - k3) (VieUs — VaUia) ,

whose systematics are accurately described by the contact-term map in the subsequent section.

4.1.1. The contact-term map

We will see in the discussion below that many formulae simplify if we have a general formula to associate
contact terms > (kg - ks)(...) with general nested brackets of the form [P, Q]. The algorithm to do this
is called the contact-term map and it was defined for the first time in [85] and further analyzed in [157].
This map encodes in a systematic manner many properties that were implicitly used and assumed in several
papers. Among its many useful properties, we will see that the contact-term map C' gives rise to the various
contact terms in the local equations of motion of multiparticle superfields. In addition, its combinatorial
properties will allow us to prove that the later equations of motions of non-local superfields exhibit a
“deconcatenation property” in their non-linear terms, based on fine-tuned cancellations of the contact terms
and associated kinematic poles.
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The contact-term map acting on a letter ¢ and on Lie monomials [P, Q)] is defined by the following
recursion [85, 157]

C(i):=0, (4.21)
C([P,.Q]) :=[C(P), Q] + [P.C(Q)] + (kp - ko) (P®Q -~ Q& P),
where the Lie bracket in the space £ of all Lie polynomials is extended canonically to £L ® L as
[A®B,Q]:=[A4,Q]® B+ A®[B,q], (4.22)

[P,A® B] = [P,A|® B+ A |P,B,

and we have kp = ki+ko+---+k, for P = 12...p according to the definition (4.9) for multiparticle
momenta. To illustrate the definition, some examples can be worked out to give
C([1,2) = (k1-k)(1®2-2®1), (4.23)
C([[1,2],3]) = (k1 - k2)([L,3] @2+ 1©[2,3] - [2,3] © 1 -2 ® [1,3])
(k12~k3)([1 2l®@3-3®|1 2)
C([1,[2,3]]) = (k2 - k3)([1,2] ®3+2®[1,3] — [1,3] ®2 - 3® [1,2])
+ (k1 ka3)(1®[2,3] - [2,3]® 1),

1
C([[[1,2],3],4]) = (k1 - k2)([[1,3],4] @ 2+ [1,3] @ [2,4] + [1,4] ® [2,3] + 1 ® [[2, 3], 4]
- [[2,3], 4]®1—[2 3@ [1,4] - [2,4] @ [1,3] —2®[[1,3],4])
+ (k12 - ks)([[1,2],4] ® 3+ [1,2] @ [3,4] — [3,4] ® [1,2] — 3 ® [[1,2],4])
+ (k123 - ka)([[1,2],3] @4 -4 ® [[1,2],3]),
C([[1,2],[3,4]]) = (k1 - k2)([1,[3, ]]®2+1®[ 3,4]] - [2,[3 4]]®1f2®[1,[374]])
+ (ks - ka) ([[1,2), 3] @ 4 + 3@ [[1,2] 3))

+ (k2 - ksa) ([1,2] ® [3,4] = [3,4] @ [1, 2])
where the expression for C([[1, 2], 3]) for instance encodes the Mandelstam invariants in QUi23 previewed
n (4.20). By definition, the contact-term map produces the antisymmetrized combinations P ® Q — Q ® P

of Lie monomials. Therefore it is convenient to consider the image of the contact-term map as being in the

wedge product of Lie polynomials
PANQ=PRQ-QXP, (4.24)

which implies that (4.22) becomes [A A B,C]| = [A,C] A B+ A A [B, C]. Using this notation streamlines the
output of the contact-term map, for example

C([1,12,3]]) = (k2 - k3) ([1,2] A3+ 2 A [1,3]) + (k1 - kaz) (LA [2,3]). (4.25)

Contact-term map and BRST charge. A definition, implicit in [85, 157], extends the action of the contact-
term map to L A L as

C(PANQ)=C(P)ANQ—-PAC(Q). (4.26)
From this definition it follows that

Lemma 3. The contact-term map is nilpotent,
c?=0. (4.27)

Proof. See Appendix H.
The condition (4.27) turns out to be an important consistency check, as the contact-term map will be
related to the pure spinor BRST charge in the discussions below,

C QBRST . (428)
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In addition, when acting on a left-to-right Dynkin bracket £(P) = [[...[[p1,p2], p3] - - ], pn] defined in (C.1),
it gives rise to the deshuffle sums, as proven by induction [85]

CUP) = > (kx k) [((XR) @ £(jS) —L(jR) @ (X S)| = Y (kx - k)UXR)AL(S)  (4.29)
XjYy=pP XjY=P
5(Y)=R®S 5(Y)=R®S
where the deshuffle map §(Y") is defined in (C.10) and the effect of the swap X < j is to replace ® — A
since the deshuffle map §(Y) = R ® S is symmetric sum over R and S. For example,

C(£(123)) = (k1 - k2) (1 A £(23) + £(13) A 2) + (K12 - k3)(12) A 3. (4.30)

As we will see later, this is the same structure of the BRST variation of Vi3 seen in (4.73) and will play an
important role in motivating the correspondence (4.176) below.

The synergy between the contact-term map and multiparticle superfields will become more natural once
we define how the Lie polynomials P and @ in the image of the contact-term map become labels of generic
superfields'* K and T

(K@T)p@@ = KPTQ, (K/\T)pAQ = KPTQ, (431)

and extended by linearity. For example,
(A" @ V)213104,[5.6] = Aff1,2],3Va5.6]] » (VAV)sipine = 512V1Va. (4.32)

4.1.2. Multiparticle superfield in the Lorenz gauge

The generalization of the single-particle linearized superfields of (2.14) to an arbitrary number of labels
naturally leads to a Lie-polynomial structure for the multiparticle labels. For a simplified definition sufficient
for this review, P is a Lie polynomial if it is a linear combination of words generated by nested Lie brackets
acting on non-commutative letters representing the particle labels. For example, P = [[1,2],3] = 123 —-213—
312 + 321 is a Lie polynomial.

Initially defined by consistency of the resulting equations of motion in [83], the following recursive defini-
tion of multiparticle superfields was identified in [84] to correspond to a multiparticle version of superfields
in the Lorenz gauge:

APQ = S[AQ (kg - Ap) + AL (vmWp)a — (P Q)] (4.33)

N | —

m 1 Am A AP 1nm Y mi7
Afpq = 5[AG (kg - Ap) + ATFG™ + (Wpy"Wo) = (P ¢ Q)]

o 1 (TS Y « 1 - . 1. ——
Wibar = 715 (s W)™ + 5 (kg - Ap)WG + S WG Ay — (P Q)

4
mn 1 mn A Aplmn 2 p Slm o pnlr [m+1z,n]ars
Fpy = 5 [F8" (kg - Ap) + F§™ A7 + B Fp = 2 WE WG — (P Q)]
where the momentum indexed by a Lie polynomial is understood to be stripped of brackets, for example
kzﬁl 23] = ki33. The hat in K[pg) above distinguishes this definition in the Lorenz gauge from other

definitions of multiparticle superfields in other gauges, as we will see shortly. In order to complete (4.33) to
a recursion, we define the multiparticle instances of the higher-mass-dimension superfields in section 2.3

WiEG = kpoWipq — (A" @ W)o(rq) » (4.34)
Am‘ am 7 A ~
Fipg = FpoF{pg — (A" ® FM)c(paqy) ,

where the contact-term map C is defined in (4.21) and we are using the notation (4.31), for instance

Fm\Pq — k;szq

(1,2] [1,2] (1 - k2)(12171nﬁ2pq - A?Ff}q) )

14 This notation deviates from the one used in [85].
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m| __1.m
F Gty = ks T 3y

G k23)(AmF[gq3] Gy FT7) -

(kg-kg)(/i%]ﬁq AR ER — AR o FPT — AT ER) (4.35)

Like in the multiplicity-two case (4.14), the multiparticle field strength can be rewritten in a more conven-
tional form as

Fipit) = kpoAlp g — kpoAlbg — (A" @ AM)o(pay - (4.36)

The recursions (4.33) terminate with the single-particle superfields K; = K;, and the resulting two-particle
superfields in Lorenz gauge turn out to match the expressions (4.13) obtained from OPEs, i.e. IA([Z-J] = Kj;.

It is important to emphasize that the above recursions apply to arbitrary bracketing structures encom-
passed by P and Q. For example,

A 171 - PN a -
Afy g = 5[ AR (ks - Av) + ALER™ + (Wiy™ W) — (16 2)] (4.37)

m 1 Am A ) fnm T my3
A[[1,2],3] = 5 [A3 (k3 : A[1,2]) =+ ALLQ]FB + (W[1,2]’Y WB) - ([L 2] A 3)} )

Am 1 Am 7\ 7\ [nm T my3
Al 213,45 = 3 [A[[3,4],5](k345 cAp ) + ARPERT G+ Wiy Wisays) — ([1,2] - [[3,4], 5])} :
In addition, from the contact-term terms in C([[1,2], [3,4]]) as in (4.23), namely

C([[1,2],[3,4]]) = (k1 - ko) ([L. 3.4 @2+ 1@ [2,3,4]] - [2,[3,4]] ® 1 - 2® [1,[3,4]])
+ (ks - ka)([[1,2],3] @ 4+ 3®[[1,2],4] — [[1,2],4] ® 3 — 4 ® [[1,2], 3])
+ (k2 - ksa) ([1,2] ® [3,4] — [3,4] ® [1,2]), (4.38)
the field-strength (4.36) for P = [1,2] and @ = [3, 4] becomes

F[?f?z],[&z;]] = k/’g34f‘iﬁ1,2],[3,4]] - k?2341‘iﬁl1,2],[3,4]] (4.39)
— (k1 - k2)(/i?11,[3,4n/13 + ATAFQ,[SA]] - (14+2)
— (ks - k) (Affy o AT + AT Ay 5.4 — (3 45 4))
— (K - ksa) (A} o ARy 4 — AR J AT, ) - (4.40)

Identifying the pair of words P and @ for the superfields on the right-hand side of the above examples
leads to further applications of the recursions in (4.33) until eventually all superfields are of single-particle
nature. Naturally, the number of terms in the multiparticle superfields increases very rapidly when expanded
down to single-particle superfields. Fortunately, there is rarely the need for doing so as even component
expansions using the top cohomology factor (3.80) of pure spinor superspace can be performed efficiently at
a multiparticle level, see Appendix F.

OPE channels and Catalan numbers. In presence of more than two vertex operators, different orders of
performing the OPEs lead to different multiparticle superfields. One can intuitively understand the different
bracketings of the definition (4.33) of multiparticle superfields in the Lorenz gauge and the associated vertex
operators

Ve = AL Up:=00°AL + 1 AP +d Wg + AN ED

mn ’

(4.41)

in this way: three vertex operators Uy (21)Uz2(22)Us(z3) admit two'® possible ways of performing two OPEs
in sequence while preserving the order of z; on the disk: zo — z; and z3 — 21 or z3 — 29 and z2 — 2.
These two possibilities lead to two possible bracketings for the resulting multiparticle vertex at position z;

Unaa(z1),  Unpay(z). (4.42)

150f course, in a correlation function, the ordering of operators is arbitrary and will lead to index permutations of the
multiparticle vertices. But in the end, the BCJ-gauge counterpart Upa [1,3)) of Upa [1,3)) Will still be expressible in terms of
U[l7[2,3]],U[[1’21’3]7 see section 4.1.5.
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In general, for a string of p vertex operators there will be C,_1 bracketings, where Cp_1 is the (p—1)-th
Catalan number!6. For example, the C3 = 5 bracketings corresponding to the different OPE orderings
among neighboring vertices in the correlation Uj(z1)Ua(22)Us(23)Us(24) give rise to the following vertex
operators at zi:

Uz aa(1),  Upeapa(z), Upasag0, Opesa),  Uuesa)(z)- (4.43)

For example, the first vertex in (4.43) corresponds to performing the OPEs as zo — 2z first, then z3 — 21
and z4 — 21.

4.1.8. Equations of motion of local multiparticle superfields in Lorenz gauge

The equations of motion satisfied by the local multiparticle superfields given in the recursive definition
(4.33) can be written in a similar fashion as their single-particle counterparts of (2.14). To see this we define
an analogue of V,, := D, — A, at the level of local multiparticle superfields as

VgL)K[pﬂQ] = DQK[RQ] — (Aa ® K)C([P,Q]) (444)

in terms of the contact-term map (4.21) and the notation (4.31). R
With this definition, the equations of motion for the Lorenz-gauge superfields Kp g can be written as

(L) 41P,Ql _ _m Z[P, L) jm _ 1.m AP, mIi
Vi A =y AP, VAR o = kAT + (V" Wip g (4.45)
o 1 ~ . o
L B _ —(amn\ B P,Q L mn [m n
Vg )W[p,Q] = 4(7 )a F7[nn ], Vg )F[P,Q] = (W[p,Qﬂ ])a,

which assume exactly the same form as their non-linear counterparts (2.11). After expanding out the
derivatives V&L) in (4.44), the local equations of motion for the Lorenz-gauge superfields (4.45) are given by

DA =y AP 4 (A, ® Ag)eqra) (4.46)
Do AP = (7, W9, + kPR AR + (A, ® A™)o(ip.q)) »
~ 1 ~ ~ ~
B _ mn 8
DaWip g = 70" FlL? + (Ao @ WWe(ra) -

fmn_ (1i7lm n 0 Smn
DaFpl = (Wipon™), + (Aa ® F™)oqpq) -

In the simplest case P = 1 and @ = 2, the contact-term map produces a factor of k1 - ko and we recover the
two-particle equations of motion (4.15) upon noting that Kj; jj = K;;. To illustrate the above equations,

consider the equation of motion Do Al for [P,Q] = [[1,2],3]. Using the contact-term map C(][1, 2], 3])
from (4.23) leads to

Do Affs o 5 = (7" Wipn,213))a + ki AL (4.47)
(k- ko) (AR IAY + ALAR ) — ARFAT — AZAR )
+ (k12 - kg)(/Ang]/ig” - Ag AHQ]) ,

thus recovering equation (3.20) from [83].

4.1.4. Local multiparticle superfields in the BCJ gauge
The explicit calculations of string disk amplitudes at multiplicities five [109, 159] and six [161] revealed
a truly fascinating pattern arising from a conjunction of factors: first, the double poles in the OPEs among

16Catalan numbers are given by C), = n;-H (2:), and the simplest examples are C1 =1, Co = 2, C3 =5 and Cy = 14.
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Figure 1: The symmetry mapping between a half-ladder cubic graph and the local SYM multiparticle superfields K &
{Aa, Am, W, F™7}.

massless vertex operators can be integrated by parts within the full string integrand containing the Koba—
Nielsen factor ~ [}, _; |zij| %% | see (4.12) for a two-particle example. This amounts to redistributing the
superfields in the double-pole terms among various single-pole terms in the OPEs of the vertex operators.
Second, the superfields in the numerators of the double poles have the precise form that, once redistributed
to single-pole terms via integration by parts, lead to effective single-pole numerators that satisfy improved
symmetry properties within their multiparticle labels — so-called generalized Jacobi identities [162]. This
mechanism hinges on the fact that the BRST-exact terms in (4.19) match the total derivatives in (4.12).

Unfortunately, doing these calculations in practice is tedious, and currently the best justification for this
mechanism is the total-derivative distribution seen at the two-particle OPE (4.12) and extensive explicit
cancellations in the six-point disk amplitude of [161], see section 3.2 and appendix B.3 of the reference.
Luckily after these patterns were understood in [83] these integration-by-parts steps could be bypassed by
the recursive procedure to be described below. However, it remains a challenging open problem to rigorously
prove the recursions from the OPE approach.

4.1.5. Generalized Jacobi identities

In section 4.1.6 below, we will introduce a gauge-transformed version K p of the multiparticle superfields
Kp in Lorenz gauge defined in (4.33). Before spelling out these redefinitions due to double-pole terms in
OPEs, we shall here describe the resulting symmetries of the multiparticle labels in Kp. These symmetries
can be summarized by

Kaupye + Kpyaye =0, AB#0, VC, (4.48)
where ¢(A) is the left-to-right Dynkin bracket,
0(123...n) :=£(123...n—1)n —nl(123...n-1), £(i):=14, £(0):=0, (4.49)

for instance ¢(12) = 12 — 21 and ¢(123) = 123 — 213 — 312 4 321. The symmetries (4.48) are known as the
generalized Jacobi identities in the mathematics literature [162] (see also section 8.6.7 of [143]).

These are the same symmetries obtained by a string of standard structure constants [163], or equivalently,
by a Dynkin bracket

0(1234...p) <> Kyoga. , < f1202 fo2das pasdas - pap-ipap (4.50)
see figure 1. A few examples of generalized Jacobi identities are as follows

Kioc + Ko1c =0, VC,
Kiosc + Kosic + Kzi2c =0, VO, (4.51)
Ki93ac + Ko1a3c + Kza12¢ + Kazo1c =0, VC.

Let A be a word and ¢(A) its Dynkin bracket defined in (4.49). The generalized Jacobi identities correspond
to the elements in the kernel of ¢. The simplest examples

0(12421) =0,  £(123+231+312) =0 (4.52)

are tantamount to the antisymmetry and Jacobi identity of the Lie bracket.
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Using Baker’s identity ¢(P¢(Q)) = [¢(P),£(Q)] [143], it is easy to see that A¢(B)+ BL(A) is in the kernel
of ¢ for any pair of words A and B. In addition, due to the recursive definition of ¢, if /(P) = 0 it also follows
that £(PQ) = 0 for the concatenation of P with any word Q. Therefore the generalized Jacobi identities
can be encoded by an abstract operator £y

JgkoKABC = KAE(B)C"’_KBZ(A)CW VA,B;«E(Z]andVC such that |A|+|B|:k (453)

We emphasize the arbitrary partition of non-empty words A and B in the above definition (while C' can be
empty), leading to a non-unique operator £. For instance

£3OK123:K1237K132+K231, fOI‘A:LB:23 andC:(Z), (454)
£30 K193 = K193 + K312 — K391, forA:lQ,B:SandC:(Z).

However, if £9 0 Kj23 = 0 then the right-hand sides of the above expressions agree and both are equal to
K93 + Kas1 + K312

For reasons to become clear later, multiparticle superfields that satisfy £,Kp = 0 for all k£ < |P| are
said to be in the BCJ gauge. When Kp is in the BCJ gauge we use the notation

KE(P) = KP . (455)

For example K[j; o) 3] in the BCJ gauge (not to be confused with the Lorenz gauge) is represented by K23.
In particular, with this notation we can write Baker’s identity for superfields in the BCJ gauge as

Kipqr = Kpruq) - (4.56)

For example, K [12,34] = K934 — K1243. The expansion of more general bracketings works similarly, and it
amounts to rewriting an arbitrary Lie monomial [I, ¥] in the Dynkin bracket basis of ¢(1P), for instance:

Kipi2,341,[5,67) = K1234567 — K1234576 — K 1234675 + K 1234765 — K 1243567 + K 1243576 + K 1243675 — K1243765 - (4.57)

In addition, if Kp with P = AiB and i a single letter satisfies generalized Jacobi identities, then it follows
from (4.48) that
Kaip = —Kyuap, A#0,VB, (4.58)

as £(i) = i for a letter 4. This relation implies that there is an (p—1)! basis of permutations K;, . ;, of K12, p.

4.1.6.  Multiparticle superfields in the BCJ gauge

As mentioned above, explicit calculations of superstring disk amplitudes with the pure spinor formal-
ism led to the discovery that the superfield numerators of single-pole integrands were being redefined by
the double-pole terms under integration by parts.!” The end result of these redefinitions is an improved
symmetry property of the composite superfields, which turns out to be the same as the generalized Jacobi
identities of the previous section.

Later computations in [83, 84, 85] showed that the multiparticle superfields in the BCJ gauge could be
computed by an intrinsic recursive method independent on the (fortuitous) interference between superstring
OPEs and integration by parts when multiplied by the Koba—Nielsen factor. The recursive method can be
approached in two ways, each one convenient for different situations. Let us now review these.

17The simplicity arising from integration by parts hinges on the fact that the double-pole terms in superspace are proportional
to factors of (1 + s;5...). Explicit computations up to six points show that this is the case in the pure spinor formalism.
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From a hybrid gauge to BCJ gauge. It is convenient to encode the redefinitions needed to attain the BCJ
gauge by defining an intermediate set of multiparticle superfields in a hybrid gauge, denoted by Kp -

The definition of multiparticle superfields in the hybrid gauge K (p,q@) assumes that all superfields of lower
multiplicities Kp and K¢ have been redefined to satisfy all the generalized Jacobi identities, i.e. £y Kp =0
for k < |P| (and similarly for @)). We then define

AlpQl = [AQ(kQ Ap) + A (1mWe)a — (P & Q)] (4.59)
Ar o) = [AQ (kg - Ap) + AfiFgm + (Wmmwm (P Q).

Wik = 1Fp (3ralW0)" + 5 (ke - Ap)IWG + W AF — (P 3 Q).

Fiploy =5 [Fg"(k@ - Ap) + F™ AP + F[mTF”] —2lmwilews — (P« Q)]

and K; = K;, where the superfields Kp and Kg on the right-hand side satisfy the generalized Jacobi
identities £,Kp =0 for k < |P| and

WiEG) = kpoWipq — (A" @ W%)c(paq) (4.60)
|
F[pg]] = kPQ [P,Q] — (A" @ F")cpq))

are the local form of the multiparticle superfields of higher mass dimension defined in [84] involving the
contact-term map C([P,Q]) in (4.21) and the notation (4.31).

In contrast to the definitions (4.33) of Lorenz -gauge superfields K (p,q]» in the hybrid gauge their defi-
nitions (4.59) are not recursive: The superfields K[p g on the left-hand side of (4.59) have to be redefined
K p,q) — Kip,q) before qualifying as input on the right-hand side in the next step of the recursion.

The hybrid gauge leads to more convenient explicit expressions to arrive at multiparticle superfields in
the BCJ gauge. One can show that the following redefinitions

K[P,Q] = K[P,Q] — Z (kX . kj)[H[XR,Q] st — (X H])} (461)
P=XjY
5(Y)=R®S
DoHpg : K=A,
+ Y (kx k) [Hixrp) Kis — (X < 5)] = kpoHppg : K =A™
s hws 0 : K=We
imply that the left-hand side satisfies all generalized Jacobi identities. Note that §(Y") in (4.61) denotes

the deshuffle map defined in (C.10) and the superfields H will be defined below. To illustrate the above
redefinitions we write down explicit examples for Aﬁé Q) up to multiplicity five (recall that A" := A" and

ARy = AL
Affa 3 = Aﬁz,g} — k{53 H123) (4.62)
AH2,34] = AHQ,&}] — k{33412 34
— (ky - k’2)[ (1,34 A3 — Hia 34 AT }
+ (k3 - ka) [H[3,12]AT - H[4,12]A§n} ;
AFf23,4] = Aﬁ23,4] - k$34H[123,4]
*(h'kz)[ (13,4145" — Hi3 41 AT }

— (k12 - k3)Hp12,40 A5,
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Aﬁ234,5] = Aﬁ234,5] - kg345H[1234,5]
— (k1 - k2) [Hpsa,5A5" + Hj1a,5A5% + Hyiz 5455 — (1 4 2)]
— (k12 - ks3) [H[124,5]A§” + Hjio5A35; — (12 < 3)]
— (K123 - ka) Hpi23 5/ A%,

Aﬁlzs,zls] = AmsAs] - k/’g345H[123,45]

_ (kl ]{32)|: (13, 45]A +H[1 45]14 (1 H2)1|
— (k1a - k) [ Hinz a4 — (12 65 3)]
+ (ks - ks) [H[4,123]A§,n -4+ 5)} .

The explicit expressions for the new superfields Hp o) were obtained up to multiplicity five in [84] and for
arbitrary multiplicity in [85]:

A
Hog=0,  Ham =0 S~ Covigy o), (4.63)
'Y =aB

Al 1Bl

where ¢ and b denote the letterifications of A and B as defined in (C.12) and

1
H} ¢ = Hapo+ |5Hiap(kas - Ac) +cye(4, B,C)| (4.64)
- { > (kx k) [Hixrp Hys.c) — (X < §)] + cye(4,B,C)|
XjY=A
5(Y)=R®S
1 1
Hapc = 71A2A%Fg}n + §(WA'ymWB)AZ? + CyC(A, B, C) . (4.65)

It is straightforward to check that the superfields H|4 pj satisfy generalized Jacobi identities within A and B.
This justifies using the notation where nested brackets are flattened, e.g. Hy[j1,2],3],4) = HJ123,4) in accordance
with the notation (4.55). The combination of (4.63), (4.64) and (4.65) reduces all the redefinitions (4.61)
from hybrid gauge to BCJ gauge to products of building blocks H4 p,c and (kap - Ac).

The superfields H{p g in (4.63) up to multiplicity seven are given by

Hpp5 = %( 1,2,3) (4.66)
H[123,4] = i( 12,3,4 H{,2,43) )
H[12,34] = i(2H1 2,34 2H§,4,12) )
Hi12345 = é(H 12345 — Hiz g 51 + H{,2,543) )
Hi123,45) = é(2H12 3.5 — 2H] 5 453 — 3Hz/1,5,123) )
Hi19345.6) = %(H 1234,5,6 — Hi2s.a,65 + Hiz 3,650 — Hi2653) »
H{1234,56) = %(2H123 456 — 2H1s 3 560 + 2H] 5 5643 4Hé,6,1234) )
Hi123 456) = %(3H12 3,456 — 3H1 24563 — 35,6123 + 3H 5.1236) »
Hi123456,7] = %(H12345 6.7 — Hizsa 576 + Hioz 4,765 — Hiz3.7650 + Hi 2,76543) »
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_ ! ! / ! !
Hi12345,67 = (2H1234,5,67 — 2H1 934,675 + 2H12 3 67514 — 2H1 2 67543 — 5H6,7,12345) )

— =3 =

. / / / / /
Hpasa56m) = = (3H123 4,567 — 3H12,3 5674 + 3H1 2 56743 — 4H36 7,123 + 4H5 6 19347)

EN

and the simplest non-vanishing instances of the primed superfields in (4.64) are

His3="Hizgs, (4.67)
1

H12,3,4 = H12,3,4 + 6 [Hlﬁzyg(kug . A4> — (3 < 4)] .

For example, the explicit expressions for the first two superfields above are given by
1 1
Hio3 = *EATASFg?m + E(meWQ)Ag” + cye(1,2,3), (4.68)

1 1
Hijo3 4 = Z(H12,3,4 + H3za12)+ o1 [H1,2,3(k123'144) — Hi94(k124-As) + Hz a1(k134-A2) — H3,4,2(k234'141)] .
It is interesting to observe that the expressions for the superfields Hi4 p) that lead to the BCJ gauge are
not unique. In fact, simpler explicit expressions can be derived using the Bern-Kosower formalism [164].
To complement the definition (4.61), the field strength in the BCJ gauge is defined using the contact-term
map (4.21)
Flpg) = kboAlpq) — kpoAfpg — (A" @ A%)c(ra) » (4.69)

see the definition (4.31). Concretely, the above superfields can be explicitly checked to satisfy the generalized
Jacobi identities. For example, using the notation (4.55) as AHLQS a5 = ATba45, One can see that

AT5345 + Ablags + Ajhios + AYs015 =0, (4.70)

corresponding to the third identity in (4.51) with C' = 5. In addition, long calculations demonstrate that

Alyz4s — Alssss + Alfsios — Alforz — Alfszin + Alfze) =0, (4.71)
in agreement with the expansion (4.56) applied to Allas a5 T Alls 123 = 0-

As an alternative to the method above to obtain multiparticle superfields in the BCJ gauge, one can
choose to go directly from the Lorenz gauge to the BCJ gauge. The process is more or less the same, but the
explicit formulae make it more evident that the whole process corresponds to a finite gauge transformation
of the corresponding perturbiner expansion of Berends—Giele currents to be reviewed shortly. The discussion
of these redefinitions is left for the Appendix G.

4.1.7. Equations of motion of multiparticle superfields in the BCJ gauge
Written in terms of the BRST charge @ = A\“D,,, the equations of motion for the multiparticle superfields
in the BCJ gauge become (kg := 0) [83]

QVp = Y (kx-k;) VxrVjs, (4.72)
P=XjY
5(Y)=R®S
QAR = (M"Wp) +kpVe + > (kx - k) [VxrAfs — VirA%s] ,
s hes
1
QWp = Z(Mm”)ﬁFﬁn + Y (hx k) [VarWSs — VieWis]
sohes
QFE™ = WY + 37 (kx - k) [VxrFIE" — VirFRE]
s(i’/?fz%gs
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where Vp = A* AP is the multiparticle unintegrated vertex operator and the last line involves the superfield
WEe of higher mass dimension defined in (4.60). In addition, the sum over P = X jY assembles the |P|—
deconcatenations of the word P into a word X, a single letter j, and a word Y. Moreover, §(Y) = R® S
denotes the deshuffle (C.10) of the word Y into the words R and S. A few examples help to illustrate the
above formulae,
RV, =0, (4.73)
QVia = (k1 - k2)ViVa,
QVias = (k1 - k2) [V1V23 + V13V2] + (k12 - k3)Vi2 Vs,
QVizzs = (k1 - k2) [ViVasa + VigVas + ViaVas + VizaVa|
+ (k12 - k3) [ViaVas + VigaVs| + (k123 - ka)ViasVa
QViazas = (k1 - k2) [ViVasas + VisVaas + VizaVas + VizasVa
+ Vizs Vas + V1aVass + Vias Vas + Vis Vasa]
+ (k12 - k3) [V12V345 + V124 V35 + Vigas Vs + V125V34}
+ (k123 - ka) [Vi2sVas + Vizss Vi)
+ (k1234 - k5)Via3a Vs .
Note that the instances at rank < 4 can be formally obtained from the BRST variations (4.6) and (4.8) of
the OPE residues upon promoting L2izi..p1 — Vias. p. In other words, the chain of redefinitions in (4.19)
and generalizations to higher rank preserve the form of the covariant BRST algebra.
Recalling the notation (4.55) Kypy := Kp for superfields in the BCJ gauge, the BRST variations in

(4.72) for the left-to-right nested commutator £(P) can be obtained as the special case [R, S] := ¢(P) of the
BRST variations for general commutators

QVirs) = 5 (V ®V)e(r.s) » (4.74)
QA[R 51 = (M"Wir,s)) + kRsVir,s) + (V@ A™)c((r,s))

QW [RS 1()\%m) Fi's + (V@ WP)e(r,s)) »

QFr’s) (/\W[[m sy Y+ (V@ F™) (.8 -

where we are employing the notation (4.31) for the contact-term map. The fact that

VeK)orpy = Y. (kx k)[VxrKjs — (X ¢ j)] (4.75)
P=XjY
5(Y)=R®S
for superfields in the BCJ gauge was proven in Lemma 1 of [85]!8
The multiparticle versions of the on-shell constraints &7 (v,W1)a = 0 = kL, F/"™ take a form similar to
(4.72),

KR (mWe)a = Y (kx k) [ARp(rmWis)a — ATp(rmWxs)a » (4.76)
R et 48
kPR = Z (kx - kj)[’YaﬁWXR s+ AXR — (X &),
P=XjY
§(Y)=R®S
for instance
ks (ymWiz)a = (k1 - k2) [AT (ymWa)a — A5 (ymW1)a] (4.77)

8 The replacement Kypy = Kp was left implicit in the proof of [85].
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ket Fi5™ = (k1 - ko) [2(Win"Wa) + Ap 3™ — A2 F™ ]

Using the multiparticle SYM superfields in the BCJ gauge, it is natural to define the multiparticle massless
vertices in the pure spinor formalism as

Vipg = A*APCL Up g = 06* AP + T A9+ do W, o) + SNTELDCL (4.78)

where [P, Q)] denotes an arbitrary Lie monomial, e.g. [[1,[2, 3]], [4, 5]]. The multiparticle equations of motion
(4.74) and the non-linear Dirac equation (4.76) imply the relations

QUipq = 0Vipq + (V@ U)craq (4.79)

between the two types of vertex operators, in lines with QU; = 9V} and the rank-two example (4.18).

4.2. Non-local superfields and Berends—Giele currents

In addition to the local multiparticle superfields reviewed above, the pure spinor formalism naturally leads
to another class of multiparticle superfields containing kinematic poles in generalized Mandelstam invariants
[160, 83]. These non-local SYM superfields are denoted collectively by Kp and were dubbed Berends—Giele
currents'® [160] due to their relation with the standard gluonic currents J% defined by Berends and Giele in
the 80s [27]. Specifically, they share the same shuffle symmetries, and the § = 0 term in the Berends—Giele
superfield current A% () in a suitable gauge is equal to JJ', see section 5 for a review.

Each local superfield representative in Kp € {AZ AT W&, Fn} admits a corresponding Berends—Giele
current with multiparticle label P = 12...p denoted by calligraphic letters

’CPE{A(I;a TlgaW?’vflgln}a (480)
starting with £ := K; and
K
Kip = =2, (4.81)
512
K23 K3a1
K123 = + )
5125123 5235123
Kioss = 1 ( K234 n K3214 n K3421 n K341 +K[12,34])
51234 5125123 5235123 5345234 5235234 512534
with generalized Mandelstam invariants defined in (1.23), s12.., = 3kiy_,. In contrast to the bosonic

Berends—Giele currents in [27], the supercurrents Kp also contain fermionic degrees of freedom as required
by supersymmetry, and their construction does not include any quartic vertices. Note that for historical
reasons the Berends—Giele currents associated to the local multiparticle unintegrated vertex Vp = A* AL is
denoted by Mp rather than Vp,

Mp = X*AL . (4.82)
More explicitly, M7 = V; and
Vi
My = 22 (4.83)
S12
Vi 1%
Migs — 123 Va2

- )
5125123 5235123

19The story is longer than this since in [160] the relation with the standard Berends—Giele current J7 was observed from a
structural similarity between the appearance of the superfield Berends—Giele current Mp in the the pure spinor cohomology
formula for SYM tree-level amplitudes and in the role played by J' in the standard Berends-Giele setup. It was much later in
[165, 84] that a rigorous relation between the superfield version of the Berends-Giele currents Kp and the standard bosonic J7
was established via A™(0). So in fact, the non-local superfields Kp generalize the Berends—Giele currents in a supersymmetric
manner and may also be named Berends—Giele supercurrents.
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Mipss = ( Vi234 n V3214 n V3421 n V3241 n Vii2,34] ) -

5125123 5235123 5345234 5235234 512534
In the early stages of unraveling the cohomology properties of multiparticle superfields with the pure spinor
formalism, the Berends—Giele currents Kp were defined case by case to encompass all tree subdiagrams
compatible with the ordering of the external legs in P in such a way as to transform BRST covariantly
[160, 21]. For instance, from the equations of motion (4.73) we get

QM, =0, (4.84)
QM2 = M1 M3,
QM3 = MiaMs + My Moas,
QMi934 = M3 My + Mo Msy + My Moy .

In contrast to QVias. , as given by (4.73), there are no explicit Mandelstam variables in (4.84) as the
propagators s;_ 1J in (4.81) absorb the appearance of explicit momenta in the contact terms of the equations
of motion of the local superfields. A rigorous proof of this statement from a combinatorial perspective can
be found in (4.156). The generalization of (4.84) to higher rank is given by [160]

QMp= Y MxMy (4.85)

XY=P

and it was proven in [84]. The sum involves all the |P|—1 deconcatenations XY =P of P into non-empty?2’
words X,Y, eg. X =12...jand Y = j+1...p with j = 1,2,...,p—1 in case of P = 12...p. These
deconcatenations will be later on associated with partitions of the p on-shell legs on two Berends—Giele
currents while preserving the color ordering. For a combinatorial proof of (4.85) from the perspective of
BRST variations of the composing local numerators Vg, see (4.179).

It is useful to define a BRST-exact superfield Ep as

Ep= Y MxMy (4.86)
XY=P

which will be used in the pure spinor cohomology formula for SYM tree-level amplitudes in section 5.2. One
can show that Fp is conditionally BRST exact

EPZQMP if SP#O, (487)

provided that sp # 0 is true as Mp contains the propagator 1/sp. We will see later that this condition of
the momentum phase space is of crucial importance.

The connection between Berends—Giele currents subject to the deconcatenation equation (4.85) and the
cubic tree subdiagrams compatible with a color ordered amplitude is supported by the following consistency
check: the number of terms or kinematic pole channels in M., is the Catalan number Cp_1 (see (5.19)
below for a proof) which counts the number of cubic diagrams in a color-ordered (p+1)-point tree amplitude.
As the relation with the Catalan number suggests, the definition of Berends—Giele currents admits a beautiful
combinatorial interpretation in terms of planar binary trees and is connected with the KLT matrix in many
surprising ways [166, 156, 157]. We will return to this point later in section 4.3.

4.2.1. Non-linear wave equations and Berends—Gliele currents
In [84] the definition of Berends—Giele currents was shown to arise from solutions of the non-linear wave
equations of ten-dimensional SYM theory in the Lorenz gauge

(O, A™] = 0. (4.88)

20Defining My := 0, the restriction to non-empty words may be lifted and the general definition (1.22) may be applied.
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To show this one first needs to derive the non-linear wave equations obeyed by the superfields K €
{Ay, A" W F™"}. This can be done starting from

K =1[0", [0m,K]] (4.89)
and using the Jacobi identity together with 0" = V™ + A™. That is,

= [V™ + A™ [0, K]] (4.90)
= [[V™, 0], K] + [A™, [0, K] + [A™, [V, K] + [V, [V, K]].
The first term in the second line vanishes in Lorentz gauge (4.88) as [Op,, V™| = —[0m, A™]. For the simpler
choices of superfields K — {V,, V.,,}, the last term of (4.90) can be converted to quadratic expressions in

the non-linear fields using the Dirac and super Yang—Mills equations (2.8). In the case of K — {We F™"},
the analogous conversion necessitates the equations of motion??,

1
[vm’wma} = 5 [ana (,ymnw)oz} ) (491)
[V, FP™2] = 2[F7, F,"] + 2{ (W™ y™)a, W}

of the higher-dimension superfields W™ := [V™ W] and FPI"™" .= [V?, F™"] from (2.20). Upon inserting
(2.8) and (4.91) into (4.90), one gets [84]:
= [Am, [0, Ao]] + [(Y"W)a, A ] (4.92)
= [Ap, [0°, A™]] + [F™P, Ap] +vT5{W, WP},
1
[ 5 I:anv (vmnw)a} )
OF™" = [Ayp, [07,F™"]] + [Ap, FP™"] 4 2[F™F F,"] + 2{(WI"™)o , WY,

A, [0™, W] 4+ [A™, W] +

with the convention A™B" = AmB™ — A"B™_ We will see below that these equations are the precursors
of supersymmetric Berends—Giele recursion relations. In particular, the bosonic restriction of the equation
for JA™ will give rise to a derivation of the standard Berends—Giele currents of [27].

4.2.2. Perturbiner solution
To solve the wave equations (4.92), it is convenient to use the perturbiner method of Rosly and Se-
livanov [23, 24, 25, 26] by expanding the superfields K € {A,, A™ W< F™"} as a series with respect to

the generators t% of a Lie algebra, summed over all possible non-empty words P = pips. .. p|p| [87] (note
tP o= tpigp2 .. PIP))

K := Z/c tPekr X = Z/c trekn X N Kt ek X g (4.93)
11 12
-y Z Kivia.o iy [0, 162, ., [t22, [0, t00]] . JJebrain X |
p=1141,i2,...,

with coefficients given by Cp, which will be identified with the Berends—Giele currents shortly. The second
line follows from the shuffle symmetry (4.103) obeyed by the Berends—Giele currents and guarantees that K
is Lie-algebra valued, see [167] for a proof. Note that we are implicitly considering the generators t* to be
formally nilpotent?? t*...t* = 0 in order to avoid repetition of indices like in ICi12 or Kia:.

21The first line of (4.91) can be derived by applying the Clifford algebra [V, W] = %[Vm, [V, (MY W) + ("™ W) ¥]]
followed by the Dirac equation, Jacobi relations and the definition Fpyn = —[Vim, Vi ]. The second line of (4.91) in turn follows
from [V, F™P4) = [V, [VIP, [V4, V™]]] combined with the super Yang-Mills equation and additional Jacobi relations.

221n the original perturbiner discussion of [23], repeated indices are avoided by adjoining nilpotent symbols £* to each t* in
the expansion (4.93).
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In order to derive recursion relations for the expansion coefficients Kp € { AL, A, WS, Fm"}, we insert
the series (4.93) into (4.92) and use the action of Box operator Jek?'X = 2speF?X on the plane-wave factors
of the superfields. By isolating the coefficient of ¢* in the wave equations, one readily finds that

1
Kp= — )
P= Z Kix,y, (4.94)
XY=P
where the contribution from each deconcatenation of P into non-empty X, Y is a non-local version of (4.33)

AlPQl — % [AG (kg - Ap) + AL (YmWp)a — (P Q)] (4.95)

1
Alpqr = 5 [AG (kg - Ap) + ALFG™ + (Wey"We) = (P < Q)]
@ 1 TS (¢ 1 a 1 mao Am
Wibq) = 777 (rsWa)® + 5Wo (ke - Ap) + W5 AR — (P < Q)]
mn 1 M mn m n|r m njc
Fiplo) = 574" (ke - Ap) + FAAD 4 FOLFRT = 29 WEWS — (P e Q).

The definition F™" = —[V™,V"] and those of higher-mass-dimension superfields lead to the following
Berends—Giele currents

Fpm = KPAD — kpAR — 37 (ARAY — APAY)

XY=P
WE® = EEWE + > (WRAY — W AR) (4.96)
XY=P
FRlrt = KpFR 4 Y (FRAY - FPAR),
XY=P

and the above recursion terminates with the single-particle superfields K; = K; € {A%, AT W& Fm"}.
By comparing the expressions in (4.81) with the first few explicit expansions from (4.95) it is possible
to recognize these expansions as the Berends—Giele currents obtained previously using BRST cohomology
arguments.

4.2.8. Equations of motion of Berends—Giele currents
By inserting the perturbiner expansions (4.93) of the SYM superfields in K into their non-linear equations
of motion (2.12), one immediately obtains the equations of motion of the Berends—Giele currents in the form

Do Al + DAL =yl AL + > (AXAY — AL AX), (4.97)
XY=P
DaAp, = kAL + (i We)a + Y (AXAY, — AVAY),
XY=P
1
DoWp = 1 (") Fri + D (AXWy = AXWR).
XY=P
DaFp™ = W'y a + D (AXFP" — ALFR™)
XY=P

by comparing coefficients of the products of gauge generators t© on both sides. Apart from the deconcatena-
tion sum ) vy _ p, these equations of motion have the same form as the linearized ones (2.14). For example
the two- and three-particle equations of motion of A% and A% read

Do AR + DA = v A + A A% — ALAL (4.98)
Do AR + Dp A2 = qm A28 4 ALAZ + AU — A AL — A5 AR
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These equations lead to a simple proof of the deconcatenation property (4.85), based on the action of the
pure spinor BRST charge on superfields via Q@ = A*D,,. Therefore, multiplying the first equation of (4.97) by
A*\8 and using the pure spinor constraint A*\? Yap = 0 together with anti-commutativity of the superfields,
one recovers the variation (4.85).

As we will review later, these simple equations of motion for Kp play a key role in various proofs of
BRST invariance of scattering amplitudes in string and field theory, see [159, 160, 21] for examples at tree
level and [163, 168, 169, 170, 171, 172] at loop level. The need for superfields that represent multi-particle
contact vertices on a skeleton graph was also observed in the worldline version of the pure spinor formalism
[173, 174].

In addition, the Lorenz gauge as well as the Dirac and super Yang—Mills equations [87]

[0m, AT] =0, [V, (7"W)a] =0, [V, F™] = 425 {W*, W’} (4.99)

imply, after using V,,, = 9, — A, that the Berends—Giele currents satisfy

kb Am =0, (4.100)

ki('YmWP)a = Z [Ai('VmWY)a - Azfn('YmWX)a} ) (4.101)
XY=P

ERFR™ =3 [20Wxy"Wy) + AR FP — AY FR"] (4.102)
XY=P

While (4.101) and (4.102) have local counterparts (4.76) in BCJ gauge, the local multiparticle-superfields
A™ subject to generalized Jacobi identities depart from Lorenz gauge and generically obey k2 A # 0.

4.2.4. Symmetry properties of Berends—Giele currents
The symmetry properties of the Kp can be inferred from their cubic-graph expansion and can be sum-
marized in terms of the shuffle product LU

Kaus =0, VAB#0, (4.103)
see (4.140) below for the proof. For example,

0=Kiu =Kz + Ko R (4104)
0 = Kiwez = K12z + Koz + Kaz1
0= Kizwz — Kiwszz = K123 — K3o1 .

The shuffle symmetry (4.103) was proved for the gluonic currents J3' of Berends and Giele in [175], while
a proof of K4u,p = 0 for their supersymmetric counterparts K € {A,, A™, W, F™"} can be found in the
appendix of [84]. Since the #-independent component of the Berends—Giele current of the vector connection
reduces to the gluonic Berends—Giele current, A% (6 = 0) = J7', the supersymmetric proof of [84] is an
alternative proof of the shuffle symmetry of the standard Berends—Giele current J7'.

The shuffle symmetry (4.103) implies that the Berends—Giele currents admit a (p—1)!-element basis of

permutations KC;, _;, of K12, which can be taken as KCi,(23..,) With o € S, 1 via Schocker’s identity [176]

Kora = (=1)"7IK; 45) (4.105)

where B denotes the word reversal of B, see section 1.3. In particular, for A = 0 we get the alternating

parity under reversal of P,
Kp=(-1)/FI*Kp, (4.106)

for example, K152 = —K21 and K123 = K321, as can be seen from (4.104).
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4.2.5. Berends—Giele currents and finite gauge transformations

It was shown in [84, 85] that in terms of the perturbiner series of Berends—Giele currents K, the local
superfield redefinitions reviewed in the previous section correspond to a finite gauge transformation of the
superfields K satisfying the non-linear field equations (2.11). To see this, one can explicitly check that the
poles in the definition of the Berends—Giele current cancel the contact terms present in the local redefinitions
from Lorenz to BCJ gauge (this will be proven in (4.156)). More explicitly, we first define a perturbiner
series of the redefining superfields as (recall e.g. 123 := t1¢2¢3 etc)

H:=Y Hpt"err X, (4.107)
P

as well as Lorenz K and BCJ KB perturbiner series in which the numerators are composed of local
superfields in the Lorenz or BCJ gauge, respectively. For example,

KBCT Kpos | Kpog KL, — Kipas | Ky

(4.108)

) )
5125123 5235123 5125123 5235123

with IA([RQ] = —K[Qyp] from (4.33). The local redefinitions from Lorenz to BCJ gauge of the vector super-
potential . . . X
Afly 3 = Affi o s — FissHiizg) ARl ag) = Aff 2.3 — Kiss Hin 23) (4.109)

(with H (12,3 defined by (G.6)) imply that their perturbiner series are related by

H[12,3] + H[1,23]

AT = AT — K Haos Hi2z = : (4.110)
5125123 5235123
corresponding to the gauge transformation
ABCT — AL (9, H] 4 [AL H] + - . (4.111)

The ellipsis indicates additional terms of a finite gauge transformation (see below) that do not contribute
to (4.110) since H; = Hi2 = 0 at multiplicities one and two vanish identically. In fact, the calculations of
[85] using superfields up to multiplicity nine revealed that the relation between the Lorenz and BCJ gauges
is given by a finite gauge transformation

ABCT — AL U 46, UUY, U =exp(—H) (4.112)
whose expansion yields the omitted terms in (4.111) as an infinite series

ABCY = AL+ [H, 0] — [H, A% — 5[ B, 0] + 3 B [H, AL ]+ o (B B[R0, ]+ - (4.113)

Following [177], one can obtain the series (4.113) iteratively. To see this, define [178]
1 1
L;(Ay) = Ay — ;[c’)m,H] - E[H,Lﬂl(Am)] (4.114)
and evaluate
ABCT — L (ALY, (4.115)

The fact that it is the gauge transformation (4.113) that relates the superfields ABCT and AL justifies the
terminology of their corresponding local superfields as being in the Lorenz (K[p,q)) or BCJ gauge (Kp,q)-
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4.2.6. The multiparticle Berends—Giele polarizations

In section 2.2.1 we have seen that the linearized superfields admit a f-expansion where each component
depends on single-particle polarizations e}, x§* and field-strengths, f/*". In principle, the recursive construc-
tion of multiparticle Berends—Giele currents at the superspace level also determines the coefficients in their
f-expansion in terms of single-particle polarizations. However, the tensor structure of the §-expansion (2.17)
in the single-particle case is not preserved under the Lorenz-gauge recursion (4.94) and (4.95): generic orders
in the #-expansion of multiparticle p in Lorenz gauge will receive multiple contributions from different
partitions of the fs over the lower-multiplicity superfields in (4.95).

A notable exception arises at the zeroth order in 6, where the Lorenz-gauge recursions in superspace
have an immediate echo at the level of components: the multiparticle polarizations ¢%, X, fp™ defined by
setting # = 0 in

ep = Ap(0), AP :=Wp(0), p=Fp"(0), (4.116)
obey the following recursions as a consequence of (4.94) and (4.95) (with e := e/* and X := x¢ for
single-particle labels),

P =30 Z ey) s AXp=— Z x> (4.117)
P xy=p °P Xvy=p
where
1
ey = 5[ Pky -ex) + Xy 4+ (Axy"Ay) — (X < Y)], (4.118)
1
Ky = (0 + 2 [ (in o s — e (v X)) (1.119)

Moreover, the non-linear component field-strength is given by

Pri=kpep — kpep — > (eRel — ekel?). (4.120)
XY=P

Note that the transversality (k; - €;) = 0 of the gluon and the Dirac equation k%, (Y™ x:)a = 0 of the gluino
propagate as follows to the multiparticle level,

(kp-ep)=0, ki('YmXP)a = Z [QQ('YmXY)a - e?/l('meX)a} ) (4.121)

XY=P

where transversality of ¢’} is a peculiarity of the Lorenz gauge (4.88) chosen in the derivation of the corre-
sponding superspace Berends—Giele current A% (6).

In Lorenz gauge, the above ¢5, X3, fp" are insufficient to describe higher orders ~ 6™ of multiparticle
Kp with 1 < m <5 which complicates the component expansions via (3.80). However, one can streamline
these f-expansions by means of non-linear gauge transformation (2.6) with a perturbiner expansion of both
the superfields K and the gauge parameter . As detailed in Appendix F, the non-linear version #*AS = 0
of Harnad—Shnider gauge reorganizes the f-expansion of the Kp to simple combinations of the ¢5, X8, fp".
In particular, the orders <2 of AL relevant for n-point tree-level amplitudes take the same form as in the
single-particle f-expansion (2.17), see (5.30) below, which dramatically simplifies the component expansions
in section 5.2.2.

One can similarly arrange the #-expansions of local multiparticle superfields in Lorenz or BCJ gauge such
that the components relevant to tree-level amplitudes are built from three types of multiparticle polarizations.
In case of BCJ gauge, the construction of the superfields A%, W5, FA"™ in section 4.1.6 determines the local
multiparticle polarizations

P = ARO),  Xp=WE(Q), R = FE0) (4.122)
via evaluation at # = 0, for instance
1
ety = €3 (e1 - ka) — e (e2 - k1) + S (K" —ky")(er - e2) + (17™x2)
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« 1 « m m
X12 = §kf27pﬁ [el (7mX2)oz — €2 ('YmX1)a] ’ (4'123)

mn __ m n n m m _n n_m
12" = kisely — kisels — (k1 - k2)(ef"ey —efey’).

The local multiparticle polarizations (4.122) obey generalized Jacobi identities in P by construction and
compactly encode the components of the local BCJ numerators to be reviewed in section 7.1.3. Note that
transversality of the multiparticle polarizations e’% at |P| > 3 is violated in BCJ gauge, e.g.

T55€Ths = S123 <6€1 ey fit — g(x1’ymx2)63 + cyc(1,2, 3)> . (4.124)
Further details on local multiparticle polarizations can be found in section 4.3 of [165].

4.3. Combinatorial framework of Berends—Giele currents

The definition of Berends—Giele currents encompassing all the Catalan number of poles in a color-ordered
tree-level amplitude suggests a combinatorial interpretation in terms of planar binary trees. We will see that
this point of view provides a rich mathematical framework to prove many assertions related to Berends—Giele
currents and associated topics [157].

4.3.1. Planar binary trees

In the appendix of [83] a construction of Berends—Giele currents exploited the fact that nested Lie
brackets can be interpreted as planar binary trees and vice versa [179]. A planar binary tree is a tree
embedded in a plane in which each vertex has three edges: one root and two (left and right) daughters. An
edge is called a leaf if it has an end point. In the context of tree-level amplitudes a planar binary tree is
also called a cubic graph and we map each planar binary tree to a product of inverse Mandelstam invariants
(the Feynman propagators) and nested Lie brackets. In addition, each leaf is indexed by a particle label
and planarity implies that the labels are in a fixed ordering. For example the two planar binary trees with
three leaves labelled 1, 2,3 are mapped to

1 2 3 1 2 3
[[1,2],3] [1,[2,3]]
5125123 52385123

It turns out that the sum over all possible bracketings, or cubic graphs, in a color-ordered tree-level amplitude
can be generated from the Lie-polynomial valued recursion proposed in [156] (inspired by [179])

b(P):=— > [bX),bY)], b(i):=i, b0):=0. (4.125)

S
P xv=p

This recursion constructs combinations b(P) of non-commutative words with inverses of Mandelstam invari-
ants sp in (3.107) as their coefficients, i.e. the right-hand side of b(i) = ¢ is not understood as ¢ € N, but
as a letter in a non-commutative word. From well-known combinatorial results, the number of terms in the
recursion above is given by the Catalan numbers 1,2,5, 14, .. .23 and one gets, for example, the following Lie
polynomials

1,2]

b(1) =1, b(12):[_, b(123):“1’2173]+[1,[2,3]]7
S12 $128123  S23S123

(4.126)

23This can for instance be seen from the recursion Cp_1 = > sty=p—2 CxCy for the number of terms in b(12...p) with
Co =C1 =1 and p > 3. As detailed in the discussion around (5.19) below, this coincides with the recursive definition of the
Catalan numbers.
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NN

b(1234) = [[[1.2.3].4] [[1,2],[3,4]] [1,[2,[3,4]]] [[2,3],4]]
$12512351234 523512351234 51253451234 534523451234 523523451234

Figure 2: The planar binary trees generated by the recursion of b(1234) from (4.125).

(0.2],3,4] (L1234 | [.2,83.4)  [L0234] 112840

b(1234) =
( ) 512512351234 512351234523 51251234534 512345235234 512345234534

The nested commutators in the numerators can be expanded in terms of formal words in letters 12..., and
the diagrammatic representation of 5(1234) can be found in figure 2.

Lemma 4. The b map (4.125) is self adjoint,
(b(P), Q) = (P,b(Q)), (4.127)
where (A, B) = 04,p is the scalar product of words (C.11).

Proof. This is easy to see when P = i is a single letter with b(:) = ¢, so we will use induction over the length
the word |P| := k assuming that (4.127) is true for words of length up to k—1. Then, from the definition
(4.125), the left-hand side of (4.127) becomes

(P, Q) = X;PU)(X)?)(Y), Q) —(X«Y). (4.128)
Using the elementary property (see (1.5.12) in [143])
(AB,RS) = (A,RY(B.,S), |Al=|R|, |B|=|S|, (4.129)
and noting that [b(X)|=|X| and | P|=|Q| we get
O(X)(Y), Q) = (b(X), q1¢2 - .- qx )Y ), 4 x| +14) x| +2 - - - G| (4.130)

= (X,b(q1qz - - qx )Y, b(q x| 419 x 142 - - - 9Q]))
= (XY, b(q1q2 - - - q1x)b(q)x | 191X | +2 - - - Q1)) 5

where in the second line we used the induction hypothesis since | X| < k—1 as the deconcatenation (4.128)
vanishes if one of the words is empty due to the definition b(@) := 0. Therefore,

S XBI).Q) = Y (Pblarge . qxbaxisaxen - qo)) = Y. (PAXBY)).  (4.131)

XY=P XY=P XY=Q

leading to the conclusion that (b(P), Q)=(P,b(Q)), finishing the proof. O
Assuming linearity b(A + B) := b(A) + b(B), the expansion of b(P) satisfies the shuffle symmetry
b(Aw B) =0 for A, B # (). We will prove this in two different ways.

Proposition 9. The planar binary tree expansion b(P) in (4.125) satisfies the shuffle symmetry

b(AWwB) =0, VAB#(. (4.132)
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Proof 1. We will show this by induction on the length of the word in b(P) starting from b(1 W 2) =
b(12) 4+ b(21), which is easy to verify. Assume that b(A W B) = 0 for |A|+|B| = k, and consider b(R LU S)
for nonempty words such that |R|+|S| = k+1. The result will follow from the word identity (C.13), the
antisymmetric nature of the deconcatenation in the definition of the b map (4.125), and the induction
hypothesis. That is,

srsb(RWS) = Y [b(X),b(Y)]
XY=RWS

= [b(0), (R 8)] + [B(R W S), b(0)] + [b(R), b(S)] + [b(S), b(R)] (4.133)
+ Z' Z/ (X WY),b(ZWwW)],

XY=RZW=S

where we used the identity (C.13) to expand the deconcatenation sum in the second line. The second line
vanishes by the antisymmetry of the Lie bracket, while the third line vanishes since | X|+|Y|=|R| < k with
nonempty X, Y implies, by the induction hypothesis, (X w Y)=0. Therefore b(PLWR)=0 for P,R # (. O
Proof 2. Recall Ree’s theorem [167] that a Lie polynomial I" is orthogonal to shuffles with non-empty words
(see Theorem 3.1 (iv) in [143])

(I, RWS)=0, R,S#0. (4.134)

Since b(P) is a Lie polynomial by the definition (4.125) and b is self-adjoint by (4.127), we have
0=((P),RwWS)=(P,b(RwS)), R,S#0, VP, (4.135)
and the result follows. O

4.3.2. Berends—Giele currents from planar binary trees
Having the planar binary tree recursion (4.125), one can define Berends—Giele currents in BCJ gauge

Kp or Lorenz gauge Kp as R A
Kp=Kypy, Kp=Kyp), (4.136)

where Kj(py and Kb( p) are defined by linearity. We are here departing from the notation in section 4.2,
where Berends—Giele current in Lorenz gauge were denoted by Kp or K% and those in BCJ gauge by KBC7.
For example, with K{pq] = Afp o we get A" = A7" and

Am
m - 2 (4.137)
512
.~ Aoy | Ay
123 — )
5125123 5123523
m_ All2sa | Aleaa | Al2ea | Alesa | ALzsa
1234 = + + + + s
512512351234 512351234523 51251234534 512345235234 512345234534
w o __Alnagas | Afiegas Ao Afllr 21,314,501
12345 512512351234512345 512351234512345523 51251234512345534 5§125123512345545
Al 12,31,41,5 Al 2,(3,411,5 Al 2,3),4,50 Al 21,113,450
512345123455235234 512345123455234534 5123512345523545 5125123455345345
Al 21,3, 50 Al (231,415 Al 23,4150 Al 2auan

5§125123455345545 5123455235234 52345 512345523452345534 51234552352345545
A A
[1,[2,[[3,4],5]]] + [1,[2,[3,[4,5]]]]
512345523455345345 512345523455345545

Since these expansions will be frequently used later we also write the expansions of the Berends—Giele
currents

Mp := Vy(p) (4.138)
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using this algorithm to get (4.126)

Vi Vi Vi
]\41 — ‘/1 , M12 — [112] , M123 — [[112]13] + [17[273]] , (4139)
S12 5125123 5123523
Vi Vi Vi Vi Vi
Mygsy = [[[1,2],3],4] T [[1,[2,3]],4] 4 [[1,2],[3,4]] i [1,[[2,3],4]] 4 [1,[2,[3,4]]] ,
512512351234 512351234523 51251234534 512345235234 512345234534
Miozss = Vi 21,31,41.5) n Vi 12,301,41.5) n Vii11,2),13,41),5) . Vii1,21,31,14,5]]

512512351234512345 512351234512345523 51251234512345534 5125123512345545
Vinesans Vinesans  Vinespes) Vo))

512345123455235234 512345123455234534 5123512345523545 5§125123455345345
Vinasuas  _ Vinieesas) - Vinesasn | Vives)ss)

5125123455345545 5123455235234 52345 512345523452345534 51234552352345545
Viesasn _ Vinesss))
512345523455345345 512345523455345545

After using Baker’s identity (4.56) to expand the nested brackets in the basis of £(1Q) and adopting the
notation (4.55), e.g., Viii1,21,31,4) = Vi2aa, these examples reproduce the Berends—Giele expansions of Kp —
AL, Mp given before in (4.81) and (4.83).

The proof of (4.132) shows that any antisymmetric deconcatenation will satisfy the shuffle symmetry,
as this is a property obeyed by the underlying words. Hence, the Berends—Giele supercurrents, defined by
their antisymmetric recursion (4.94), and the BRST-closed superfield Ep, defined by (4.86), both satisty
the shuffle symmetry. We therefore obtain the following corollary:

Corollary 2. The Berends—Giele supercurrents Kp (4.80) and the BRST-closed superfield Ep (4.86) satisfy
Krus = Erus =0, VR, S#0. (4.140)

4.3.8. The § bracket

BCJ relations for SYM amplitudes were expressed in [83, 165] using the so-called S map defined in [83]
by its action on Berends—Giele currents. The properties of this map provided the motivation for a more
general definition in [156, 157] as a bracket {, -}, dubbed the S bracket, acting on words in the dual space of
Lie polynomials £* and producing words in the dual space £*, i.e. {-,-} : L* ® L* — L*. For our purposes,
this space is defined by the equivalence classes of words differing by proper shuffles, i.e.,

A~B if A=B+> RwS with R,S#0. (4.141)

For instance {1,2} ~ —{2,1} because {1,2} = $1212 = —$1221 + 5121 W2 ~ —{2,1}. See the Appendix C.1
for more information.

There are several equivalent definitions of the S bracket [83, 156, 157]. A recursive definition for letters
i, j and words A, B was given in [157] as

{’LAjaB} :Z{AJ’B} _j{’LA’B}a

{i,7} = si545 -
Example applications are given by
{1,2} = s1212, (4.143)

{1, 23} = 812123 - 813132 5
{12, 3} = 823123 - 813213 5
{1, 234} = 8121234 - 8131324 - 8131342 + 8141432 ,
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{123,4} = $341234 — $941324 — $2943124 + 5143214,
{12,34} = 5931234 — $241243 — 152134 + 5142143.
We note that the original definition of the S bracket in [83] is given in terms of a closed formula
(P.QY = 32 ki ky (X wi)ij(Ruw s) (-1 IR, (4.144)
XiY=P
RjS=Q
which, in particular, yields the following for one-letter words P — i
{i,Q} = > ki-kjij(Rw S)(—1)". (4.145)
Rj5=Q
Several properties of the S bracket were proven in [157]:
Proposition 10. The S bracket satisfies:
i. {AWwB,C}=0 for A,B#0
i. {-,-} is a Lie bracket in the space of dual Lie polynomials (4.141)
1. The binary tree map b of (4.125) acting on the S bracket satisfies [156]
b({P,Q}) = [b(P), b(Q)] - (4.146)

. Y yy_piX,Y} ~spP
The proofs of these statements can be found in [157], we will restrict ourselves to showcasing some examples.
As a simple illustration of the shuffle property, we consider:
{1w2,3} ={12,3} + {21,3} = (523123 — 513213) + (513213 — $23123) =0, (4.147)
this is consistent with the fact that the S bracket operates on dual words (4.141), where A L B ~ 0. For

the Lie-bracket property we explicitly verify the simplest cases, antisymmetry for two letters and the Jacobi
identity:
{1,2}+{2,1}281212+82121 = 812(1L|_|2) NO, (4148)
{{1,2},3}+{{2,3}, 1} + {{3,1},2} = $12813(B 1 12 — 2111 13) + $12823(23 LI 1 — 3 L 21)
+ 813823(2 w3l —-32ww 1) ~0.

An example for the third property is given by
b({12, 3}) = Sggb(123) - Slgb(213)
1,2],3 1,[2,3 2,1],3 2,[1,3
oo (L2231 LRI (203, P

5125123 5235123 5125123 5135123

_ [[1;2]7 31 (12), 53] (4.149)

where we used the third example from (4.143), s12+ $13+ $23 = $123 and the Jacobi identity. Note that there
is no pole 1/s123 in the right-hand side of (4.149). An illustration of the fourth property is the following

> XY} ={1,23} + {12,3} = 512123 — 513132 + 553123 — 513213 (4.150)
XY=123

= (812 + S13 + 823)123 — 813(2 L1 13) ~ S123123.
From the property (4.146) it is straightforward to conclude:
Corollary 3. There is no 1/spq propagator in b({P,Q}), that is [157]

lim spab({P,Q})=0. (4.151)
spQ—
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BCJ amplitude relations. We see that the S bracket in {P, Q} cancels the overall propagator 1/spg from
the linear combinations in b({P,Q}). From what we have seen in (4.87), this condition implies that the
superfield Eyp gy is a BRST exact expression, E;p gy = QM{p gy as the divergent propagator 1/spq (in the
context of an amplitude of | P|+|Q|+1 massless particles) is absent from M{p oy. This only happens when
the numerators satisfy the Jacobi identity, and this fact plays a key role in the proof of the BCJ amplitude
relations using the cohomology of pure spinor superspace, see the discussion in section 5.2.5. A result we
will need later is the following:

Lemma 5. The S bracket in the special case when one of the words is a letter admits the form

{i,Q} = > ki-ksRiS. (4.152)
RS=Q
Proof. We will show that the right-hand side of (4.152) is shuffle equivalent to the expression (4.145). Using
the shuffle equivalence proven in (5.46) we get

> ki-ksRiS~ > k- kgi(Rw S)(—1)!F

RS=Q RS=Q
~ D ki kesi(Rjw kS)(—1)FIF (4.153)
RjkS=Q
~ Y ki kksig(RWES)(=1)FHY 4 k- kygik(Rj o S)(—1)RH
RjkS=Q

where to arrive at the second line we relabeled the summation variables as R — Rj and S — kS, and in the
third line we used (jR) W (kS) = j(R W kS) + k(jR W S) from the definition of the shuffle product (C.5).
Now we relabel £S — S in the first sum in the right-hand side of (4.153) and Rj — R, k — j in the second
one (so that (—1)/FI+1 — (—1)I%l). This implies that

> ki-ksRiS~ Y —ki-ksij(RwS) (D)4 Y k- kygij(Rw S)(—1)F (4.154)
RS=Q RjS=Q RjS=Q
~ > ki kyig(Rw S)(—1)1F
RjS=Q
which is the same expression as (4.145), finishing the proof. d

4.3.4. The contact-term map and the S bracket

The S bracket is intimately related to the contact-term map discussed in section 4.1.1. In fact, the
recursive definition of the contact-term map (4.21) admits an equivalent representation in terms of the S
bracket. If I is a Lie monomial, then [157]

(PoQ,CM)={Re}T), (4.155)

where the scalar product of words (A, B) takes values 1 for A = B and 0 for A # B, see (C.11). This
means that the adjoint C* of the contact-term map is the S bracket; C*(A ® B) = {A, B}. Exploiting this
interpretation allows one to prove that C? = 0 as stated earlier in (4.27), see Appendix H.

Important properties of the contact-term map relevant to the of description of SYM in terms of lo-
cal and non-local multiparticle superfields were proven in [85, 157]. For instance, the contact-term map
deconcatenates the planar binary tree map involving pole cancellations in a highly non-trivial manner:

Lemma 6. The contact-term map (4.155) satisfies

CHP) = > (BX)@bY)=bY)@b(X)) = > bX)AbY), (4.156)

XY=P XY=P
where ANB=A® B—- B A.
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Proof. From the characterization (4.155) as the adjoint of the S bracket we obtain

(R® S,C0(P))) = ({R,S},b(P)) = (b({R, S}), P) (4.157)
= ([b(R),b(S)], P) = (b(R)b(S), P) — (R« 5)
= > (B(R), X)(b(S),Y) = (R ¢ 5)
= Y (RH(X))(S,b(Y)) = (X < V)
= Y (RS, (b(X)@b(Y) - (X ©Y))),

where in the first line we used that b is self adjoint (4.127), in the second we used the property (4.146), and
(4.129) in the third. In the fourth line we used the self-adjoint property of the b map again and finally the
definition (A ® B,R® S) = (A, R)(B, S) in the last line. Since R, S are arbitrary, the result follows. O

For example, the simple identity C([1,2]) = s121 A 2 leads to the deconcatenation of b(12) = % (note
b(0) :=0)

C(b(12)) =b(1) Ab2) = Y bX)Ab(Y). (4.158)
XY=12

However, it is already non-trivial to explicitly check using C([[1,2],3]) and C([1,[2, 3]]) given in (4.23) that
C(b(123)) = b(12) Ab(3) + b(1) A b(23) with b(123) given in (4.126).

In [157, 180], the definition (4.155) was used to show that the S bracket is in fact a Lie cobracket as
defined in the context of Lie coalgebras [181].

4.3.5. The KLT map

The KLT relation was derived in [182] as a way to express the closed-string tree-level amplitude as a
sum over products of color-ordered open-string tree amplitudes, see section 7.2.1 for a brief review. In the
field-theory limit o/ — 0, it readily implies the same type of squaring relations between n-point supergravity
amplitudes M8™ and color-ordered SYM amplitudes A(...). In a modern language, the field-theory KLT
relation can be written as

ME™ = — Z A(1, P,n,n—1)S(P|Q)1A(1,Q,n—1,n), (4.159)
P,Q

where the A(...) feature polarizations &, ¥; independent from the e;, x; in A(...) and S(P|Q); is the KLT
matriz or the momentum kernel indexed by permutations P,Q € S,,_3 of legs 2,3,...,n—2. In a series of
papers [183, 184, 185, 186] the algorithm to obtain the precise form of the KLT matrix was sequentially
simplified to a recursive definition [187)

S(Aj|BjC)i = kj - kip S(A|BC)i,  SO|0); =1, (4.160)
where 7 is some fixed leg, conventionally chosen ¢ = 1. For example,

S(2|2)1 = kl . 1{32 s S(23|23)1 = (kg . 1{312)(/{31 . kg), (4.161)
S(2332)1 = S(32(23)1 = (k1 - ko) (k1 - k3), 5(32132)1 = (ks - k13) (k1 - k3) .

In the framework of twisted deRham theory, the entries of the inverse KLT matrix have been interpreted as
intersection numbers [188, 189, 190], see section 7.3.2 for further details.

In recent years, the KLT matrix has been found in various relations involving the computation of string
scattering amplitudes. These relations can often be understood from a combinatorial/free-Lie-algebra per-
spective, usually intimately related to planar binary trees. For instance, we will see that the expression
relating local multiparticle superfields Vp in the BCJ gauge and Berends—Giele currents in (4.182) descends
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{1,2} {{1,2},3} {1,{2,3}}

Figure 3: Examples of the KLT map (4.164), where {-,-} is the S bracket (4.142). Each planar binary tree is mapped to the
expressions given in (4.163).

from the free-Lie-algebra relation (4.180) below. In addition, the KLT matrix also plays a major role in the
integration-by-parts identities used in the derivation of a closed formula for the massless n-point superstring
disk amplitude in section 6.3.1. Moreover, the KLT matrix is the inverse of the Berends—Giele double cur-
rents from which the tree-level amplitudes of the bi-adjoint scalar theory are calculated. These in turn are
related to the field-theory limit of the superstring disk integrals which, as we will see in section 6.4.4, admit
a combinatorial interpretation. In summary, the KLT matrix is indeed a central player connecting various
objects participating in the calculation of string scattering amplitudes.

Generalized KLT matriz. In the pursuit of a combinatorial framework for understanding the standard KLT
matrix and its relations to multiparticle superfields, a generalized KLT matriz has been proposed in [156]
and analyzed further in [157, 180] (see also [191]). To see this more precisely, one defines a map that converts
every Lie bracket [, -] in an arbitrary Lie monomial I" to a S bracket {-,-}. This conversion is denoted by {I'}

{F} : ['H'] - {'7'}7 (4162)

and acts recursively in commutator depth, transforming a Lie polynomial to a dual Lie polynomial (see
Appendix C for the definitions). For example,

{[1.2]} = {1,2} = s1212, (4.163)
{[[1,21, 3]} = {{1, 2}, 3} = s12(523123 — 515213) ,

{[1,12,3]]} = {1,{2,3}} = s03(512123 — 513132)

{[11,2), [3,4]]} = {{1,2}, {3,4}} = s10534 (5231234 — 5241243 — 5132134 + 51,2143) .

The KLT map is defined as a map between planar binary trees I and its S bracket version
S:T = {T}. (4.164)

A graphical illustration of the KLT map is given in the figure 3.
The matrix elements of the KLT map with respect to a basis of Lie monomials I';¥ are given by
ST, %) = ({T'}, ¥) which motivate the definition of the generalized KLT matriz for words P and @ [156]

SY(P|Q) = (¢({P},£(Q)), (4.165)
where the dual Dynkin bracket ¢{P} is defined as the conversion (4.162) of the Dynkin bracket (4.49),
{P} .= {L(P)} (4.166)
with ¢(P) defined in (4.49) and {I'} defined in (4.163). Alternatively, a recursive definition is given by
0{123...n} = {£(123...n—1),n}, L} =i, {0} =0. (4.167)
The simplest examples of (4.165) include S*(12[12) = s12, and S*(12]21) = —s12, as well as

56(123|123) = 812(813 + 823) s 56(1234|1234) = 812(813 + 823)(814 + So4 + 834) s
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5%(132[123) = s12513 , 5%(1243]1234) = s12(s13 + 23)(S14 + 524) ,
5(312]123) = —s12513 5(3412|1234) = —512513534 , (4.168)
56(23”123) = —S812823, 56(342”1234) = 512823834,

and it is shown in [157] that S*(P|Q) is a symmetric matrix, S*(P|Q) = S*(Q|P), see the reference for

further details. One of the main attributes of the above generalized KLT matrix S¢(P|Q) is that it satisfies
generalized Jacobi identities in both P and @),

SY(ALB)|Q) + S“(BU(A)Q) =0, VQ. (4.169)
For example, with A =12 and B = 34
S4(1234]Q) — S%(1243|Q) + S*(3412|Q) — S%(3421|Q) =0, V Q. (4.170)

Moreover, the standard KLT matrix recursion (4.160) is obtained as the special case when the first letters
in both words coincide [156, 157],
SE(iPliQ) = S(P|Q); . (4.171)

The unrestricted nature of the first letters in the permutations of the matrix (4.165) is the motivation for
the qualifier generalized.

An important interplay between the Lie-bracket conversion (4.162) from the space of Lie polynomials to
the space of dual Lie polynomials is summarized in:

Lemma 7. The planar binary tree map (4.125) satisfies
b(t{P}) =L(P), (4.172)
where the dual Dynkin bracket is given by (4.167) and the Dynkin bracket by (4.49). In fact,
b({T}H =T (4.173)
for any Lie polynomial T'.
Proof. Using the property (4.146) together with the recursive definition (4.167) yields

b(e{123...n}) = b({¢{123...n—1},b(n)})
= [b(e{123...n—1}),n] = ... (4.174)

([ [01,2],3],. ], ]=f(123---n)7

where we used that b(j) = j for a letter j. Since £(P) is a basis of Lie polynomials, the result (4.173) follows
by a basis expansion. O

In effect, as ¢({P} = {¢(P)} implies ¢{P} = S(¢(P)) in terms of the KLT map (4.164), the result (4.173)
is the bo S = Id part of a more general statement proven in [157]:

Proposition 11. The planar binary tree map b : L* — L defined in (4.125) and the KLT map S : L — L*
defined in (4.164) are inverses to each other,

boS:L— L, Sob: L' — L*, (4.175)
=T, P*— P*.
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Correspondence between multiparticle superfields and free Lie algebra. Over the years, it became clear that
relations governing multiparticle superfields discovered in pursuit of expressions for string amplitudes had a
combinatorial flavor of the type commonly studied within the free-Lie-algebra framework. This is particularly
true in the context of the color-kinematics duality [29], where the generalized Jacobi identities played a major
role in the simple form of the general massless disk amplitude of [21].

The correspondence suggested above can be made precise with the following mapping between free-Lie-
algebra structures on one side and multiparticle superfields in the pure spinor formalism on the other?*:

CHQBRST, E(P) <~ Vp, b(P) <~ Mp, (4176)

where the Dynkin bracket ¢(P) is defined in (C.1). That is, the contact-term map C' is identified with
the BRST charge @ as already hinted in (4.28), the Lie monomials encoded in the Dynkin bracket ¢(P)
correspond to the multiparticle unintegrated vertex Vp in the BCJ gauge, and the planar binary tree
expansion b(P) corresponds to the Berends—Giele current Mp as in (4.138). As an immediate consistency
check, note that both C' and @ are nilpotent, see (4.27) and (3.25). In addition, the symmetries on both
sides agree: generalized Jacobi identities (4.48) for both ¢(P) and Vp as well as shuffle symmetries for both
the planar binary tree expansion b(P) in (4.132) and the Berends—Giele currents Mp in (4.140) (or more
generally KCp).

For a more precise relation, the identities (4.29) and (4.72) illustrate the correspondence between Vp and
¢(P) as well as the contact-term map C and the BRST charge Q. For example, note the parallels of these
equations at multiplicity three:

C((123)) = (k1 - ko) (6(1) A £(23) + £(13) A £(2)) + (kia - s)E(12) A £(3), (4.177)
QVizz = (k1 - k2)(ViVas + VisVa) + (k12 - k3)Vi2 Vs,

where the fermionic property VpVgo = —VoVp is mapped to the antisymmetric wedge product A of (4.24).
Moreover, using the notation defined in (4.31), the BRST variation of the unintegrated vertex operator Vp
for an arbitrary Lie monomial I' can be written as

QVr =V AV)er, (4.178)

which is extended to arbitrary Lie polynomials by linearity.

The precise cancellations between the contact terms in the equations of motion for local superfields and
the Mandelstam propagators featured in the definition of Berends—Giele currents constituted an early indi-
cation of a beautiful and rigorous underlying mathematical framework. See, for example, the discussions in
[156] and several proofs in [157]. For instance, the proof that the Berends—Giele current Mp deconcatenates
under the action of the BRST charge over its local numerators V easily follows in a free-Lie-algebra setting,

Lemma 8. The Berends—Giele current Mp in the BCJ gauge satisfies QMp =" yy_p MxMy.

Proof. The Berends—Giele current Mp is given by an expansion of local multiparticle vertices Vi encoded
in terms of planar binary trees as Mp = Vj(py given in (4.138). The deconcatenation property of C(b(P))
in (4.156) implies

QMp = QVypy = (VAV)cwrp) = Z VAV )oxynnyy = Z Vix)Vay) = Z Mx My, (4.179)

XY=P XY=P XY=P

where we used the notation (4.31). O

This proof sheds light on the deconcatenation property (4.85) of the Berends-Giele current from a
different perspective compared with the equations of motion (4.97) derived from the perturbiner expansion.
The result arises from the use of the equations of motion of the local multiparticle superfields yielding

24The generalizations ¢(P) <+ Kp and b(P) > Kp are immediate, where Kp and Kp are defined in (4.1) and (4.80),
respectively. We chose the representatives Vp and Mp for pedagogical reason.
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contact terms that cancel the propagators present in the planar-binary-tree expansion, demonstrating that
the patterns observed in (4.84) hold to all orders. The other equations of motion for the currents in Kp can
be derived from their local counterparts in a similar fashion [85].

Finally, the relation between the local multiparticle superfields Vp satisfying generalized Jacobi identities
and the non-local Berends—Giele supercurrents Mp in BCJ gauge satisfying shuffle symmetries follows from
the identity proven in [157]:

Lemma 9. The Dynkin bracket (4.49) and the planar-binary-tree expansion (4.125) are related by

U(R) = SYR[iQ)H(iQ) (4.180)
Q

where SY(R|iQ) is the generalized KLT matriz (4.165).

Proof. Consider the dual Dynkin bracket /{R}. Since it is a dual Lie polynomial it can be expanded in the
Lyndon basis i@ of the dual Lie polynomials using the formula (C.16)

R} = (({R}, (iQ))iQ. (4.181)
Q

Acting with the b map (4.125) on both sides gives b(({R}) = >, (¢{ R}, £(iQ))b(iQ). The left-hand side can
be rewritten using (4.172), while the scalar product on the right-hand side is the definition of the generalized
KLT matrix. Thus, £(R) = Y, S*(R[iQ)b(iQ). 0

After setting R = P and using the definition (4.171) the generalized KLT matrix reduces to the usual
matrix S(P|Q); in (4.160). Replacing £(iP) — Vip and b(iQ)) — M;q as suggested by the correspondence
(4.176) leads to the relation between Berends—Giele currents and multiparticle unintegrated vertex operators:

Vie = 3 S(PIQ):Mig (4.182)
Q

This identity was first explicitly mentioned in [166], but it had already played an implicit role in the
derivation of the closed formula of the massless n-point open-superstring amplitude in [21], see section 6.3.1.
The inverse of (4.182) expressing M;p as a linear combination of V;g will be given in (6.103).

The relation (4.182) can be straightforwardly adapted to reproduce the local multiparticle superfields
(see section 4.1.6) from their respective Berends—Giele currents in BCJ gauge,

Kip = 3 S(PIQ)iKiq (1183)
Q

However, plugging the Berends—Giele currents in Lorenz gauge into the right-hand side of (4.182) and (4.183)
will lead to a non-local outcome of the S(P|Q); multiplication.?®

5. SYM tree amplitudes from the cohomology of pure spinor superspace

In this section we are going to review how to obtain supersymmetric expressions for SYM tree-level
amplitudes. One could in principle start by computing the n-point superstring disk amplitudes and then
take its o/ — 0 limit [147, 148, 149, 150]. However, the construction in this section relies entirely on pure
spinor cohomology considerations [160], following the ideas of [159], and predates the calculation of the

Hipse 1 _ 1 i
35iay (313 823) of the gauge transformation (4.110) due to

total antisymmetry of ﬁ[u’g] = %Hlyg,g. The KLT matrix renders the difference between the Lorenz- and BCJ-gauge variants
of (4.183) for .A(lfg and AT%5 proportional to S(23]23)1H123 +.5(23[32)1H132 = M(51;>,—|—523 —2s12) and therefore non-local.

3s123

25This can be anticipated from the alternative form Hi23 =
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n-point superstring disk amplitude in [21, 192]. The alternative derivation of SYM amplitudes from the
o’ — 0 limit of string amplitude was done later, see section 6.5.

Inspired by progress in organizing string amplitudes, it was realized in the 1980’s that gauge-theory
amplitude calculations simplify tremendously by considering ordered gauge invariants depending only upon
kinematics — called color-ordered or color-stripped partial amplitudes [193, 194]. The full color-dressed
S-matrix elements could be obtained by summing over a product of these color-ordered amplitudes with
appropriate color-weights, either somewhat redundantly in a trace basis, or more efficiently in the Del
Duca—Dixon—Maltoni basis of [195]. The advantages in considering stripped or ordered partial amplitudes
are enormous; they grow exponentially rather than factorially in local diagram contributions. Thus here we
only consider color-ordered amplitudes.

The pure spinor cohomology formula for n-point SYM tree-level amplitudes turns out to be the super-
symmetrization of the standard Berends—Giele recursion relations [27], as one might have correctly suspected
from the discussion of the Berends—Giele currents in the previous section. Therefore we will first review the
recursive method proposed by Berends and Giele to compute Yang—Mills amplitudes.

5.1. Berends—Giele recursion relations

In the 80s, Berends and Giele proposed a recursive method to compute color-ordered gluon amplitudes
at tree level with the formula [27]

AM,2,. . p,p+l) = s10 T8 T (5.1)

The Berends—Giele currents Jp' are defined recursively in the number of external particles starting with the
polarization vector e* of a single-particle gluon, by (note Jyt=0)

Jri=elt, spdp= > Ux, YT+ Y {Ux v, Iz, (5.2)
XY=P XY Z=P

1
[Jx,Jy]m = (ky . Jx)l];}l + ik;?(JX . Jy) — (X R Y),
1 1
{Jx,Jy,Jz}m = (JX : Jz)Jy - i(JX : Jy)J? - §(Jy : Jz)J;(n,

where the brackets [-,-]™ and {-,-, -} are given by stripping off one gluon field (with vector index m) from
the cubic and quartic vertices of the Yang—Mills Lagrangian. The deconcatenation of the word P into non-
empty words X and Y is denoted by v _ p, with obvious generalization to > vy ,_p, and P =12...p
encompasses several external particles, see section 1.3 for more details on the notation. In addition, the
Mandelstam invariants sp and multiparticle momenta k7 are defined as in (3.107) and (4.9).

In [27] the Berends—Giele currents J}' were shown to be conserved

KR =0, (5.3)

which can alternatively be understood as the statement that the currents are in the Lorenz gauge [84].
As the simplest example of the recursion (5.2), the Berends—Giele current of multiplicity two is,

1
s12diz = e3'(e1 - ka) —ef"(e2 - k1) + 5 (k" — k3")(er - e2), (5.4)
and leads to the well-known three-point amplitude,
AYM(L 2, 3) = 512JgJém = (61 . 62)(]{31 . 63) + CyC(123) s (55)

whose manifestly cyclic form is attained after using momentum conservation kj+ko+ks = 0 and transver-
sality e; - k; = 0. Higher-point amplitudes are generated by a straightforward application of the recursion
(5.2). The multiplicity-three current

S123J155 = [J12, J3]™ + [J1, Jos)™ + {J1, Jo, J3}™ (5.6)
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gives rise to the four-point amplitude AYM(1,2,3,4) = s123.J7%;e7* and so forth. These recursion relations are
a very efficient method to calculate tree amplitudes numerically, see e.g. [196, 155]. While the Berends—Giele
formula (5.1) is not supersymmetric — it computes purely gluonic amplitudes — its supersymmetrization via
uplift to pure spinor superspace will be given below.

5.1.1. Kleiss—Kuijf amplitude relations
A crucial identity satisfied by the currents was also demonstrated by Berends and Giele in [175], the

shuffle symmetries:
Ji=0, VA B#D. (5.7)

Together with the amplitude formula (5.1), the shuffle identity (5.7) can be used to demonstrate that the
Yang—Mills tree amplitudes satisfy the Kleiss—Kuijf (KK) relations [28]

A™M(P1,Q,n) = (-1)!PTAMI, PwQ,n). (5.8)

To see this one exploits the mathematical literature of free Lie algebras [167, 176]. More precisely, Ree’s theo-
rem [167] shows that a necessary and sufficient condition for a series of the form Y, _ Ji 4,...0, X" X2 ... X'n
with non-commutative indeterminates X* to be a Lie polynomial is the shuffle symmetry (5.7) of its coeffi-
cients. In the context of Yang—Mills tree-level amplitudes, the X% are gauge-group generators which have to
conspire to Lie polynomials and therefore contracted structure constants f2*¢ by Yang-Mills Feynman rules.

Corollary 2.4 of [176] in turn states that Y. _ o Jii,...5, X" X" ... X" is a Lie polynomial if and only if

Jpig = ()" pu0 - (5.9)

Since both results (5.7) and (5.9) are “if and only if” statements, they must be equivalent (for a proof of
this, see (5.45)). As a corollary of this equivalence together with the Berends—Giele amplitude formula (5.1)
and the shuffle relation (5.7), it follows that the KK relation (5.8) must be satisfied. An alternative proof
of the KK relations appears in [195].

We are now going to recover the Berends—Giele recursion (5.2) and the amplitude formula (5.1) from
the bosonic components of a supersymmetric formula for SYM tree amplitudes derived from pure spinor
cohomology considerations.

5.2.  The pure spinor superspace formula for SYM tree amplitudes

In this subsection we will review the derivation of the recursive method in pure spinor superspace for
the computation of supersymmetric tree amplitudes of ten-dimensional SYM theory. The method first
appeared in [160] and it relies on the simple cohomology properties of multiparticle superfields in pure
spinor superspace as suggested earlier in [159]. The end result is a method based on the recursive nature of
the BRST variations of the supersymmetric Berends—Giele currents (4.84). When truncated to its bosonic
components, the pure spinor formula was later shown in [165] to reproduce the standard Berends—Giele
gluonic formula of [27].

However, there are certain beneficial novelties in the pure spinor approach worth highlighting:

e the direct derivation of multiple currents for each type of superfield K € {A,, A,,, W* F™"} using
their non-linear equations of motion,
e the usage of only cubic interactions as a result of identifying the natural superfields in the recursion?®

— the quartic interactions appear due to the quadratic terms in the field strength,
e the structural relation to planar binary trees and the construction using local numerators,
e the derivation of the shuffle symmetry of the currents using free-Lie-algebra methods,

e the identification of the different gauges associated to these local numerators and the subsequent
derivation of local BCJ-satisfying numerators.

26See [197] for a reformulation of the purely gluonic Berends—Giele currents using cubic vertices.
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Reasons for the cohomology method. In intermediate states of the calculations, the prescription to compute
disk amplitudes in the pure spinor formalism yields a superspace expression containing three pure spinors
and the superfields of ten-dimensional SYM as well as their covariant derivatives; in other words they con-
stitute pure spinor superspace expressions. Superstring theory dictates that the field-theory SYM tree-level
amplitudes must be recovered in the o/ — 0 limit of the disk amplitudes, which are obtained from multiple
OPEs among the vertex operators of schematic form V1Us...U,_2V,,—1V,, see (3.75). Given that SYM
tree-level amplitudes are supersymmetric and gauge invariant, we know from [1] that their corresponding
pure spinor expressions must be in the BRST cohomology. It is important that the amplitudes are left
written in pure spinor superspace since integrating out the pure spinors and the fermionic theta variables
via (3.80) would lead to a multitude of terms in polarizations and momenta where all the simple superspace
patterns are no longer present [89].

Let us first review the explicit superstring calculations for low multiplicities that led to the general
method for arbitrary multiplicities, using the latest conventions for the notations.

Explicit results and the birth of the cohomology method. At low multiplicities the SYM amplitudes written
in pure spinor superspace were obtained from the field-theory limit of the corresponding superstring disk
amplitudes: the three-point case was known from the very start [1] while the four- and five-point amplitudes
were computed in pure spinor superspace in [158, 109]:

A(1,2,3) = (1VLV3), (5.10)

1 1
A(1,2,3,4) = (Vi2VaVa) + 5_23<V1V23V4> ;

512
ViasVa Ve Va1 Vu Ve ViaVaa Ve ViVasa Ve ViVasa Ve
A(1,2,3,4,5):<12345>+<321 45>+<12 34 5>+<1 234 5>+<1 432 5>-

512545 523545 512534 523851 534551

Furthermore, using pure spinor cohomology arguments, expressions for the six- and seven-point SYM tree
amplitudes in pure spinor superspace were proposed in [159]. The six-point amplitude was later repro-
duced from the field-theory limit of the pure spinor superstring disk amplitude in [161]?”. In possession of
these results a general pattern was discovered in [160] in terms of the Berends—Giele currents written with
multiparticle versions of the unintegrated vertices Vp in the BCJ gauge?®.

The clue was to notice the composing factors in the above amplitudes satisfied a regular pattern under
BRST variation (note s45 = s123 at five points)

QVi=0, Q2=WVW, -2 4 L2y (5.11)

S12 523 512

Vio Q( Vios n Vo1 ) Vas Vi

5125123 5235123

These early computations together with six-points examples not shown led to the pattern of the Berends—
Giele currents in (4.84). In addition, the the Catalan numbers govern both the number of cubic graphs
in a color-ordered tree amplitude and the number of kinematic poles in the Berends—Giele currents Mp as
derived in (5.19), so the assumption was that tree amplitudes would be composed of Mp.

Given that the SYM tree amplitudes are the o/ — 0 field-theory limit of the superstring [147, 148,
149, 150], whose correlator in the pure spinor formalism is in the cohomology of the BRST charge, the
proposal of [160] was based on finding a superfield expression in the cohomology of the BRST charge that
was constructed using the Berends—Giele currents Mp. Rewriting the low-multiplicity examples (5.10) as

A(1,2,3) = (My My Ms) (5.12)

A(l, 2, 3,4) = <M12M3M4> + <M1M23M4> ,
A(1,2,3,4,5) = (Myos MaMs) + (MioM3zaMs) + (M1 Maga Ms)

27The prior computations for five and six external bosons in the RNS formalism were performed in [198] and [199], respectively,
with considerably longer expressions in their final results.

281t was later understood in [84] that the construction of Berends-Giele currents does not require any particular gauge of
the associated local superfields, so the requirement of BCJ gauge in [160] was stronger than necessary.
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not only simplifies their presentation but also suggests the n-point generalization [160]

n—2

A(1527"'5n) = Z<M12...ij+1...nfl Mn> (513)

j=1

Given that the superspace current Mis. ; is associated with the cubic tree-level subdiagrams in a color-
ordered (j+1)-point amplitude, the sum in (5.13) gathers cubic n-point diagrams as shown in figure 4.

J Jj+1

Figure 4: Berends—Giele decomposition of the color ordered SYM amplitude according to (5.13).

More generally, the color-ordered tree amplitudes are given by
A(P,n) = (Ep Vy) (5.14)

in terms of the BRST-closed superfield Ep in (4.86). This formula was later rigorously shown to match
the o’ — 0 limit of the superstring amplitude in [21, 192] and it was also shown in [165] to reduce to the
standard Berends—Giele gluonic formula [27] reviewed in (5.1). In spite of these validations, let us now
give a separate proof that the expression (5.14) satisfies all the requirements of a color-ordered SYM tree
amplitude.

Proposition 12. In the momentum phase of n massless states where s12..n_1 = 0 the superfield
Fio.n-1Vn (5.15)

is in the cohomology of the BRST charge.

Proof. Since QV,, = 0, to show that Fy2 -1V, is BRST closed it is enough to show that QEp = 0,

QEp= Y QMxMy)= > > MgMsMy— » Y MxMgrMs

XY=P XY=P RS=X XY=P RS=Y
= Z (MrMsMy — MpMgMy) =0, (5.16)
RSY=P

where in the last line we consolidated the sums and renamed the dummy words in the second term.
To show that (5.15) is not BRST exact we note that the relation (4.86) depends crucially on the mo-
mentum phase space,

EPZQMP, lfSp#O (517)

This is because Mp = i() contains a propagator 1/sp which makes the left-hand side of (5.18) ill
defined in case of sp = 0. Hence, in the momentum phase space of n massless particles where s15._,_1 =0,
the superfield F1s.. ,,—1 is not exact and the expression E15. . 1V, is in the cohomology of the BRST charge.
O
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Proposition 13. The number of kinematic poles from cubic graphs in the color-ordered n-point tree ampli-
tude (5.14) with n > 4 is given by the Catalan number Cyp,_so.

Proof. The number of kinematic pole configurations in Ep with P of length p > 3 and Mx of length = > 2
are the Catalan numbers Cj,_1 and C,_1, respectively?”. To see this note that all poles on the right-hand
side of (4.86) are distinct, so it implies the recursion relation

Cp—l = Z Cmcya CVO = C'1 - 1; p Z 3. (519)
r+y=p—2

The recursion (5.19) coincides with the recursive definition of the Catalan numbers with explicit solution
Cp = n+r1 (27:1) Therefore the number of poles in the n-point amplitude formula (EpV,) where |P| = n—1
is Cp—o. This is the same number of cubic diagrams as in the color ordered n-point SYM amplitude, see
e.g. [29]. With n = 4,5,6,7, for instance, we get C,,_o = 2,5,14,42. And since the deconcatenation in the
expression (4.86) for Ep is ordered, the kinematic poles in Fis. ,—1 are the same as in the color-ordered

n-point tree amplitude. (I
Proposition 14. The color-ordered n-point tree amplitude (5.14) is cyclically symmetric,
A(L,2,...,n—1,n)=A(2,3,...,n,1). (5.20)

Proof. By conveniently regrouping terms of QMis. ; = 25;11 Mia. ;M. 5, we can recover the difference
of cyclic images Fs3.. , V1 and Fi2. -1V, from

n—2 n—2 n—2
Q Z Mg, jMjyy. . = M Z My M1, .+ Z Mg iMiy1. ;Mit1.
=2 =2 2<i<j
n—2 n—2
- Z Mg, jMjiyq. xMpg1..n — Z Mg, jMjiyy. 1My (5.21)
2<j<k =2

= Mi(Eas..n — Maz..no1 M) — (Br2..n—1 — MiMas. 1) M,

=ViEas. .n— Er2. .n-1Vn.
The double sums in the first two lines are easily seen to cancel upon renaming the summation variables
1,7, k, and the contributions of MjMbs3. ,—1 M, in the third line drop out in the last step. Given that all

the Myo. jMjy1..pn in (5.21) are perfectly valid in the momentum phase space of n massless particles (the
highest-multiplicity currents contains non-singular s, ,, 5 and s55 ,,_;), we conclude that

(B12..n-1Va) — (Fag..n Vi) = —(Q(M12Ms4..n + M12gMy. . + -+ Mz n—2Mp_1,)) =0, (5.22)

using the vanishing of BRST-exact expressions under the pure spinor bracket. We have thus shown equiva-
lence of the amplitude (5.20) to its cyclic image ¢ — i—1 mod n

(Er2..m—1Va) = (Ea3. n V1) (5.23)

which concludes the proof. (I
For example, from the formula (5.14) and the definition (4.86), one can also verify directly in the
momentum phase space of the corresponding n-point amplitude that

A(1,2,3,4,5) — A(2,3,4,5,1) = (MioM3s Ms — My MoMsys + Mg MyMs — My Moz Mys)
= —(Q(M12Ms45 + Mi23Mys5)) = 0. (5.24)

29The difference in the initial lengths for p and x is related to the absence of the overall multiplicative pole 1/sp present in
Mp but not in Ep, as it is easy to verify.
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5.2.1. Manifesting cyclic symmetry via BRST integration by parts

In the above discussion we have proven that the pure spinor cohomology formula (5.14) is cyclically
symmetric, but this is not manifest. We will now show how to exploit the cohomological properties of
the pure spinor formula to derive alternative expressions with manifest cyclic symmetry. In doing so, the
multiplicity of the Berends—Giele currents featured in the formulae is reduced which renders computations
including component evaluations more efficient.

In order to manifest cyclic symmetry in the pure spinor cohomology formula (5.14), we exploit the
decoupling of BRST-exact terms (Q(...)) = 0 from the cohomology. Let us start with a simple example to
understand the mechanism. Consider the five point amplitude

A(1,2,3,4,5) = (M1 Maza My + Mo MsgMs + Myos My Ms) (5.25)
and note that there are BRST-exact factors of the form M; M; = QM;; = E;;. So it can be rewritten as

A(1,2,3,4,5) = (E51 Mazs + Mio Mz Ms + Mi23 Ey5) (5.26)
Ms1E234 + MiaMsa M5 + E123Mys)
= (M1 (MaMsy + MasMy) + Mo My Ms + (M Mag + MiaMs) Mys)

M12M3M45> + CyC(12345)

o~ o~~~

with manifest cyclic symmetry in the last line. Note that in the second line we integrated the BRST charge
by parts; by (5.17) this amounts to
(EpMq) = (MpEq), (5.27)

for instance (Mi23Ey5) = (E123Mys) = (M7 Mas + M2 Ms)Mys). Notice the reduction of the highest-rank
Berends—Giele currents (Mia3, Masza) on the left-hand side of (5.26) to rank-two M;; on the right-hand side.

Naively, in the pure spinor cohomology formula (5.13) for n-point SYM tree amplitudes one needs to
know all Berends—Giele currents Mp with multiplicities up to n—2. For example, in the five-point amplitude
(5.26) the first line contains Berends—Giele currents of all multiplicities up to n—2 = 3. However, after BRST
integration by parts, the maximum multiplicity in the last line of (5.26) is two, and its cyclic symmetry is
manifest.

In fact, using BRST integrations by parts it was shown in [160] that the highest multiplicity of currents
can be lowered to at most [ | while at the same time yielding superspace formulae for n-point trees with
manifest cyclic symmetry

1
A(l, 2, e ,4) = §<M12E34> + CyC(1234) y (528)
A(1,2,...,5) = (Mo M3Mys) + cyc(12345)
1 1
A(1,2,...,6) = §<M123E456> + §<M12M34M56> + cyc(123456)
A(L,2,...,7) = (Mi2sMas Me7) + (M1 MagaMser) + cyc(12...7),
1
A(L,2,...,8) = §<M1234E5678> + (M123Mys56 Mrg) 4 cyc(12...8),
1
A(1,2,...,9) = §<M123M456M789> + (Mi234(Ms67Msgg + MseMrsg + Msers Mo)) + cyc(12...9) ,
1
A(1,2,...,10) = §<M12345E6789;10> + (Mioga(Mse7 Mso.10 + MsersMo.10)) + cyc(12...10),

where the fractional coefficients are introduced to avoid overcounting. For example, the four- and six-point
instances of (5.28) can be rewritten as

A(1,2,3,4) = (MioMsMy) + (Mog My M),
A(1,2,...,6) = (MiaM3aMsg) + (MagMas Me1) + (Mias(Mas Mg + MsMsg)) (5.29)
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+ (Maza(Mse My + M5 Mg1)) + (Mzas(Me1 Mo + MeMi2)) ,

via BRST integration by parts and/or the fermionic nature of Mp, so the factors of % and % in the cyclic sums
in (5.28) are essential to not overcount these terms. The manifestly cyclic form of the n-point amplitudes
(5.28) is free of fractional coeflicients when n is not divisible by 2 or 3.

5.2.2. Component expansion of the pure spinor SYM tree amplitude

BRST invariance of the superfields implies gauge-invariant and supersymmetric components, see the
discussion in section 3.4.2. The gauge invariance of the SYM tree-level amplitudes allows one to choose the
Harnad—Shnider gauge at a non-linear level to perform the #-expansion of the multiparticle supersymmetric
Berends-Giele currents, see Appendix F. After stripping off the plane-wave factor 7% as in (4.93), this
leads to an expansion of A

A (0) = 5(0vm)ach + (09 )a(01mXp) = 25 (07")a (OVmnpO)Fp" +. . (5.30)
that takes the same form as the f-expansion (2.17) of the linearized superfield A%, in the Harnad—Shnider
gauge. The Berends—Giele polarization currents ¢, X% and fp" in the component formulation of D = 10
SYM are given by the recursions (4.117) to (4.120). In this way, the simple A30° correlators (3.100) and
(3.96) that govern the single-particle correlator (M;MsMs3) in the three-point amplitude [1] (see section

3.4.5)
1
A(1,2,3) = (My My Ms) = Sef' {57 e}f + (Xiym Xa)ef’ + cye(123) (5.31)

also determine the multiparticle constituents (Mx My Mz) of the n-point amplitudes (5.14),

1 mn  n m
<MxMyMz> = 58’; fy (974 + (Xx’}/m/vy)ez + CyC(XYZ) =: mX7y,Z s (532)

which defines the shorthand My z. The component expressions for the above cohomology formulae follow
easily by reducing any (Mx My Mz) to the combinations Mx y, z of ¢B, fp" and X'§ in (5.32). For instance,
the earlier representation (5.13) yields components

A(1,2,...,n—1,n) = Z Mx v,n, (5.33)

XY=12..n—1

while the manifestly cyclic representation in (5.28) gives rise to

A(L,2,...,4) = %93112,3,4 +eye(1234), (5.34)
A(1,2,...,5) = Mig 345 + cyc(12345) ,

A(L,2,...,6) = %97{12,34,56 + %(97(123,45,6 + 9M123,4,56) + cyc(12...6),

A(1,2,...,7) = Migs 45,67 + M 234,567 + cyc(12...7),

A(L,2,...,8) = %(m1234,567,8 + IM1234,56,78 + Mi234,5,678) + M123,456,78 + cyc(12...8).

Given the recursive nature of the definitions of the component Berends—Giele currents ¢'5, fp" and X2, the
full component expansion of the above amplitudes is readily available and reproduce the results for SYM
tree amplitudes available on the website [200]. Furthermore, as discussed in [196, 155], the Berends—Giele
currents lead to fast numerical evaluation of the amplitudes.

Note that one can obtain matrix elements of the effective operators o/IF® and o ’F* of the open bosonic
string from (5.34) by introducing o'-corrections of the gluonic components of Mx y,z as detailed in [201].
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5.2.3. Equivalence with the gluonic Berends—Gliele recursion
Using the component field-strength (4.120), it follows that the gluonic three-point amplitudes of the
Berends—Giele and pure spinor formulae match.

Proposition 15. When restricted to its gluon components the pure spinor cohomology formula for SYM
tree amplitudes (5.13) is equivalent to the standard Berends—Giele formula (5.1).

Proof. The proof that the general n-point amplitudes agree was written in [165]. The outline of the proof is
as follows: first one shows that the lowest gluonic components of ¢ in the superfield (5.30) reproduce the
standard Berends—Giele current

er =0 = JB . (5.35)
Then using transversality (4.121) and momentum conservation in the form of k% + £k} + k%' = 0 one rewrites

(5.32) as

(MxMyMz) = (e[x,y] - ¢z) + e (Xy vmd&z) — e (XxymXz) (5.:36)
* % Z [(er-ex)(es-ey) — (er-ey)(es - ex)]
RS=Z

which simplifies as follows when Z is a single-particle label p+1:
(Mx My Mpy1) = (ex,v] - ept1) + X (Xy YmdXps1) — e (XxymXpr1) - (5.37)

The pure spinor superspace formula for tree-level SYM amplitudes (5.13) is given by the deconcatenation
sum of the correlator (5.37) over XY = 12...p and yields

A(L2,...p,pH+1) = Z [(e[x,y] epr1) e ( Ay ymdpt1) — ey (XxYmXpt1)
XY=12..p

= s12. p(e12.p - ¢pr1) T k15, (K12 pYmApi1), (5.38)

where in the second line the recursions (4.117) and (4.121) were used to identify ¢f5 , and AT, . Setting
the fermions to zero and using (5.35) yields the gluonic Berends—Giele formula [27] and finishes the proof
that the pure spinor cohomology formula and the Berends—Giele formula (5.1) are equivalent. (I

Short representations in the standard Berends—Giele formula. Despite missing the powerful BRST coho-
mology manipulations, a reduction in the multiplicities of the currents was derived in the standard gluonic
Berends—Giele method in [202] to obtain “short” and manifestly cyclic representations of bosonic amplitudes
up to eight points. For example, the six-point amplitude was found to be

1 1 1
AYM(LQ ...,6) = _5123*]{33‘]2;6 + g[Jlg, J34]mJ5T% + §{J1, Jos, J4}mJgé

2
{1, o, Jaa )T 4 eye(123456) (5.39)
see (5.2) for the brackets [...]™ and {...}™, and similar expressions were written for the seven- and eight-

point amplitudes [202].

5.2.4. Kleiss—Kuijf amplitude relations
In [28] the color-ordered tree amplitudes were observed to obey the KK relations

AP,1,Q,n) = (—)IPIA(1, P, n), (5.40)

which singles out legs 1 and n leading to (n—2)! linearly independent amplitudes (w.r.t. constant rather
than s;;-dependent coefficients). As a simple example with P = 2,3 and @ = 4, we have

A(2,3,1,4,5) = A(1,3,2,4,5) + A(1,3,4,2,5) + A(1,4,3,2,5).. (5.41)
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In [28] a proof of (5.40) was argued based on the shuffle symmetry (5.7) of the Berends—Giele currents
derived by Berends and Giele in [175], see section 5.1.1. The proof that the pure spinor cohomology formula
(5.14) satisfies the KK relations is analogous, it follows as a corollary to the equivalence in the proofs of
[167] and [176]. However, in this section we wish to see this equivalence more explicitly and use it to prove
the KK relations not as an indirect corollary but as a direct statement. The explicit equivalence between
[167] and [176] is given by the following lemma, first stated in [165] and proven in [203] (see also equation
(41) of [204]):

Lemma 10. Let P,Q be arbitrary words and j a letter, then
Y HNX W) = (-)HPwQ), (5.42)
XY=P
where X and Y are allowed to be empty in the sums and P denotes the reversal of P.

Proof. The proof follows from an induction on the length | P| of the word P [203]. For the base case of length
zero the formula is true as it reduces to j@Q = jQ. Assume that the formula holds for |P| = p, then for
|P| = p+1 set P = Ci for a letter ¢ and a word C of length p. Using the elementary property of summations

Y FXY)=f(CiL0)+ Y f(X,Yi) (5.43)
XY=Ci XY=C
we get
Y. EOMX W) = DIUEC) w () + Y (-D)MX w(YijQ) (5.44)
XY=Ci XYy=C

= (-DPIEC) w Q"+ (—=1)li(C W Q")

= (-)'"1((iC) w (jQ) —i(C'w jQ))
where we defined Q' = jQ to use the induction hypothesis in the second line, and we used the recursive
definition of the shuffle product (iC) W (jQ) = i(CW (jQ)) +4((iC)WQ) in the fourth line. So the induction
holds true when |P| = p+1 and (5.42) follows. O

It is convenient to rewrite the identity (5.42) such that there are no empty words in the sum on its

left-hand side, > po_p(—D)FIR W (S5Q) + (-1)IFIP W (jQ) + PjQ = (—=1)IP1j(P w Q) where R, S # 0.
That is,

PjQ = (-)"j(PwQ) - > (-HHRW(SiQ) - ()" Pw(jQ), R,S#0, (5.45)
RS=P
> PjQ = (—=1)P1j(P w Q) + shuffles, (5.46)

giving rise to an equivalence relation in the dual of Lie polynomials [157].

Proposition 16. The pure spinor cohomology formula for SYM tree amplitudes (5.14) satisfies the KK
relations (5.40)

A(P,1,Qn) = (=D)AL, PwiQ,n). (5.47)
Proof. The Corollary 2 in (4.140) shows that the superfield Ep in (4.86) also satisfies the shuffle symmetry
Erus =0, YR,S#0 (5.48)

since the definition of Fp = Y xy—p Mx My is also over an antisymmetric deconcatenation in view of the
fermionic nature of Mx and My . Since the words R and S in (5.48) must be non-empty, the identity (5.45)
can be used to yield

Epjq = (_1)|P‘Ej([—~>u_|Q) . (5.49)
Consequently, from the pure spinor cohomology formula (5.14) we obtain (Ep;qVy,) = (—1)7 (Ejpuwg)Vn)
and therefore the KK relation (5.47) is satisfied. (]
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5.2.5. Bern-Carrasco-Johansson amplitude relations

The SYM amplitudes from the pure spinor cohomology formula (5.14) are almost trivially zero due to
the fact that Ep = QMp for generic values of all the s; ;. The only reason why the superspace expression
for the n-point amplitude is not BRST exact is because Mp with P = 12...n—1 contains a propagator
1/sp which is ill-defined in a momentum phase space of n = |P|+1 massless particles. The BCJ amplitude
relations arise when certain linear combinations of s;; Fp become BRST-exact expressions. Let us consider
one simple example to understand the mechanism.

Four point BCJ relation. Let us review the argument of [165]. Consider the Berends—Giele current (4.139)

Vi Vi
M123 — [[112]13] + [17[273]] (550)

5125123 5235123

in the BCJ gauge, where the local superfields V|p o) satisfy the generalized Jacobi identities (4.48). Now
consider the linear combination so3M793 — $13Ms13

Vinas | V[LMJ) _ 513("[[2,1},3} n "[2,[1,3n) _ V2 (5.51)

s93M123 — s13M213 = 523(
5125123 5235123

5125123 5135123 S12

where we used the generalized Jacobi identities of Vip g and s12 + s13 + s23 = s123. Note the crucial
cancellation of the overall pole in 1/s123, for which the Jacobi identity is an essential requirement. The
identity (5.51) is the Berends—Giele counterpart of the planar binary tree relation (4.149) in terms of Lie
polynomials.

Therefore, while My23 and Ms13 are ill-defined objects for a four-point amplitude where s123 = 0, the
linear combination ss3Mis3 — s13Mo13 is not! This means that it is a valid object to use as a “BRST
ancestor” to derive @-exact expressions with vanishing components

v
Ep12,3y = 523123 — 513E213 = Q(s23Mi23 — 513M213) = Q<%> - (5.52)

Multiplying by the BRST-closed Vj on the right and using the pure spinor SYM formula (5.14) we get

Vi
323A(1a 2a 3) 4) - 51314(2) 1a 3) 4) = <Q (%m) > =0. (553)
12
To summarize, the four-point BCJ amplitude relation [29]
82314(1,2,3,4) - 81314(2,1,3,4) =0 (554)

holds because the superspace expression underlying the left-hand side is BRST exact. This is a consequence
of the cancellation of the propagator 1/s123 in the linear combination (5.51) which is only true if Vip g
satisfies the generalized Jacobi identities. In other words, in the BCJ gauge of multiparticle superfields
the four-point BCJ amplitude relation is obtained due to the vanishing of BRST-exact expressions. Note,
however, that the BCJ amplitude relations are valid independently of the precise details of the numerators
by non-linear gauge invariance of the cohomology formula (5.13) for SYM amplitudes.®® Hence, there is
no loss of generality in employing BCJ-gauge numerators in the discussions above to identify BRST-exact
combinations of the superfields Ep in the cohomology approach.

30The perturbiner components of the non-linear gauge variation (2.6) with Berends-Giele currents Qp of the gauge scalar
lead to the variation doMp = QQp + > p_xy(Qx My — Qy My). The resulting non-linear gauge variation of the SYM
amplitudes > 5 . _1_xy (Mx My My,) then conspires to a BRST-exact expression after assembling the contributions from
doMx, oMy and 6q M.
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BCJ amplitude relations in general. The strategy to derive n-point BCJ amplitude relations from the pure
spinor cohomology method hinges on linear combinations of Berends—Giele currents of multiplicity n—1
such that the leading propagator 1/s12. ,—1 is absent, as illustrated by the example (5.51) at n = 4. These
combinations can be found in BCJ gauge, and their combinatorial structure is most conveniently encoded
in the S bracket of section 4.3.3 which was used in [157] to rigorously prove the n-point statements of [165].
From the pure spinor cohomology discussion above, the property (4.146) demonstrates that certain linear
combinations of SYM trees vanish. More precisely,

Proposition 17. (BCJ relations) The pure spinor cohomology formula for SYM tree amplitudes (5.14)
satisfies BCJ relations
A{P,Q} ) =0, (5.55)

for any possible distribution of the labels {1,2,...,n—1} between P and Q. Moreover, the fundamental BCJ
relations in the terminology of [205] are obtained in the special case when P =1, Q =23...n—1 as

—A({1,23..n—=1},n) = > ki -kxA(X,1,Y,;n)=0. (5.56)
XY=23..n—1

Proof. Note from the prescription (4.138) and the corollary (4.151) that there is no propagator 1/spg in

Mp,gy = Vigr.oy) - (5.57)

This implies, by a similar reasoning as in (4.87), that the superfield E¢p oy for |P|4|Q| = n—1 is BRST
exact in the momentum phase space of n massless particles

Eipgy = QMpgy, (5.58)

even though spg = 0. Since QV;, = 0, this means that the expression £ p g1V, is BRST exact; Q(Mp oy Vi)
and therefore (Etp3V,) = 0 vanishes in the cohomology of the pure spinor bracket. The pure spinor
cohomology formula (5.14) implies that A({P,Q},n) = 0, proving the first claim in (5.55).

To prove that the fundamental BCJ relation of [205] is recovered as in (5.56) we use the lemma (4.152)

{i,Q~ > ki-kyXiY. (5.59)

XY=Q

Therefore the BCJ relation (5.55) implies

OZ—A({LQ},H):— Z klkyA(XalaKn) (560)
XY=Q
= Y ki-kxAX,LY,n)+ > ki knA(X,1,Y,n)
XY=Q XY=Q
= Z kl'kXA(leaYan)v
XY=Q
where we used that momentum conservation ky = —(kx+k1+k,) implies that k1 - ky = —k1 - kx — k1 - kn,

to obtain the second line and vy _o X1Y = 110 @ together with A((Rw S),n) = 0 to obtain the third

line. The last equality follows from Eg,s = 0 for non-empty R, S as in (4.140). Choosing Q = 23...n—1

finishes the derivation of the fundamental BCJ relation (5.56) and the proposition is proven. O
For examples of the BCJ relations (5.55) generated by the S bracket, we consider

A({12, 3}, 4) == 82314(1, 2, 3, 4) - 81314(2, 1, 3, 4) =0 y
A({1,23},4) = 512A(1,2,3,4) — s13A4(1,3,2,4) = 0, (5.61)
A({123,4},5) = s34 A(1,2,3,4,5) — s24A(1,3,2,4,5) — 524 A(3,1,2,4,5) + 514A4(3,2,1,4,5) = 0,
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A({12,34},5) = 593A(1,2,3,4,5) — s24A(1,2,4,3,5) — s154(2,1,3,4,5) + 514A(2,1,4,3,5) = 0.

More generally, the distribution in —A({1,23...n—1},n) = 0 is equivalent, via (5.60), to the fundamental
BCJ relations

0= kl . k:QA(2, 1, 3, e ,TL) + kl . kggA(2, 3, 1,4, ey n) + -+ kl . kggmnflA(2, 3, ey nfl, 1, TL) 5 (562)

whose permutations are known to leave (n—3)! independent partial amplitudes [29, 134, 135, 205, 206]. As
will be briefly reviewed in section 7.1.2, the BCJ relations were derived in [29] from the color-kinematics
duality, see [30, 31] for reviews. The emergence of (local) BCJ-satisfying numerators from the pure spinor
superstring will be discussed in sections 7.1.3 and 7.1.6.

5.83. The generating series of tree-level amplitudes

The SYM tree-level amplitudes from the pure spinor superspace expression (5.14) can be compactly
described by a generating function [165]. To see this one uses the perturbiner series (4.93) of the unintegrated
vertex operator expanded in terms of the Berends—Giele currents (4.82)

= \*A,, ZM i1 ghin X + Z M, i1 iz ghigig X + Z lemt“twtmekili?i?»'X b (563)
21,12 11,12,13

One can show that the generating function of color-dressed SYM amplitudes is given by the natural gener-
alization of the three-point amplitude (V1 V,V3) as

—Tr Z

It is reassuring to note that the generating function of tree-level amplitudes (5.64) reproduces the interaction
term of the ten-dimensional SYM Lagrangian of [207] evaluated on the generating series of (non-local)
Berends—Giele currents in superspace: F™"(X,0) and W<(X,0). To see this note from (4.116) that ¢%, X's
and fp" are the 6 = 0 components of the generating series A™, W< and F™". Therefore (5.32) implies that

Z vt 42 ) Aiy, g, . i) (5.64)

91,82,-0yln

1 1
STEVVY) = 2T (A, AdJF™) + Te(WA™ Ay W) ‘9_0
1 mn m
= Te(JFmaF™" 4+ (W VW) | (5.65)

where we have used the massless Dirac equation meyglﬁWﬁ = 0 as well as the field equation 0,,F™" =
[Ap,, F™] 4 'ygﬁ{Wa,Wﬁ} and discarded a total derivative to rewrite (OpAn)F™™ = —A, ([Ap,F™] +
Yo {W”‘,Wﬁ}). The matching of the Lagrangian with the resummation of all tree-level amplitudes is of
course a strong consistency check for the manipulations with the perturbiner series, see e.g. [208].

6. Superstring disk amplitudes with the pure spinor formalism

In the previous section, we have derived the elegant expression (5.13) for n-point SYM tree-level ampli-
tudes in pure spinor superspace solely from locality and cohomology consideration. In this section, we will
review how this representation of SYM amplitudes emerges from the CFT prescription (3.75) for superstring
disk amplitudes through the field-theory limit o/ — 0. This will in fact be a corollary of the key result of
this review — a minimal and manifestly BRST invariant form of n-point open-superstring amplitudes: as will
become clear from the final and exact-in-o/ result (6.49), the entire polarization dependence of the string
amplitude is carried by field-theory building blocks. The CFT computation is guided by the local multipar-
ticle superfields in section 4.1 and their generalized Jacobi identities. The manifestly local representation
(6.8) of the n-point disk amplitude encountered in intermediate steps will be later on identified as the origin
of the color-kinematics duality, see section 7.1.
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Both the local and manifestly BRST invariant representations of the string amplitude resonate with
field-theory structures when expressed in a Parke-Taylor basis of disk integrals with characteristic cyclic
denominators z;,i, Zigig - - - Zi, _1in Zini;- ON the one hand, the full o/-dependent open-superstring amplitude
lines up with the field-theory KLT formula for supergravity tree amplitudes, see (6.69). On the other hand,
the field-theory limit o/ — 0 of the Parke-Taylor integrals is reviewed to reproduce tree amplitudes of
bi-adjoint scalars which play a central role for the color-kinematics duality of gauge theories and different
formulations of the gravitational double copy. In fact, as will be argued in the present section and the
following, the a/-corrections to Parke—Taylor integrals admit an effective-field-theory interpretation in terms
of bicolored scalars with higher-derivative interactions.

6.1. CFT analysis

Tree-level scattering amplitudes of open-string states are determined by iterated integrals on the bound-
ary of a disk worldsheet, as can be seen in the pure spinor prescription (3.75). Using the prescription to
compute n-point disk amplitudes in the pure spinor formalism requires the evaluation of a CFT correlator

(Vi (e1) [T Usea)Vas o)V oo = 06a) T ol (6.1)

with the massless vertex operators (3.59) and (3.62).

The definition of the tree-level correlators®' KC,, on the right-hand side is such that it strips off the Koba—
Nielsen factor H?q. |zij|_20‘/sif from the path integral. We have re-instated the o’-dependence adapted to
the correlation functions on a disk worldsheet which differs from the Koba—Nielsen exponents on the sphere
in (4.4) and section 7.2.1.

6.1.1. Double poles versus logarithmic singularities

The computation of the correlators IC,, boils down to using the CFT rules of the pure spinor formalism
to perform OPE contractions among the vertex operators in (6.1). Since the conformal h = 1 primaries
[00%,T1I™ dn, N™"] within the integrated vertex (3.59) do not have any zero modes at tree level, the correlator
(6.1) can be computed by summing all their OPE singularities summarized in section 3.3.4. As shown in
(4.11), these OPEs generically give rise to both single- and double-poles. However, as alluded to in (4.12)
and observed in explicit calculations for five [109] and six points [161], the role of the double-pole integrals is
to correct the numerators of the single-pole integrals such that any OPE residue Lj;x;... as defined in (4.7) is
transformed to the associated multiparticle vertex operator in the BCJ gauge V;;1.... This is the consequence
of a subtle interplay between integration-by-parts identities among the disk integrals and the explicit form
of the local superfields multiplying these integrals. In particular, the double-pole residues feature factors of
(1+2a’s;5), as for instance seen in the last line of (4.11), which cancel the tachyon poles (1+2a’s;;)~! that
would arise from disk integrals over |z;;| 2% %2,

More generally, numerators (1 + 2a’s;jx...) from nested OPEs cancel tachyonic poles of multiparticle
channels in a highly nontrivial way, see for instance appendix B.3 of [161]. In this way, all the singularities
of the correlator (K,,) in (6.1) become logarithmic: when visualizing all factors of zigl by an edge between
vertices ¢ and j, logarithmic singularities are characterized by obtaining a tree graph in the frame z,, — oco.
Integration by parts removes loop subgraphs associated for instance with 2132 or (zijzjkzki) ', and the
accompanying numerators of (14 2¢/s;;) or (1+2a’s;;1) due to the superfields ensure that no tachyon poles
are generated in the coefficients of the logarithmic singularities. It follows from Aomoto’s work [209] that
non-logarithmic singularities can always be removed via integration by parts, but it is a peculiarity of the
superstring (as compared to bosonic or heterotic strings [210, 211]) that the coefficients of the logarithmic
integrands become free of tachyon poles and in fact homogeneous in «o’.

31The context and the subscript clearly differentiates the n-point correlator K, in (6.1) and the Berends—Giele current Cp,
in (4.80) for the single-particle n of a generic superfield in K, of (4.1).
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6.1.2. Lie-polynomial structure of the correlator
After discarding total worldsheet derivatives and BRST-exact terms (signaled by the 2 symbol below),
the calculation of the correlator (6.1) can be summarized by an elegant pattern relating the symmetries of
the kinematic factors and logarithmic integrands. By the superfield contributions from the double poles and
more general non-logarithmic singularities, all kinematic factors can be written in terms of the multiparticle
vertex Vp (4.78) subject to the generalized Jacobi identities (4.48). The logarithmic singularities in turn are
carried by the following worldsheet functions Zp satisfying shuffle symmetries
2123._.13 = ;, ZALUB :0, VA,B 75(2) (62)

212223 - - - Zp—1,p

At rank p = 2,3, shuffle symmetry is a consequence of antisymmetry Zio = Z1—21 = —2:2_11 = —Z9 and the
partial fraction Zi23 + 2213 + 2231 = (212223) 71 + cyc(1,2,3) = 0, and a general proof can be found in
Lemma 5.4 of [180].

At low multiplicities, the sum of OPEs involving one unintegrated and any number of integrated vertices
is given by

Vi(z1)Uz(z2) = VieZia,
Vi(21)Uz2(22)Us(23) = Vigz Z123 + Vize Z1a2, (6.3)
Vi (21)U2(22)Us(23)Us(24) = Vigga Z1234 + perm(2,3,4),

where already at rank two, we have discarded the BRST-exact term in (4.19) to convert the OPE residue
Loy defined by (4.3) into the two-particle vertex Vis.

Given the generalized Jacobi symmetry of Vp and the shuffle symmetry of Zp, the sums of terms on the
right-hand side of (6.3) furnish Lie polynomials [167]. They are in fact permutation symmetric in the labels
of ‘/1 and all the Uaia say V1232123 + V1323132 = ‘/2132213 + ‘/2312231, and generalize to

n

Vi(z1) [ Uai(za) 2 > ViaZia, (6.4)

i=1 |Al=n

where the summation range |A| = n refers to the n! words A formed by permutations of ajaz .. .a 4. The Lie-
polynomial structure implies that the right-hand side of (6.4) is permutation symmetric in 1, a1, az, ..., a4
even though only the weaker symmetry in as,as, ..., a 4| is manifest.?

Following this reasoning the correlator K,, can be assembled from two factors of (6.4) corresponding
to sequences of OPEs terminating on one of the unintegrated vertex operators V4 (0) or V;,_1(1). OPE
contributions involving the third unintegrated vertex operator V,,(z,) are suppressed in our choice of SLz(R)
frame with z, — oo. These selection rules for OPEs lead to n—2 deconcatenations AB = 23...n—2
(including the ones with A = @) or B = §)) and an overall permutation over (n—3)! labels for a total of (n—2)!
terms [21]:

K, = Z (VlAZlA) (anlﬁéznflyg)vn + perm(2,3,...,n—2), (6.5)
AB=23..n—2

where B denotes the reversal of the word B. The first few expansions of (6.5) read (Z; := 1),

IC?) = ‘/1‘/2‘/3 ’
Ka=Vi2Z12V3Vy + ViVa2 230V,
Ks = (ViasZ123 + Viza Z132) VaVs + Vi (Vazs Za23 + Vasa Zas2) Vs (6.6)

+ (Vi2Z12) (Vaz Z43) Vs + (Viz Z13) (Vaz Z42) Vs
Ko = V123421234 V5 Vs + Vias Z123Vsa 254 Ve + Vi2 212 Va3 2543 Ve + Vi Va2 Z5432 Vs + perm(2, 3,4) ,

32This follows from the identity >a ‘T}‘ZAVA => g5 ZiBViB-
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and we reiterate that, by the Lie-polynomial structure of the correlator, V1232123 + V1322132 is symmetric
in 1,2, 3 even though only two out of 3! permutations are spelled out.
One can verify that (6.5) can be obtained using the following two effective rules for multiparticle OPEs
Via,B)(2a) Upa,B)(%a)

VA(Za)UB(Zb) — T, UA(ZQ)UB(Zb) — T s (6.7)

where z, and z, are the worldsheet positions corresponding to the first letters of the words A and B, and the
nested brackets in V{4 p) or U4, p] are expanded as in (4.56) by virtue of the generalized Jacobi identities
satisfied by Vp and Ug.

6.2. Local form of the disk correlator

Using the above results the n-point superstring disk amplitude computed with the pure spinor formalism
becomes a sum over (n—2)! superfield numerators along with different worldsheet functions (6.2) [21],

AL,) = A(1,2,....n)

n—2 n—1
_ (2a/)n—3 / H de H |Zij|—20/5ij Z <(‘/1AZIA) (anlﬁéznflyg)vﬁ + perm(23 .. .7’L—2)

D(1,) 1=2 1<i<j AB=23...n—2
n—2 n—1
= (2a/)"7° / [Tdz T lzisl™> (6.8)
D(]ln) j=2 1<i<y
= Via. Vi Vi)
X { Z 12.p n-ln-2,.ptl7n + perm(23... n2)} .
= (212223 2p-1p) (Zn-1.n-2 - Zpt2,p41)

Recall that the integration domain D(1,) = D(1,2,...,n) defined in (3.77) in the present SLy(R)-frame
with (21, 2n—1,2n) = (0,1, 00) amounts to the disk ordering 0 < zo < 23 < ... < zp_2 < 1.
In order to avoid cluttering, we adopt the notation

n—1
/dwﬁ ::/ dzodzs - dzp_2 H || 725 (6.9)
D(P)

1<i<j

where the superscript of the measure tracks the number | P|=n of external labels. This shorthand is suited for
the choice of SLy(R)-frame where the worldsheet positions (21, z,—1, 2) are fixed to (0, 1, 00) (or to (1,0, c0)
to accommodate all the (n—1)! cyclically inequivalent choices of P). The local form of the superstring
amplitude then becomes

An(P):(2a/)nf3/dﬂ73 S ((ViaZia) (Vo1 52, 1.5)Va) + perm(23...n-2), (6.10)
AB=23..n—2

where we write A, (P) = A(P) || Pl=n whenever the multiplicity is not obvious from the shorthand P for the
color-ordering.

6.2.1. Four-point example
While the three-point amplitude (3.97) is completely determined by zero modes, the simplest instance
of OPE contributions occurs at four points. According to (6.1), the four-point correlator is defined by

(Vi (21)Un(22) Vi (23) Va(00)) = (Ka) |212| 72 12| zgq| ~2 22 (6.11)

and computed by integrating out the h = 1 fields in Uz (z2):

VG v (oo) + Va oy H2828)

Z12 223
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~ V12V3Vy + ViV3aVy

212 232

(6.12)

The first line illustrates the origin of the four-point correlator from the OPE effective rules (6.7). The second
line (which is equivalent by Vi; = V}; ;) reproduces (6.6) and results from permutations of (4.3) and (4.19)
while dropping BRST-exact terms and OPEs involving the vertex V4 at infinity. The (...) bracket only
refers to the zero modes of A%, 8%, see (3.80), that is why the positions of the V;, V;; are no longer displayed.
The integrals in the resulting amplitude

1
A(Ly) = A(1,2,3,4) = 20// dzy (<V12V‘°’V4> + <V1V32V4>)|Zl2|_2a/512|223|_2a/823
0 212 232
- <<V12V3V4> + <V1V23V4>> I'(1 —2a’s12)T(1 — 2/ s93)
S19 S93 (1 —2a's12 — 20/ s923)
['(1—2a"s12)T(1 — 2 s93)
(1 —2a/s12 — 2 s23)

(6.13)

= A(1,2,3,4)

can be straightforwardly identified with the Euler beta function fol de A~ (1—z)B~1 = % after fixing

(21,23) = (0,1) which is the backbone of the famous Veneziano amplitude [212]. In passing to the second
line, we have used the functional identity I'(A+1) = AI'(A) to make the ratio — 22 of the integrals over 255
and z§21 manifest (which is in fact a special case of the integration-by-parts identltles of section 6.3.1). As
a result, the four-point SYM amplitude in (5.10) has been factored out in the last line of (6.13), and the
remainder of this section is dedicated to the appearance of SYM amplitudes from n-point correlators of the

open superstring. Historically, explicit four-point tree-level computations in the pure spinor formalism date
back to 2006 and 2008 [89, 158].

6.2.2. Five-point example
To illustrate the multiparticle techniques leading to the result (6.8) above, it is useful to consider the eval-

uation of the five-point disk correlator via multiparticle vertex operators and the effective OPE calculations
(6.7). That is, consider

(V1(21)Usz(22)Us(23)Va(24) V5 (25))) = (K5) |2112|_20/512|Z’13|_2a/513|Z23|_20/523|2124|_20/824|Z34|_2O/S34 , (6.14)

where we set (21, z4,25) = (0, 1,00) at the end (this means that V5 does not participate in OPEs). First we
eliminate zo using the OPEs of Us(22) to get

Vi, (2 Uis.9(2 Vig,9 (2
B g i Vi) + Vaon) L Vi o0) 414 10 o) L)
212 232 242

Ks = Vs(o0),  (6.15)

followed by elimination of zz via effective OPEs (6.7) of Us(z3)

Vi Vi i
K5 = Y2131y, g, Vsl Vieg

Vs
212713 212 %243
1 ey, My (6.16)
232213 232243

Viig Vi Vi
+ (1,3] [4’2]‘/5—1—1/1 [[472]73]‘/5.

213 %42 2427243

The contributions from the first, second and third term of (6.15) are organized into separate lines, and we
are no longer tracking the locations of the multiparticle vertex operators since only their zero modes remain
at this point.
Using the generalized Jacobi identity (4.56) followed by the shuffle symmetry (6.2) we get
V V; Via Vi Vis Vi V. V.
Vs + — o ViVs + —— Vs + — 2V Vi— o Vo 4+ V— Vs, (6.17)

212723 Z13%32 212 243 213 242 243232 242223
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Ks =




which reproduces (6.6) and leads to

1 z3
A(ls) = (20/)2/ d23/ dzo |z12|_2a/512|213|_2a/813|223|_2a/823|zz4|_20‘/82“|234|_20‘/834
0 0

ViasVu Vi Via Vs Ve Vi Vaas Ve
X[<12345>+<12435>+<14235>+

212723 2127243 242223

(2 5 3) (6.18)

with (z1,24) = (0, 1).

In contrast to the single integral in the four-point amplitude (6.13), the double integrals in (6.18) cannot
be expressed in terms of Gamma functions but instead involve a hypergeometric 3F» function [213] with
s;j-dependent parameters at z = 1. Five-point tree-level computations in the RNS formalism with external
bosons include [198, 214] from the perspective of low-energy effective actions and [215, 216, 217] in the spinor-
helicity formalism upon dimensional reduction to D = 4. The simplified five-point results in pure spinor
superspace [109, 159] address the entire gauge multiplet and furnish key steps towards the representation in
(6.18).

6.2.8. Siz-point example
The six-point instance of (6.8) is given by

1 z4 z3 5
A(lg) = (20/)3/0 dZ4/O d23/0 dzo H |2ij| 72 %0 (6.19)

1<i<j
Vi34 V5 Ve Via3 V54 Ve V12 Visa3 Ve V1 V432 Ve

o {( 1234 V5 Vs) +< 123V54Vs) +< 12V543Vs) +< 1 V5432 Vs) + perm(2, 3, 4)
212%223%34 212223254 2127254243 254243232

with (z1,25) = (0,1) and builds upon the pure spinor computation in [161]. Earlier six-point tree-level
computations in the RNS formalism have been performed for D-dimensional external gluons in [199] and in
the spinor-helicity formalism upon dimensional reduction to D = 4 [215, 216, 217, 218].

6.3. Non-local form of the disk correlator

The expression (6.8) for the massless n-point open-superstring amplitude is characterized by its total
number of (n—2)! terms, written in terms of local superfields Vp in the BCJ gauge and (n—2)! worldsheet
integrals. The integrands are given in terms of combinations of ZpZg functions (6.2) with logarithmic
singularities and with a distinctive pattern of label distributions among the words P and Q. We will now
see how this form can be streamlined and rewritten using only (n—3)! terms.

Rearranging worldsheet functions. The driving force in this rewriting is the judicious use of worldsheet
integration by parts in the presence of the Koba—Nielsen factor [21]. To do this, we will first introduce a new
set of worldsheet functions X p, indexed by a word P, whose integration-by-parts relations involve constant
rather than s;;-dependent coefficients. For reasons to become clear below, it is convenient to define X;p for
a fixed label i as

Xip =Y _S(P|Q)iZiq, (6.20)
Q

where S(P|Q); is the KLT matrix (4.160) and Z;q is the shuffle-symmetric worldsheet function (6.2). For

S
example, X12 = - and

1
+ 512513 (6.21)

212723 213732

1 1 812823 512513 S12523
812813( + + = +

212723 213%32 212723 212713 212723

S12 [ S13 523
i (s ),
212 \ %13 223

X923 = S(23|23)12123 + 8(23|32)12132 = 812(813 + 823)
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where we used partial fractions in the second line. In general, one can show that after using partial-fraction
identities the Xp functions can be written recursively as

XPi:XP(XP1i+XP2i+"'+XPki)a Xi=1,k= |P|_1’ (6'22)

where the base case for a letter ¢ is set to one for later convenience. Solving the recursion leads to the
simplest instances

512 S12 (813 523 512 (813 523 S14 524 534
X1=1, Xip=—, X123=—(—+—), X1234=—(—+—)(—+—+—) (6.23)
213 223 212 \Z13 223 214 224 234

and more generally to
[Pl j—1

Xp=[3 2. (6.24)

j=2 i=1 “Pips

One can also describe the worldsheet functions (6.20) in terms of the generalized KLT matriz (4.165) [156]
satisfying generalized Jacobi identities in P and @ such that S*(iA|iB) = S(A|B);. The definition (6.20)
then generalizes to arbitrary words (not necessarily starting with ) as

Xp:= % > S4PIQ)2q (6.25)
Q

such that the factor |—11,‘ compensates the higher number of permutations being summed over objects that
satisfy shuffle symmetry and generalized Jacobi identities.

The following property of (6.20) has been first experimentally observed in [163] and later proved in
[156, 157] from the properties of S*(P|Q) in (6.25):

Lemma 11. The worldsheet functions Xp satisfy the generalized Jacobi identities
Xpuq) +Xqur) =0, (6.26)
for instance

X2 = —Xo1, Xioz+ Xoz1 + X312 =0, Xiaza — Xi243 + X412 + X401 = 0. (6.27)

6.3.1. Integration by parts

As observed in [21], the chain of % factors that appear in Xp is ideally suited for integration by parts
z g
ij

(IBP) when multiplied by the Koba—Nielsen factor of the disk. The key idea is to exploit the vanishing of
boundary terms in the total worldsheet derivatives

n—1 —2a’s:;
Zb o | Zid ij
/ dz 0 hicig =0 (6.28)

i)
Rk Riyj1 " Rin—ajn-4a

relevant to arbitrary orderings D(...,a,k,b,...) of n-point disk amplitudes. The absence of boundary
terms follows from the contributions |zx—z| 2% %% and |zj—z,| 2% %% to the Koba-Nielsen factor which
evidently vanish as zp — 2, and 2z — 2, if Re(spk), Re(sqr) < 0. Analytic continuations in the s;; then
imply the validity of (6.28) for generic complex kinematics which has already been used in the context of
the canceled-propagator argument in (3.87).
Particularly simple instances of (6.28) arise if z; does not appear in the denominator, i.e. if k ¢ {ij, j; }.
d

In these cases, the derivative Pon only acts on the Koba—Nielsen factor and the resulting IBP identity is

homogeneously linear in Mandelstam invariants,

n—1 |Z__|72a's.;j n—1 s
1<i<y 17U mk
/ dZQ ng tee dZn,Q =) — = 0, (629)
D(P) Zirg1 " Rin—afn—a oy Amk

m#£k
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with an arbitrary permutation P = pips...p, of 12...n characterizing the integration domain D(P) in
(3.77). The simplest examples at n =4

/ dzs |212|72a’512|223|72a’5235£ — / dzo |212|f2a'512|223|72a’5235ﬂ (6.30)
D(P) 12 D(P) Z23

reproduces the ratio f% between the four-point integrals in the first line of (6.13) without invoking any
Gamma-function identity. At five points, IBP implies

4 4
—2a’s;: S12  S13 523 —2a’s;; 512 834
dza dzg I I |235] 245 —= <—+—) :/ dza dz3 I I |2i5] = (6.31)
/D(P) ! D(P) !

z z z Z12 2
1<i<j 12 13 23 1<i<j 12 <34

Using the notation (6.9), the four- and five-point instances of IBP identities (6.29) relevant to the local
correlators (6.13) and (6.18) are obtained by

/d/ﬁ:X?a = —/d,ué}aXm,
/du‘;’; X12X43 = —/d,u% X123, (632)

/d,u“;’gX432 = /d,ul?DX123

and relabelings 2 < 3 of the five-point cases. At six points, the set of master IBPs for the correlator in
(6.19) is given by

/dM?: X123 X54 = —/d,u?g X1234,
/du?g X129 X543 = /d,u?p X234, (6.33)

/du?a X5432 = —/d,u?p X1234

and permutations in 2, 3,4, while at seven points we get

/du; X1234X65 = — /dlﬁa Xi92345 , /d,u; X12X6543 = — /d/ﬁp Xi92345 ,

/du} X123 X654 = /du} X12345, /d,u; Xesa32 = /du} X12345 , (6.34)

and permutations in 2,3,4,5. In general, these IBP identities can be written as
/dlﬁr XiaX 15 = (—1)17 /dlffa X14aB, (6.35)

where B denotes the reversal of the word B, see the notation in section 1.3. Recalling that we defined
X; = 1, the general form (6.35) is valid even when one of A and B is empty. Note again that the labels i =1
and ¢ = n—1 are singled out, reflecting the SLy(R)-frame implicit in the shorthand notation (6.9). Still, the
IBP identity (6.35) holds universally for any disk ordering P since any cyclically inequivalent domain D(P)
in (3.77) is compatible with the SLa(R) frames (21, 2n—1, 2n) = (0,1, 00) or (1,0, 00) employed in (6.9).
Moreover, the |B|-dependent minus signs cancel out when the identity (6.35) is used together with the
reflection property (4.106) of the Berends—Giele supercurrents. This leads to the important identity,

/du’]» (MyaXia) (M, 15X (_1)5) = /du’]» Xiap MiaMp(n-1y, (6.36)

which will be used in the derivation of the non-local and manifestly BRST invariant form of the superstring
n-point scattering amplitude on the disk in the next section.
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6.3.2. The trading identity

The IBP identity (6.36) will ultimately allow us to derive the non-local (n—3)!-term representation of
the massless n-point superstring disk amplitude in an elegant manner. Before we do this there is one final
important identity to prove, the so-called trading identity [21].

Proposition 18. The local superfields Vp satisfying generalized Jacobi identities and the worldsheet func-
tions Zp satisfying shuffle symmetries are related by

> ViaZia =) M;aXia (6.37)
A A

to the Berends—Giele supercurrents Mp satisfying shuffle symmetries and the worldsheet functions Xp sat-
isfying generalized Jacobi identities>>.

Proof. Starting from Via =Y 5 S(A|B);M;p (see (4.182) and [166, 157]), we have
> ViaZia =Y _ MipS(A|B)iZia =Y M;pXip, (6.38)
A A,B B

where the second step is based on the symmetry S(A|B); = S(B|A); of the KLT matrix and the definition
of X;p in (6.20). Similarly, we could have used the relation Z;4 = " ;(b(¢A),iB)X;p, where the binary-tree
map introduced in (4.125) inverts the KLT matrix in the sense of (4.180), to obtain the same conclusion. [

6.3.3. The n-point disk amplitude

The identities derived above allow us to cast the massless n-point disk amplitude into a manifestly gauge
invariant form that contains (n—3)! terms [21]. Let us first write down explicit examples at low multiplicities
before stating the final result.

Four points. Starting from the rewriting
Ay (P) = 204//65#}13 (V12 Z12V3Vy + V1 V32 Z55Vy) (6.39)

of the local form (6.12) of the four-point disk correlator, the trading identity (6.37) regroups the Mandelstam
factors to

./44(P) = 20//(1#;13 <X12M12M3M4 + X32M1M32M4> . (640)

Then, IBP using (6.32) and the shuffle symmetry of the Berends—Giele current M3, = —Mag yield

A4(P) =24/ / du’p X12(Myo Mz My + My Moz My)
= QO(I/CZ,U,L}_) X12<E123M4> (641)

= 2a’/d,u‘}3 X12A(1,2,3,4),

where we identified the four-point SYM tree amplitude (5.14). After unfolding the notation (6.9) we get the
equivalent of (6.13),

Ay(P) =20/ / o |210|207912 | 25| 720523 Z12 41 9.3 4) | (6.42)
D(P) 212

for the massless four-point superstring amplitude on the disk.

33As a side note, the interplay of the generalized Jacobi identity and shuffle symmetry in the trading identity (6.37) gives
rise to a Lie-series interpretation of the string disk correlator. This same structural behavior was argued to be present in the
genus-one string correlator and exploited to derive the genus-one correlators up to seven points (with partial results at eight
points) in [171]. In fact, similar Lie-polynomial structures are expected for correlators at all genera.
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Five points. Similarly, starting from the local form (6.18) of the five-point disk amplitude, the trading
identity (6.37) together with the IBP identities (6.32) yields

As(P) = (20/)2/d/ff3 [(Vi2s Z123VaVs) + (Vi2Z12Vaz 243 V) + (ViViasz Za23Vs) + (2 <+ 3)] (6.43)
= (QQ/)Q/dMEJ)J (X123 M1o3 My Ms + X190 X a3 Mo Mz M + Xazo My Myzo Ms) + (2 > 3)]
= (20/)2/dﬂsz’3 [X123(M123MyMs + Mo MsyMs + My MagsMs) + (2 < 3)]
= (20/)2/du§’> [X123(E1234Ms) + (2 > 3)]
= (2a')2/du§’> [X123A(1, 2,3,4,5)+ (2 ¢ 3)} :
In passing to the third line, we have used the instances My = —Mzy and Myss = Masy of the reflec-

tion identity (4.106). We then identified the BRST-closed superfields Ep using (4.86) and the five-point
SYM amplitude from the pure spinor cohomology formula (5.14). Finally, restoring the integrals from the
shorthand notation (6.9), we obtain the massless superstring five-point amplitude on the disk:

4
As(P) = (20‘/>2/ dzydzs ] Jeig 2 (6.44)
D(P) 1<i<y

x [52 (Sﬁ + %)A(1,2,3,4,5) + Sﬁ(sﬁ - SE)A(L&?A&)} :

212 \ %13 223 213 \ %12 232

Siz points. The non-local form of the massless six-point disk amplitude can be derived in similar fashion.
Starting from the local form (6.19),

As(P) = (22/)° /d,u?g [ Z {(ViaZia) (Vs Zs5)Ve) +perm(2,3,4)] : (6.45)
AB=234

we use the trading identity (6.37) to obtain
Ag(P) = (QO/)S/CZM?D [((M1234X1234M5 + Mi23 X123 M54 X54 (6.46)
+M12X12Ms43 X543 + M1 Msy32 X5432) Mg) + perm(2, 3,4)} )
The IBP identities (6.33) of the worldsheet functions multiplied by the Berends—Giele currents yield
As(P) = (2a)° /du?g [ X1234(Mi934 M5 Ms + Mgz Mys M + Mo Msys Mg + My Masgas M) + perm (2, 3,4)]
= (20/)3/@3; [X12344(1,2,3,4,5,6) + perm(2, 3,4)] (6.47)

where we easily recognize the expansion of Eja345 Mg from (4.86) in the first line, and consequently of the
tree-level six-point SYM amplitude (5.14) in the last line. So finally [21],

5
Ag(P) = (20‘/>3/ dzydzsdzy [ |egl 72" (6.48)

D(P) 1<i<j

x {Sﬁ (Sﬁ + Sﬁ) (ﬂ 2y Si‘*>A(1,2,3,4, 5,6) + perm(2, 3,4)| .
212 \ %13 223 214 224 234
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Higher points. Since all the key formulae above generalize to any multiplicity — the local version of the
open string disk correlator (6.8), the trading identity (6.37), the IBP relations (6.36) and the pure spinor
cohomology formula (5.14) for SYM tree amplitudes — we can state the following result [21]:

Proposition 19. The massless n-point superstring disk amplitude is given by

n—2 k—1
An(P) = (20')" / e I o MH[HZMA )+ perm(2,3,...,n—2)
D

(P) j=2 1<i<j k2 m—1 “mk
(6.49)

We therefore see that the multiparticle superfield techniques and several related combinatorial identities,
all inspired by the simplicity of the pure spinor formalism, lead to a striking simplification of the n-point
superstring disk amplitude:

e All polarization dependence is carried by a linear combination of (n—3)! field-theory SYM amplitudes
A(1,Q,n—1,n) with @ = ¢2¢3 . .. gn—2 a permutation of 2,3,...,n—2. These (n—3)! permutations in
fact form a basis under the BCJ relations (5.55) or (5.62).

e All the o/-dependence of the n-point amplitude (6.49) resides in the disk integrals over permutations
of X190 o= 2;22 an 11 M multiplying the SYM amplitudes. Hence, all the string corrections to
SYM field-theory are carned by scalar, i.e. polarization independent, integrals.

Additional structures become visible when restricting the integration domains of (6.49) to the (n—3)!-family
of D(1, P,n—1,n) with P = paps...p,—2 a permutation of 2,3,...,n—2, see the definition in (3.77). This
(n—3)!-vector of color-ordered string amplitudes

A(LPn-1n;d)= > Fp(d)A(1,Q,n—1,n) (6.50)
Qesnfi‘}

can then be organized through the following square matrix of integrals

n—1
— _ S1 S1 S ;
/ / 3 2 21lg2 qs3 q243
Fp@(a/) == (2/)" / dzodzs ... dzp_o H |25 o'sij < + —> (6.51)
1<i<j %1lg2 \%lgs 2q2q3
0< 2py <2py <...<2p, o<1 J

S1gs Sqaq4 Sqsqa Slqn_o Sqaqn_2 Sqn_3qn_2
X(—+—+— B B e I T I

Zlqgs  Rqeqa Pgsqa Rlgn-2  2q2qn-2 RGn—3qn—2

indexed by permutations P and @ of the n—3 labels 23...n—2. On the one hand, there is no obstruction
to extending (6.50) beyond the (n—3)! disk orderings D(1, P,n—1,n) — more general choices would simply
place some of the integration variables of (6.51) into the regions (—oo,0) and (1,00). On the other hand,
as will be elaborated in section 7.3, the (n—3)! color-ordered open-string amplitudes (6.50) already form a
basis of the complete (n—1)!-family of A, (Q) in the color-dressed amplitude (3.78).

One can already anticipate from the symmetric footing of color-ordered open-string and SYM amplitudes
in (6.50) that the field-theory limit of Fp@(a’) yields a Kronecker delta in the permutations P, Q,

Fp(a') = 692 + 0(a'?), (6.52)
and we will study this relation and its o/-corrections from several perspectives.

6.4. The open superstring as a field-theory double copy

We shall now relate the form of the disk integrand in the n-point open-string amplitude (6.49) to the
structure of the KLT formula (4.159) for gravitational tree amplitudes. In the same way as KLT formulae
in field theories are hallmarks of double copy, the form of the disk amplitude is argued to identify the
interactions of massless open-superstring excitations as a double copy of SYM with a theory of bicolored
scalars dubbed Z-theory.
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6.4.1. Parke-Taylor factors and Z-integrals

As pointed out above, the calculation of the string disk amplitudes was carried out in the SLo(R) frames
where (21, 2n—1, zn) are fixed to one of (0,1,00) or (1,0, 00) to account for the residual Mébius symmetry of
the disk. In order to generalize the n-point formula (6.49) to arbitrary SLy(R) frames, we need to undo the
above fixing of z1, 2,1, 2. The task is to identify an SLa(R)-covariant uplift of the worldsheet functions
2142, p or Xiq in the amplitude representations (6.8) or (6.49). In other words, it remains to reverse
the SLy(R)-fixing (D(P) is defined in (3.77))

dz1 dzo -+ dzn,
—— e = |Zl,nflzl,nzn71,n|/ dzapdzs ... dzp—2, (6.53)
/D(P) vol(SL(2, R)) D(P)
and to identify a suitable function fa p(z1,...,2,) such that,
1 ZiAZ o 4
i n— n<n—1mn| " yeeeyRn) — n— ) 6.5
T T A (6549

or z1 <> zZp—1. The Jacobian |z1 121 n%n—1,n] On the right-hand side of (6.53) is part of the prescription
1/vol(SL(2,R)) that avoids an infinite overcount of z;-configurations that are related by Mébius transforma-
tions [10, 12, 16].3% The desired uplift f4 p is uniquely determined by (6.54) and requiring SLo(R)-weight
two in each variable: in the same way as

1 R (czi +d)(czj +d) azk +b

under zp —
2 — %j 2 — %4 czp +d

with (2t) € SLy(R) (6.55)

C

is said to have SLo(R)-weight one in z;, z;, the uplift f4 p is required to transform as
fA,B(Zla---; )_>fAB Zlyeeey R H CZJ-‘rd (656)

to yield well-defined integrals with the measure on the left-hand side of (6.53). The simplest (though not
the only) quantities with SLo(R)-weight two in all of z1, 29, ..., 2, are the so-called Parke—Taylor factors

1
PT(cy,co,...,cn) = . (6.57)

ReicaReges + v - Rep_10nRfepcy

After adapting the permutation C' = cicz ... ¢, to the target expression Z142,, 1, p, it is easy to check that
the SLy(R)-covariant solution to (6.54) is given by

fap(z,.. o zn) = (D)BIZYPT(1, A, n, B,n—1) (6.58)

with B the reversal of B. In other words, the functions Z,42,_1 g in the local representation (6.8) of the
n-point amplitude descend from Parke-Taylor integrals

dz1 dzo -+ dz - B
— = ___""pPT(1,A,n,B,n-1) = (-1)7 1/ dzodzs ... dzn_o 21420 6.59
/D(P) vol(SL(2,R)) (1,A,n,B,n—1) = (-1) o) 22 4zZ3 Zn—2 Z1A 1,B s ( )

and the simplest examples are given by

1 1
PT(1,2,4,3) - —— ,  PT(1,4,2,3) » — (6.60)
212 232

340ne could alternatively fix any other triplet of punctures zq, 25, 2z and change the Jacobian and measure on the right-hand
side of (6.53) to [2qp2ac2be| and [}, 5 - dzj-
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as well as

1 1 1
PT(l, 2,3,9, 4) — — , PT(l, 2,5, 3, 4) — s PT(l, 9,2, 3,4) — — s
212723 2127243 243232
1 1 1
PT(l, 3,2,95, 4) — — , PT(l, 3,9, 2, 4) — R PT(l, 9,3, 2,4) — — (6.61)
Z13%32 2137242 242223

Upon dressing with the Koba—Nielsen factor of SLa(R)-weight zero in each variable, the gauge-fixed integrals
in (6.8) and (6.49) are found to be expressible in terms of Parke-Taylor- or Z-integrals defined by

dz1 dzo --- dzp, H?<j |Zij|*2a,5ij

(6.62)
VOI(SL(27 R)) 219279293 * * * qn_1qnFqnq1

Z(P|q15 q2;- .-, qn) = (2(1/)"73/
D(P)
In this setting, Z-integrals are labelled by two permutations P, Q) € .S, up to cyclic identifications in P or Q:

the permutation P := p1ps...p, in the first entry encodes the integration domain D(P) in (3.77), while the
second permutation @ := ¢1¢z . .. gy, refers to a Parke—Taylor factor (6.57) in the integrand. In summary,

Lemma 12. The SLa(R)-covariant uplift of the worldsheet integrals appearing in the local form of the su-
perstring amplitude (6.8) is given by

) [y 2142, 15 = ~(-DPZ(PIL A, Bo), (6.63

where the measure du'h is defined in (6.9).

Thus, the local form (6.10) of the superstring amplitude can be rewritten as

An(P) ==Y (ViaV,_; gVu)(=1)'P1Z(P|1,A,n, B,n—1) + perm(23...n—2), (6.64)
AB=23..n—2

for instance

A4(P> = 7<‘/12‘/3V4>Z(P|17 25 47 3) + <‘/1‘Z32V4>Z(P|1745 27 3) )
As(P) = —(ViasVaVs) Z(P|1,2,3,5,4) + (ViaVisVs) Z(P|1,2,5,3,4) — (Vi VasaVs) Z(P|1,5,2,3,4)  (6.65)
- <V132V4‘/5>Z(P|15 33 2) 53 4) + <V13‘/212‘/5>Z(P|13 3) 53 2) 4) - <‘/1V2123‘/5>Z(P|13 5) 33 2) 4) .

6.4.2. Open superstrings as a KLT formula
The Fp@-functions (6.51) in the n-point disk amplitude (6.50) are integrals of worldsheet functions X1¢
as one can readily check from their expressions in (6.24),

n—1

FpQ(a) = (2a/)"73 / dzpdzs ... dzna [] 245172955 X1 (6.66)
D(1,P,n—1,n) 1<i<y

In the same way as the X1¢ integrands are related to the Z1g functions through the KLT matrix (6.20),
one can represent the Fp@ (/) via

n—1
FpQ(a) = (22/)" 3 Z S(Q|R)1 / dzodzs ... dzp_o H |zij|*20‘/5ij Zin (6.67)
RES,_3 1<i<j

D(1,P,n—1,n)

_ dz1dzy ... dz - —on s
—(2a/\"3 E L e R || 217205 PT(1 -1

( « ) S(Q|R)1 / VOl(SLQ(R)) ; |Z ]| ( 5R7n5 n ) )
RESn—3 D(1,P,n—1,n) lsi<y
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using (6.59) at B = () in passing to the SL(2, R)-covariant last line. This identifies the integrals Fp? to be
linear combinations of Z-integrals (6.62) selected by the KLT kernel [166],

Fp=— Y S(QIR)1Z(1,P,n—1,n|1,R,n,n-1). (6.68)
ReS,_3

Hence, the n-point open-superstring amplitude (6.50) takes the form of the field-theory KLT relations [166]

‘AW(P) = Z Z(P|1,R,n,n—l)S(R|Q)1A(1,Q,n—1,n) (669)
Q,RESH_3

with one of the two SYM factors in the supergravity tree amplitude (4.159) replaced by disk integrals
A(l,R,n,n—1) — Z(P|1,R,n,n—1). This is the case for any choice of the open-string color ordering P in
(6.69) which is a spectator in the sum over permutations @, R entering the KLT kernel. We have dropped the
restriction of the disk integrals (6.49) to the (n—3)!-family of domains D(1, P,n—1,n) which was convenient
to organize the Fp@ in (6.51) into a square matrix.

Given that the KLT formula is a central tree-level incarnation of the double-copy structure in perturbative
gravity, it is tempting to interpret (6.69) as signaling the open superstring to be a double copy. Indeed, we
support the interpretation of the Z-integrals (6.62) as amplitudes in a theory of bi-colored scalars in sections
6.4.4, 7.4 and 8.6.

We conclude by illustrating the KLT products (6.68) and (6.69) through their four- and five-point ex-
amples:

Four points. Since the permutation sums over S,,_3 trivialize at n = 4 and the KLT kernel becomes a scalar
S(2]2)1 = s12, we find the simple results

F(l — 20/512)F(1 — 20/823)
F(l — 20/812 — 2(1/823)
Ay(P) = —Z(P|1,2,4,3)s12A(1,2,3,4) , (6.70)

&
I

*512Z(15 27354|15 27453) =

where we have imported the Gamma-function representation of the four-point disk integral from (6.13) in
the first line.

Five points. At five points, the permutation-inequivalent entries of the symmetric KLT kernel are S(23]23); =
512(5134523) and S(23|32); = s12513. The resulting functions Fp? and KLT representation of the disk am-
plitude are

Fp3? = —s19(s134+523)Z(1,2,3,4,5(1,2,3,5,4) — s125132(1,2,3,4,5|1,3,2,5,4) (6.71)
Fy3? = —5195137(1,2,3,4,5[1,2,3,5,4) — s13(s12+523)Z(1,2,3,4,5|1,3,2,5,4)

as well as

_ (Z(P1,2,3,5,4)\" [s1a(s15+S23)  s12813 A(l, )
A5(P) - (Z(P|1,3,2,5,4)) ( 512513 813(812+823>) (A(l, )) ’ (672)
6.4.3. KK and BCJ relations of Z-integrals
The KLT formula (4.159) does not manifest the permutation symmetry of the supergravity amplitude
by the sum over (n—3)! rather than (n—1)! color-orderings of the two types of SYM amplitudes.?® One can
verify on the basis of the KK and BCJ relations (5.40) and (5.62) of SYM amplitudes that different choices
of the legs (1,n—1,n) + (a,b,c) excluded from the permutation sums yield equivalent KLT formulae.

35See [182] for alternative versions of the KLT formula with manifest permutation symmetry and [219] for an early discussion
thereof in the mathematics literature.
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In the context of disk amplitudes, the KLT formula in (6.69) ultimately applies to the n-point correlator
(6.1) in the amplitude prescription (3.75),

dz1 dzp—1 dzy
= PT(1 -1 A(l -1 .
) = ) 2 PI R DSEQAL QL) md .y, (673

where the total Koba—Nielsen derivatives V, f discarded in the IBP procedure are not tracked,

Vo f=08.,f— 2a'fzn: ki (6.74)

i1 Pk
£k

By the discussion in section 3.4.2, the integrated correlator does not depend on the distribution of external
legs to integrated and unintegrated vertices, so the KLT representation (6.73) of the correlator is bound
to be permutation invariant. In the same way as the permutation invariance of supergravity amplitudes
originates from KK and BCJ relations of its SYM constituents, the symmetry of the correlator requires KK
and BCJ relations of the Parke—Taylor factors (6.57) modulo total Koba—Nielsen derivatives. The factors of
dz1dzp_1dzy, on the right-hand side of (6.73) are merely a reminder of the SL(2,R) frame used to define K,
in (6.1) and lead to a permutation invariant measure upon insertion into (3.75).

For a fixed choice of the integration domain D(P), the Z(P|Q) integrals (6.62) associated with different

permutations of @ = q1, g2, - . ., ¢, indeed satisfy the same relations as color-ordered SYM amplitudes. First,
cyclic symmetry and reflection parity immediately follow from the definition (6.57) of Parke—Taylor factors,
Z(P|q1) 42,43 - - -, Qn) = Z(P|q25 q3,---,qn, ql) 3 (675)

Z(P|q15q25' 7Qn) = (71)nZ(P|qua . aq27Q1) .

Second, partial-fraction rearrangements of the integrand imply,
Z(P|1,A,n,B) = (-1)BIZ(P|1,BwA,n), VAB, (6.76)

which is the direct A(-) — Z(P|-) analogue of the KK relation (5.47). Third, IBP relations as in section
6.3.1 take the form of the BCJ relations (5.62) with A(-) — Z(P|-)

n—1

0= Z(kth : ktpqanﬂj)Z(P'q% q3,---,495,91,95+1, - - - aQn) ) (677)

=2

see appendix B of [166] for a proof. By analogy with (5.55), an equivalent system of integration-by-parts
relations is furnished by
Z(PHQ,R},H) =0, (678)

see section 4.3.3 for the S bracket. The fact that Z(P|-)-integrals at fixed choice of P obey direct analogues
(6.75) to (6.78) of field-theory amplitude relations supports the interpretation of disk integrals as amplitudes
in a scalar theory.

Note that the expressions for n-point disk amplitudes in four-dimensional MHV helicities in [220] follow
from the relabeling of (6.73) involving the Parke-Taylor basis PT(1, 2, 3, R) with permutations Rof4,5,...,n
as well as the Parke—Taylor formula [221] for the dimensional reduction of the SYM amplitudes.

6.4.4. Bi-adjoint scalars from the field-theory limit of Z-integrals

The interpretation of Z-integrals (6.62) in terms of scalar field theory is further substantiated by their
low-energy limits o’ — 0, where tree-level amplitudes of bi-adjoint scalars are recovered. More specifically,
we encounter the theory of bi-adjoint scalars ® := @i‘ati@)f" taking values in the tensor product U(N)x U (N)

of color groups with associated structure constants f;;, and fabe, ie. [t 7] = fijrt® and [f%, 2] = Fapete.
The Lagrangian defining the bi-adjoint theory features a cubic interaction

1 1 =
£¢S = 58,”(1)“@8’"@“,1 + gfijkfabcq)i\aq)j\bq)k\ca (679)
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and by the two types of adjoint indices of the scalars, its tree amplitudes can be expanded in terms of two
species of independent traces involving either ¢* or t%,

MP =3 T )T EQm(L, PLQ), P =t e Q= flmie o1 (6.80)
P.Q

This doubles the color-decomposition of open-string and gauge-theory tree amplitudes in (3.78), and the
color-independent building blocks m(A|B) are referred to as doubly-partial amplitudes [35]. From the Feyn-
man rules of the Lagrangian (6.79), the doubly-partial amplitudes solely depend on the s;;. 1 via propagators
of tree-level diagrams with cubic vertices or cubic diagrams for short.

Also the field-theory limit of disk integrals (6.62) yields kinematic poles that correspond to the prop-
agators of cubic diagrams (or planar binary trees) [147, 222, 192]. These poles appear only in the planar
channels of the associated planar binary trees, corresponding to groups of adjacent external particles in the
planar trees. Luckily, these adjacent poles in the field-theory limits of the disk integrals®® (6.62) admit a
nice combinatorial expansion encoded in the doubly-partial amplitudes [35]

Jim Z(P|Q) = m(P|Q). (6.81)

In other words, the bi-adjoint scalar theory (6.79) gives the field-theory limit of Z-integrals, as expected
from the early discussions of [147, 222]. Hence, bi-adjoint scalars furnish the low-energy limit of Z-theory.

Berends—Giele double currents. While the kinematic poles in Z-integrals have been systematically studied
at various multiplicities from several perspectives [216, 192, 166, 223], the straightforward Feynman-diagram
expansion and rich combinatorial structure of the doubly-partial amplitudes make (6.81) a rewarding short-
cut for the computation of field-theory limits. In particular, we shall now introduce Berends—Giele double
currents that encode the planar-binary-tree expansion of m(P|Q) and offer a highly efficient approach to
the kinematic poles of Z-integrals.

The field equation following from the Lagrangian (6.79) can be written as

06 = [@, ], (6.82)

where we define [®, ] := (P, P, — 1o Pip) 't ® tf? for @ := @i‘ati ® . A solution to the non-linear
field equation (6.82) can be constructed perturbatively in terms of Berends—Giele double currents ¢ pjq with
the ansatz [224],

O(X) =) dpot’ @I0ekr X P =gz grie (6.83)
PQ

which generalizes the perturbiner expansion (4.93) in SYM to two species of Lie-algebra generators. Since
the ansatz (6.83) contains the plane-wave factor e*#'X (as opposed to e*@'X), the coefficients ¢p|@ must
vanish unless P is a permutation of ) in order to have a well-defined multiparticle interpretation, i.e.

dpig =0, ifP\Q#0. (6.84)

Plugging the ansatz (6.83) into the field equation (6.82) leads to the following recursion [224]

1
dpiQ = - Z Z (px1a0v|8 — (X V), Pifj = ij (6.85)

XY=P AB=Q

see (3.107) for the definition of multiparticle Mandelstam invariants sp. The recursion terminates with the
single-particle double current subject to the linearized equation gy jeki'X = 0 such that k? = 0, and we

36The factor of (2a’)"~3 in the definition (6.62) of Z(P|Q) guarantees that the leading term in the low-energy expansion is
of order s?j_”, without any accompanying factors of o'.
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can pick normalization conventions where ¢;; = d;;. Given that the two entries P,Q of the currents enter
the recursion (6.85) on equal footing, the symmetry ¢;; = ¢;; propagates to arbitrary rank,

dPpriQ = ¢q|P - (6.86)

Since the summands on the right-hand side of (6.85) are antisymmetric in both X,Y and A, B, the shuffle
symmetry
baupo=0Y A, B#0, bapug =0V P,Q #0 (6.87)

follows from the same type of combinatorial proof as given for the Berends—Giele currents of SYM below
(4.132). In particular, Schocker’s identity [176] can be applied to both slots to infer

from (6.87), see (4.105) for the analogous identity for SYM currents. Upon setting B — ) in the first identity
or @ — ) in the second, (6.88) specializes to the reflection identities

dailQ = (_1)|A|¢iA|Qa Yalpi = (—1)|P‘¢A|“5. (6.89)

The symmetries (6.87) generalize the standard Berends—Giele symmetry to both sets of color generators
and guarantee that the ansatz (6.83) is a (double) Lie series [167], thereby preserving the Lie-algebra-valued
nature of ®(X) in (6.82) w.r.t. both ¢’ and £°.

Examples of Berends—Gliele double currents. Based on ¢;; = d;5, the simplest application of the recursion
(6.85) leads to rank-two double currents:

1

512

1

1
; Qi1 = £(¢1|2¢2|1 — Paj201)1) = T (6.90)

¢12|12 = ;E(¢1\1¢>2|2 - ¢2\1¢1\2) =

At rank three and four, it is straightforward to work out examples such as

1 1 1 1 1 1 1 1 1
$123)123 = —(— + —) y $12341234 = ( + + + + ) )

5123 \ 512 523 51234 V5123512 5123523 512534 5234523 5234534
1 1 1 1
¢123\132 = - , ¢1234|1243 = - ( =+ ) . (6-91>
5235123 51234 \ 512534 5234534

Berends—Giele double currents from planar binary trees. As pointed out in [156], the Berends—Giele double
currents ¢p|g can be obtained from the planar-binary-tree expansions given by the b map (4.125) as

ppig = (b(P), Q) = (P,b(Q)), (6.92)

where (-,-) denotes the scalar product of words (C.11), and the symmetry ¢pjq = ¢q|p of (6.86) is a
consequence of the self-adjoint property (4.127) of the b map. In addition, the shuffle symmetry (6.87)
follows from the property b(R L .S) = 0 proven in (4.132).

For an example application of (6.92), using the expansion (4.126) for b(123) we get

([[1,2],3],132) + ([1,[2,3]],132) = — !

P123132 = (b(123),132) =
5125123 5235123 5235123

(6.93)
as ([[1,2],3],132) = (123 —213—312+321,132) = 0 and ([1, [2, 3]], 132) = (123 — 132 —231+4321,132) = —1.

We will see later in (8.91) that there is a generalization of the relation (6.92) between planar binary trees
and the Berends—Giele double current to a series expansion in «’.
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Berends—Giele formula for doubly-partial amplitudes. Similar to the Berends—Giele formulae (5.1) in gauge
theory, the double currents of bi-adjoint scalars yield their doubly-partial amplitudes via [224]3"

m(P,n|Q,n) = lim spop|q. (6.94)
sp—0

We reiterate that ¢;; = d;;, and ¢p|q vanishes unless P is a permutation of ) such that sp = sq. By the
cyclic symmetry of m(R|S) in both words R and S, there is no loss of generality in assuming their n-point
instances to take the form m(P,n|Q,n), where |P| = |Q| = n—1.3®

It is easy to see using the symmetries (6.87) obeyed by the double currents that the m(P,n|Q,n) in
(6.94) obey KK relations independently in both sets of color orderings. Moreover, the Cachazo—He—Yuan
(CHY) representation of doubly-partial amplitudes lead to BCJ relations in both entries [35],

m({A, B},n|Q) = m(A|{P,Q},n) =0. (6.95)

As an earlier alternative to (6.94), doubly-partial amplitudes m(R|S) can be determined from the algorithm
described in [35] based on drawing polygons and collecting the products of propagators associated to cubic
graphs which are compatible with both of R and S as planar orderings. Their overall sign, however, requires
keeping track of the polygon orientations.

As the main result of this section, by combining (6.81) with (6.94) we get

Proposition 20. The field-theory limit of the n-point disk integrals (6.62) is given by
al/lgoZ(P, n|Q,n) = SEE}O 5pop|Q - (6.96)

Ezamples of field-theory limits. Typical expressions for doubly-partial amplitudes or field-theory limits of
Z-integrals are illustrated by the following examples at four points

1 1 1 1
lim Z(1234|1234) = — + —, lim Z(1234|1243) = ——, lim Z(1234[1423) = ——, (6.97)
a’—=0 512 S923 a’—0 512 a’—=0 S23
at five points
1 1 1 1 1
lim Z(12345|12345) = + + + + , (6.98)
a’—0 512534 523545 534551 545512 551523
1 1
lim Z(12345|12354) = — — , lim Z(12345|13524) =0
a’—0 512845 523545 a’=0
and at six points
. 1 1 1
lim Z(123456|134256) = — —+— . (6.99)
a’=0 5234834 \ S56  S61

Relation to the inverse KLT kernel. As another central result of [35], doubly-partial amplitudes of bi-adjoint
scalars are related to the inverse of the KLT matrix (4.160). More specifically, bases of m(P|Q) under BCJ
relations (6.95) form invertible (n—3)! x (n—3)! matrices with entries given by

m~(1,R,n—1,n|1,Q,n,n—1) = —S(R|Q); . (6.100)

The particular choices of BCJ bases on the left-hand side are consistent with the fact that the recursion
(4.160) for the KLT matrix is tailored to the same BCJ bases of SYM amplitudes in (4.159). By (6.81),

37The convention for the sign of the Mandelstam invariants here is such that mere (P, n|Q,n) = (—1)!Flmthere(P n|Q,n) in
comparison with the normalization of [35).

38While cyclic symmetry of m(R|S) is not manifest from the Berends—Giele formula (6.94), it is built in from the definition
(6.80) of doubly-partial amplitudes due to the cyclicity of the traces in ¢ and .
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this implies that field-theory limits of disk integrals can also be assembled from the KLT matrix as firstly
pointed out in [166].

As another consequence of (6.100), the relation (6.68) between the disk integrals Fp? in terms of their
Parke—Taylor analogues Z can be inverted to give [225]

Z(1,P,n—1,n|Q) = Y m(Q|L, R,n—1,n)Fp", (6.101)
R

which is for instance instrumental to convert results on the o’-expansions of both sides. Moreover, the
appearance (6.81) of doubly-partial amplitudes in the field-theory limit of Z-integrals can be derived from
(6.101) and the field-theory limit (6.52) of Fp® on the right-hand side. This is not a circular conclusion
since (6.52) is a necessity for the consistent reduction of open-string amplitudes to those of SYM under
(6.50), and we will furthermore substantiate (6.52) through the method for its o/-expansion in section 8.5.

Inverse KLT matriz and Berends—Giele double currents. In terms of the Berends—Giele double currents the
statement in (6.100) translates to the observation in [156] (see also [224]) later proved in [157]:

Lemma 13. The matriz of Berends-Giele double currents ¢;pi;r of (6.92) is the inverse to the standard
KLT matriz S(R|Q); of (4.171)

Z ¢ipirS(R|Q)i = dpq - (6.102)
R

Proof. Taking the scalar product with iP of the result /(iR) = > SY(iR)iQ)b(iQ) from lemma (4.180),
we get (iP ((iR)) = > g SC(iR)iQ)(iP,b(iQ)). That is, 0pr = >0 S(R|Q)i¢(iQiP), where we used that
SiR[iQ) = S(R|Q); in (4.171) and (iP,b(iQ)) = ¢(iQiP) in (6.92). O
A positive aspect of the formula (6.102) identifying the Berends—Giele double current as the inverse of
the KLT matrix is that there is no need to choose the relative positions of 1,n—1,n like in (6.100) as no
extraneous labels are present in (6.102). Moreover, this identity allows us to invert the relation (4.182),

Vip = Z S(P|Q)iMiq = Mip= Z¢iP|z‘QViQ ; (6.103)
Q Q

directly without reference to extra labels.

6.5. The field-theory limit of the superstring disk amplitudes

On the one hand, as reviewed in section 5.2, a closed formula for SYM tree-level amplitudes can be
obtained using pure spinor cohomology methods as

A2, n=1n) = (Eia.naVa) = > (MxMyM,). (6.104)
XY=12..n—1

On the other hand, we know that the SYM tree-level amplitudes are obtained as the limit o’ — 0 of the
superstring amplitude (6.64). In the non-local KLT-representation (6.69) of the string amplitude, this follows
from the field-theory limit (6.81) together with the inverse relation (6.100) between the KLT matrix and a
(n—3)!? basis of doubly-partial amplitudes of bi-adjoint scalars.

The goal of this section is to give an alternative proof and to recover the cohomology formula (6.104) of
SYM amplitudes from the local representation of the string amplitude

AL2,.. o)== Y > (ixV, g V) (=D Z(1,2,.. . n[1, X, n, Y, n-1). (6.105)
PESn—3 XY =p(23...n—2)

Proposition 21. The field-theory limit of the pure spinor superstring amplitude in its local representation
(6.105) yields the SYM tree-level formula (6.104)
limO.A(l,Q,...,n) =A(1,2,...,n). (6.106)
o’ —
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Proof. The field-theory limit of the Z-integral in (6.105) with the canonical ordering P = 12...n in the
domain is given by (6.96),

lim Z(l, 2, ey TL|Y, Tlfl, 1, )(7 TL) = 512...n71¢12...n—1|Y(n—1)1X 5 (6107)

a’—0

where we cyclically rotated 1,X,n,Y,n—1 — Y,n—1,1, X, n to attain the form of Z(...,n|...,n) with
matching end labels. Note that when the domain is the canonical ordering, the deconcatenation formula
(6.85) for 12, n—1]y(n—1)1x simplifies due to the constraint (6.84) and we get s12..n—1012. .n—1]y(n—1)1Xx =
— 141X PB(n—1)|Y (n—1) Where AB = 23...n—2 with |A| = |X]|, |B] = |Y|. This means that we can write

lim Z(1,2,...,n|Y,n—1,1, X = — . _ 1
a’lgo (’ ) ,n| ,n—1,1,X,n) AB?% 72¢1A\1X¢(n,1)3|(n,1)y, (6 08)

where we used the reflection property (6.89) to rewrite ¢p(n—1))yn-1) = ¢(n71)3|(n71)};, and only a single
term contributes to (6.108) where |A| = |X| and |Y'| = |B|. Therefore the limit of the string tree amplitude
(6.105) as o’ — 0 becomes

lim A(1,2,...,n) = Z Z Z <(¢1A|1XV1X)(¢(n—1)f}\(n_1){/Vn—1,{/)Vn>(*1)|Y‘

a’—0
pESn_3 XY=p(23...n—2) AB=23..n—2

) <(XC: ¢1A10V10) (=17 (XD: ¢<n—1>é(n—1>DV<n1>D) Vo) (6.109)

AB=23..n—2
= > Ma)PIM, ) pVa) = Y (MxMy V)
AB=23..n—2 XY=12..n—1

= <E12,..n71Vn> = A(l, 27 cee 7”) )

where (6.84) implies that C' and D in the second line only need to be summed over permutations of A and
B, respectively. We could therefore insert

Y duapcVic =Mia, Y S iysim-vypVin-1p = M_1)5 (6.110)
C D
from (6.103) followed by M(nfl)B = (—1)|B‘MB(n,1) which finishes the proof. O

The above proof is valid for the canonical ordering P = 123...n due to (6.107). The generalization of
the relation (6.106) for a general color ordering P was proposed in [224], see (7.42).

7. String and field-theory amplitude relations

In this section, we review the rich interplay of the results in the previous section with amplitude relations
in field and string theory. Section 7.1 is dedicated to the color-kinematics duality in gauge theory and
explicit realizations of kinematic Jacobi identities through the local representation of disk amplitudes in the
o’ — 0 limit. We focus on gravitational amplitudes in section 7.2, briefly review the KLT relations between
open- and closed-string tree amplitudes and extract the cubic-diagram organization of the gravitational
double copy from different representations of closed-string amplitudes. In section 7.3 we shall review the
monodromy relations between open-superstring amplitudes with different disk orderings which furnish an
elegant derivation of the BCJ relations among gauge-theory amplitudes.

The structure of disk amplitudes has implications for field-theory double-copy relations beyond gauge
theories and gravity. In section 7.4, we shall discuss different representations of Born—Infeld amplitudes
and manifest the color-kinematics duality of the non-linear sigma model of Goldstone bosons. Finally, the
applications of the disk correlator for heterotic string theories will be discussed in section 7.5, along with
the resulting amplitude relations for Einstein—Yang—Mills theory.

The discussions of this section does not rely on the detailed structure of the low-energy expansion of
string tree amplitudes. As will be detailed in section 8, the coefficients in the o/-expansion of disk and sphere
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integrals exhibit an elegant pattern of multiple zeta values (MZVs). By organizing the string-corrections to
SYM and supergravity amplitude according to their MZV content, we will find echoes of the field-theory
structures of this section at all orders in o/, see section 8.4.

7.1. Color-kinematics duality

This section is dedicated to an explicit realization of the color-kinematics duality in SYM tree amplitudes,
based on the o/ — 0 limit of superstring disk amplitudes. As we will see, this field-theory limit will naturally
generate parameterizations of SYM amplitudes in terms of cubic diagrams whose kinematic factors obey the
same Jacobi relations as their color factors. The BCJ numerators we will derive are simple combinations
of the local building blocks (V; AVi-1, BVy) in pure spinor superspace descending from the (n—2)!-term
representation (6.8) of disk amplitudes.

7.1.1. Review of the color-kinematics duality

Our perspective on scattering amplitudes in gauge theories dramatically changed due to the seminal
conjecture of Bern, Carrasco and Johansson in 2008 that their kinematic dependence can be arranged to
exhibit the same symmetries as the color factors [29]. This color-kinematics duality holds for a variety
of tree-level amplitudes and loop integrands of gauge theories with different numbers of supersymmetries.
Together with the closely related gravitational double copy to be reviewed in section 7.2 below, the color-
kinematics duality led to a large web of connections between field and string theories, see [30, 31] for reviews
and [32] for a white paper.

Already at tree level, the color-kinematics duality is obscured in a Feynman-diagrammatic computation
of (n > 5)-point amplitudes. The string-theoretic approach reviewed in this section led to the first explicit
realizations of the color-kinematics duality in multiparticle tree-level amplitudes in 2011 [226]. In the first
place, these results apply to ten-dimensional SYM, but they straightforwardly propagate to dimensional
reductions including N' = 4 SYM in four dimensions. In fact, the manifestations of color-kinematics duality
in this section also apply to pure Yang—Mills since its gluon amplitudes are the same as in maximally
supersymmetric gauge theories.

Cubic-diagram parameterization. The color-kinematics duality relies on an elementary observation on tree
amplitudes or loop integrands of pure or supersymmetric YM theory: any dependence on the adjoint degrees
of freedom (or color dependence in short) of the external states occurs via contractions of the structure
constants f2*°. In Feynman diagrams with exclusively cubic vertices, these contractions are straightforwardly
determined by dressing internal lines with 6% and vertices with fb°.

While any non-abelian gauge-theory Lagrangian features a quartic interaction ~ Tr([A™, A™][An,, Ay)),
its color structure fo%€ fe°? still resembles cubic diagrams. Each quartic vertex bypasses one of the propa-
gators of the cubic diagrams, but one can still enforce a uniform number of propagators for all gauge-theory

diagrams by inserting 1 = Z—i with suitably chosen momenta p for each quartic vertex. As illustrated in figure
5, this amounts to expanding each quartic-vertex contribution in a channel 1 = =

~== that is compatible with
d

the accompanying color factors.

Hence, it is always possible to parameterize gauge-theory trees and loop integrands in terms of cubic
diagrams ¢ whose propagators D; and color factors ¢; can be straightforwardly read off from the cubic
vertices and internal lines. For color-dressed tree amplitudes, this parameterization reads’

IV
MgEe = N %. (7.1)
iel, = °

The associated kinematic numerators IN; encoding all the dependence on momenta and polarizations receive
contributions from various Feynman diagrams with different numbers of quartic vertices. The symbol I';, in

39We depart from our notation M, for color-dressed SYM amplitudes to later on compare M5*"&® in (7.1) with gravitational
amplitudes ME™ and those of bi-adjoint scalars in (6.80).

100



[\
w

2 3 2 3
(k‘1+k‘2)2
GG - k)
1 4 1 4
1 4
2 3
2 3
(ko + k3)?
= Ttk = (et k)”
1 4
1 4

Figure 5: Two possibilities of expanding a quartic vertex: the first line is compatible with a color factor fa142bfbazas while
the second line captures the second term in rewriting the color factor as f*193b fbazaa _ fazasb fbaias yia the Jacobi identity.

the summation range of (7.1) denotes the set of (2n—5)!! cubic tree diagrams with n external legs that are
inequivalent under flips of cubic vertices.
However, the Jacobi identity

fabefecd + fbcefead 4 fcaefebd =0 (72)

introduces ambiguities in the alignment of quartic-vertex contributions with the propagator structure of
cubic diagrams. These ambiguities illustrated in figure 5 lead to immense freedom in moving terms between
the N; of different cubic diagrams. This freedom was initially referred to as generalized gauge invariance
[29, 227, 228] and later on related to non-abelian gauge transformations of perturbiners [84], for instance
the transformation (4.112) mediating between Lorenz and BCJ gauge (see [85] for an all-order expression).

color Ci . Cj . Ck . ci+cj+c=0
kinematics N; N; Ny, N;i+N; + N, =0

Figure 6: Triplets of cubic graphs whose color factors ¢; and kinematic factors N; are both related by a Jacobi identity if the
duality between color and kinematics is manifest. The dotted lines at the corners represent arbitrary tree-level subdiagrams
and are understood to be the same for all of the three cubic graphs.

Kinematic Jacobi identities. For all triplets of cubic diagrams ¢, j, k € I';, that share all propagators except
for one, see figure 6, the Jacobi identity (7.2) implies that the associated color factors obey ¢; +¢; 4+ ¢ = 0.
According to the color-kinematics duality, one can choose the numerators N in (7.1) such that the kinematic
Jacobi identity N; + N; + Ny, = 0 holds for each such triplet 4, j, k. Moreover, the antisymmetry f abe — flabe]
implies that color factors ¢; change their sign upon flipping any of the cubic vertices. Kinematic numerators
with manifest color-kinematics duality are understood to also change N; — —N; under flips of cubic vertices
in diagram ¢. In other words,

ci+ci+c=0 = N;+N;+N,=0Vij5kecl,,
G ——¢ — N;,—-N;Viel,.
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Ezamples up to four points. The three-point instance of the gauge-amplitude parameterization (7.1) in ten-
dimensional SYM reduces to a single diagram without any propagators D; — 1, with color factor ¢; — f123
and kinematic numerator

N; = (ViVaVis) = (e1 - ka)(ea - e3) + eT* (x2vmXs) + cyce(1,2,3). (7.4)

Here and below, we use the shorthand a; — i for the adjoint indices of the i*" external state, e.g. write f123
in the place of f®19293,

The first instance of quartic-vertex contributions arises at four points. The parameterization (7.1)
comprises three diagrams in the s-, - and u-channel associated with inverse propagators s = s13, t = S23
and u = s13 = —s — t,

Ngcg " Nicy n Nycu .

gauge __
My =
S t u

(7.5)
The color factors are indexed by the relevant channel, and their Jacobi identity literally matches (7.2)

Co = f12afa34
ce = fRafrlt b = citete=0. (7.6)
Cou = f31afa24

One admissible choice of numerators in ten-dimensional SYM reads
Ny = (ViaVaVa), Ny = (VasViVa), Ny = (Va1V2Vy), (7.7)

and they obey the kinematic Jacobi identity by BRST exactness of [159]

1
N+ Ni + Ny = (V12Va + VazVi + Va1 V) Vy) = *£<Q(V123V4)> =0 (7.8)
using (4.73) and s13 4+ S23 = —$12 in the momentum phase space of four massless particles. Still, any

other choice of { Ny, Nt, N,,} besides (7.7) that yields the same amplitude (7.5) will obey kinematic Jacobi
identities: this can be seen by adding 0 = K (2% 4 £ 4 Yeu) o ™ with an arbitrary kinematic factor

K which modifies the numerators in (7.5) by 6N, = sK, éN; = tK and 0N, = uK. The modification to
the triplet in the kinematic Jacobi identity (7.8) then vanishes by momentum conservation,

d(Ns+ Ny +Ny)=K(s+t+u)=0. (7.9)
Ezamples at five points. At five points, the cubic-diagram parameterization (7.1) involves 5!! = 15 terms
N c N c N c
MEE — 12|3]145€12|3]45 " 14|3|125€14|3|25 " 15|3|24C15|3|24 +eye(1,2,3,4,5) (7.10)
512545 514525 515524
with color factors cupjq)gn = fabi fidi £i9h subject to Jacobi identities Cab|[d|gh] = Clabld)lgh = 0. However,

generic choices of kinematic numerators Ny 44, — say a naive Feynman-diagram computation or a crossing
symmetric choice Ngpjgjgn — (VapVaVygn) — will fail to obey kinematic Jacobi identities even though they
yield the correct color-dressed amplitude (7.10).

Still, reparametrizations of the amplitude (7.10) will generically modify the three-term sum of numerators
that decide about kinematic Jacobi identities: adding 0 = K45(512225f5‘45 + 522;:;115‘45 + Slzf:;f;“) with some
kinematic factor K45 modifies three of the numerator factors, 6 Nigj3145 = s12K45, 0 Na31)45 = s23 K45 and
ON31|2145 = s13K45, while leaving the remaining 12 inert [229]. The sum of the three numerators which
vanishes in a manifestly color-kinematics dual parameterization is modified by the above reparametrization
via

0(N12j3ja5 + Nagj1jas + Naijojas) = (S12 + S23 + 513) K5 = s45 K45 # 0. (7.11)

One can similarly check that, in the naive crossing-symmetric choice Ngpjqjgn — (VapVaVyn), the superspace
expression (Vi2Vs + VasVi + V51V2)Vys is not BRST closed. In this way, the validity of the kinematic
Jacobi identity Nj23)45 = 0 is seen to be gauge dependent. Hence, it is generically a matter of a suitable
parameterization of the gauge-theory amplitude whether the color-kinematics duality is manifest or not.
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Relation to the color decomposition. In order to extract color-ordered gauge-theory amplitudes A(1,2,...,n)
from the cubic-diagram representation (7.1) of the color-dressed amplitude, one relies on the unique expan-
sion of the color factors ¢; in terms of traces of gauge-group generators Tr(t”) = Tr(tP1¢P2...tP»). The
above four- and five-point examples give*°

cs = Tr(t 263t — t1 124443 — 2414310 4 2414143) (7.12)
Craapas = Tr(E PP tH° — 1205301 — 21153410 + 203101Y) — (112 o '),

see section 2.1 of [230] for a general algorithm for arbitrary color factors ¢;. Hence, the color-ordered
amplitudes obtained from (7.1) are sums of diagrams

N;
A(P) = Z Fci ’Tr(tp)’ (713)
i€l, ¢
where the coefficients take values in ¢; ’Tr( +P) € {0,1,—1}. The four- and five-point instances in the above
notation
Ns N,
A(1,2,3,4) = =2 — Tt , (7.14)
S
Ni2j3145

A(1,2,3,4,5) = + cye(1,2,3,4,5)

512545
are clearly invariant under the reparametrizations ~ K, K45 of the numerators in the color-dressed amplitude.

BCJ amplitude relations from the color-kinematics duality. The BCJ relations (5.62) among color-ordered
gauge-theory amplitudes were firstly derived in [29] by assuming the existence of color-kinematics dual

numerators (7.3). For instance, inserting N,, = —N; — N, into
N, N N, N,
A(1,2,3,4):——7t, A(2,3,1,4):7t—— (7.15)
s u

leads to the BCJ relation A(2,3,1,4) = 2A(1,2,3,4). However, BCJ relations are gauge-independent
statements, i.e. they affect color-ordered amplitudes which do not depend on reparametrizations of (7.1).
Hence, the gauge dependent kinematic Jacobi relations cannot be necessary conditions for BCJ amplitude
relations. Instead, they are sufficient conditions as shown in [29].

7.1.2. DDM form of YM and bi-adjoint scalar amplitudes

In preparation for our proof that the o’ — 0 limit of disk amplitudes yields numerators N; subject to all
kinematic Jacobi relations, we introduce the so-called Del Duca-Dixon-Maltoni (DDM) representation of
color-dressed gauge-theory amplitudes. The color decomposition of MEg*'&® in terms of (n—1)! color traces
does not expose that the latter conspire to products of n—2 structure constants as required by Feynman
rules. Only after exhaustive use of KK relations (5.40) among color-ordered amplitudes, one can see that
the color decomposition simplifies to contracted f?*¢ in the coefficients of the KK independent A(1, P,n)
with P € S,_2 a permutation of 2,3,...,n—1. This kind of reduction by KK relations is known as the
DDM form [195]

MES = 37 cippA(LP),  eyppy = fY L e prrean (7.16)
PeS,_2

where the color factor ¢ pj,, with P = paps ... pn—1 corresponds to the cubic diagram of half-ladder topology
in figure 7 below. In fact, the collection of {ci|p},,, P € Sn_2} furnishes an (n—2)!-element basis of all the
(2n—5)!! color factors ¢; under Jacobi identities.*! Accordingly the (n—2)!-family of half-ladders in figure 7
is referred to as the master diagrams.

40We are following normalization conventions [t?,t?] = f*b°t¢ and Tr(t*t®) = §%° which leads to Tr(t![t2,t3]) = £123 at three
points and the coefficients £1 in (7.12).

41 This is a consequence of the fact that arbitrary Lie monomials built from non-commuting 1, ¢*2, ..., t'k can be expanded
in a Dynkin bracket basis of [[... [[t!, t?(?)],tP(®)], ... tr(k=1)] tP(K)] see section 4.1.5.
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Figure 7: Master diagrams whose color factors ci|p|, defined in (7.16) are independent under Jacobi relations.

In the same way as (7.16) follows from KK relations of the color-order amplitudes in M%*'8° one can
start from the double color decomposition (6.80) of bi-adjoint scalars and exhaustively insert KK relations of
their doubly-partial amplitudes m(A|B). After expanding both entries A and B in (n—2)!-term KK bases,
(6.80) takes the form [35]

M= 3" eypam(l, Ponll,Q,n)é g (7.17)
P,QESn—2

by analogy with (7.16), where ¢|q|,, is the half-ladder in figure 7 with fabe in the place of fik.
At the same time, color-dressed ¢> amplitudes can be written as

3 CiC;
M? = Z F (7.18)
el
as one can see from the straightforward Feynman-diagram computation with only one cubic vertex ~ f“* f abe
in the Lagrangian (6.79). While (7.18) involves the complete (2n—5)!!-element collection of ¢;, ¢; with i € T,
related by Jacobi identities, the equivalent form (7.17) of M,‘fd only features the color factors ¢y|pj,, ¢1jQn
of the master diagrams in figure 7 under Jacobi relations. Hence, by equating (7.17) and (7.18), the doubly-
partial amplitudes m(1, P,n|1,@,n) turn out to summarize the net effect of solving all Jacobi relations.
The last observation can be used to rewrite the color-dressed gauge-theory amplitude (7.1): in a color-
kinematics dual representation with N; obeying the same Jacobi identities as ¢;, the expansion of M&*"&¢ in
terms of color and kinematic factors of master diagrams must take the form

Msauge = Z c1|p‘nm(1,P,n|1,Q,n)Nl‘Q‘n. (719)
P,QeSn—_2

This can be understood from the fact that (7.17) follows from (7.18) solely by application of Jacobi identities
among ¢;, irrespective of their detailed form, and our assumption that the IV; obey the same Jacobi identities
as the ¢;. The (n—2)!-family of Ny, in (7.19) is again associated with the half-ladder diagrams in figure 7
and referred to as master numerators. Indeed, all the (2n—>5)!! instances of N; in a color-kinematics dual
parameterization (7.1) must be combinations of Ny g, with coefficients in {0, 1, —1} determined by (7.19).
In other words, any parameterization (7.19) of gauge-theory amplitudes implies all kinematic Jacobi relations
of the cubic-diagram numerators since the same is evidently true in the ¢* case (7.17) and (7.18).

In summary, we have encountered two representations of color-dressed tree amplitudes of gauge theories
and bi-adjoint scalars: cubic-diagram expansions (7.1) and (7.18) related by trading kinematic numerators for
another species of color factors ¢; <> N;. While cubic-diagram expansions still exist if some of the kinematic
Jacobi relations are violated, the (n—2)!2-term representations (7.17) and (7.19) are tied to Jacobi relations
reducing all of ¢;, ¢;, N; to an (n—2)! basis. One can again relate the gauge-theory amplitude (7.19) to the
bi-adjoint scalar amplitude (7.17) by exchanging the kinematic master numerators with corresponding color
factors, Nl‘Q‘” A4 &1|Q|n-

7.1.8. Local BCJ numerators from disk amplitudes
We shall now take advantage of the representation (7.19) of color-dressed gauge-theory amplitudes to
retrieve the Jacobi relations of the kinematic numerators obtained from the o/ — 0 limit of n-point disk
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amplitudes (6.8). By matching the DDM form (7.16) of color-dressed gauge-theory amplitudes with the
expansion (7.19) in terms of master numerators, color-ordered n-point amplitudes are found to take the
form
An(P)= > m(P|1,Q,n)Nyqp, - (7.20)
QESn—2

We also made use of the linear independence of the color factors ¢y pj, associated with the master diagrams
in figure 7 and the fact that A(P) and m(P|1,Q,n) obey the same KK relations in P.

It turns out that (7.20) is precisely the form of A(P) obtained in the field-theory limit of disk amplitudes:
as detailed in section 6.4.1, adapting (6.8) to a generic SL2(R) frame leads to the (n—2)! term representation
(6.64) of n-point disk amplitudes in terms of Parke-Taylor or Z-integrals (6.62) [166]

An(P)y = (=DM Z(PI1, X,n, Y, n=1)(VixV,,_1)3 V) + perm(2,3, ... ,n—2), (7.21)
XY=23..n—-2

for instance

As(P) = —Z(P|1,2,4,3)(V12VaVy) + Z(P|1,4,2,3)(V1Vaa Vi) , (7.22)
As(P) = —Z(P|1,2,3,5,4)(Vi2sVaVs) + Z(P|1,2,5,3,4)(ViaVasVs) — Z(P|1,5,2,3,4)(ViVizaVs) + (2 < 3),
As(P) = —Z(P|1,2,3,4,6,5)(Vi234V5Vs) + Z(P|1,2,3,6,4,5)(Vi23V54V5)

— Z(P|1,2,6,3,4,5)(Vi2aVsa3Vs) + Z(P|1,6,2,3,4,5)(V1Vsa32 Vi) + perm(2, 3, 4) .

Here and in later equations, the sum over permutations of 2,3,...,n—2 is understood to not act on the
labels in the integration domain P.

Given that the field-theory limit (6.81) of the Z-integrals yields doubly-partial amplitudes, the SYM
amplitudes resulting from (7.21) are given by

A, (P) = Z (—)YH (P11, X, n,Y, n=1)(VixV,_1y7Va) +perm(2,3,...,n-2)

XY=23..n—-2

QESn—2

with master numerators [226]

Nyjxnyin-1 = ()M Vix Vi, 15 Va), (7.24)

for instance ‘
Nij23. jn(+1)..m—2jn-1 = (71)’”_]_1<‘/12...jvn71,n72...j+1vn>- (7.25)
The second line of (7.23) exposes the expansion of A(P) in an (n—2)! family of m(P|1,Q,n—1) (with Q a
permutation of 2,3,...,n—2,n) characteristic to color-kinematic dual representations of SYM amplitudes.

Since (7.23) is related to the color-kinematics dual form (7.20) via n <> n—1, we identify the local superfields
(7.24) as the BCJ master numerators of the half-ladder diagrams in figure 7 with n—1 in the place of n. In
fact, by the diagrammatic interpretation of Vp in figure 1, the right-hand side of (7.24) organizes the master
diagrams into three subdiagrams as visualized in figure 8.

We spell out the simplest examples at four points

Nijoaz = —(Vi2VaVi),  Nyjaggs = (ViVsaVa) (7.26)
and at five points

Nijggsia = —(Vi2aVaVs),  Nijossja = (ViaVasVs),  Nijsazje = —(ViVizaVs) , (7.27)
Nyjsosja = —(VisaVaVs),  Nyssoa = (VisVaeVs), Nyjssga = —(ViViasVs) .
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\ : — V2 iVa—in—2.j+1Va)
n—1 i

Figure 8: The mapping between master numerators and expressions in pure spinor superspace according to (7.25).

The superspace numerators (7.24) enter the representations (7.23) of color-ordered gauge-theory amplitudes
that are hallmarks of manifest color-kinematics duality by the discussion of section 7.1.2. Hence, the master
numerators (7.24) determine all other cubic-diagram numerators in (7.1) by a sequence of kinematic Jacobi
identities, and the coefficients can be conveniently determined by isolating the propagators of interest from
the doubly-partial amplitudes in (7.23). Moreover, the master numerators are local, i.e. free of kinematic
poles, by the construction of multiparticle superfields AL in BCJ gauge that enter Vp = A* AL see section
4.1. On these grounds, the superspace expressions (7. 24) are referred to as local BCJ numerators [226].

7.1.4. Component expansion of BCJ numerators

In order to extract the superspace components from master numerators (Vx Vy Vz), it is convenient to
combine BCJ gauge for the superfields with the non-linear version of Harnad—Shnider gauge for their -
expansion, see section 4.3 of [84] and Appendix F. In this BCJ-Harnad—Shnider gauge, the relevant orders
in 0 are,

1 1 n
Ve =S (Mmb)ep + 5 (Mm9)(97mxza) = 55 (A0 (Omngd) fp! + O(0"), (7.28)

with local multiparticle polarizations B, x%, fF™ defined by (4.122) in the place of the single-particle
polarizations el”, x&, f" in (2.17). Similar to the discussion in section 5.2.2, this organization of the

f-expansion reduces the component expansion at all multiplicities,

<VvaVZ> = —€X fmn 7 (Xx’ym)(y)ez =+ CyC(XYZ) (7.29)
to the A30° correlators (3.96) and (3.100) of the three-point amplitude [165].

7.1.5. The Mébius product

While the SYM amplitudes A(P,n) = (EpV,,) satisfy the BCJ amplitude relations, a naive relabeling of
P does not lead to numerators that satisfy the color-kinematics duality. As discussed in [226] and reviewed
above, the way string theory disk amplitudes give rise to a local representation of numerators satisfying the
color-kinematics duality is via the field-theory limit of the pure spinor parameterization of the correlator
with (n—2)! numerators of the form (VipV{,,_1)qV,) with each multiparticle vertex Vg in the BCJ gauge
reviewed in section 4.1.6. This parameterization is generated by (7.20), and its essential feature is the
distribution of the labels 1,n—1,n into three separate superfields Vi within master numerators (7.24). This
splitting can be traced back to the fixing of the Mobius invariance of the disk correlator in (3.75).

The field-theory limit of the disk integrals with different disk orderings, given by bi-adjoint amplitudes
(6.96), does not modify this label distribution in the numerators, while relabeling the color ordering of
A(P,n) in (5.14) does. Note, however, that (5.14) and the field-theory limit of the string disk amplitude
manifestly coincide for the canonical ordering P = 12...n (and in fact for a (n—3)! basis of color-orderings
P = 1R(n—1)n), as demonstrated in (6.109). Let us illustrate the above point with an example.

The pure spinor formula (5.14) for the ordering P = 12435 in A(1,2,4,3,5) = (E1243V5) yields

(V124 V3 V5) n (Vao1 VaVs) n (V12 VasVs) n (V1Va43V5) n (V1 V342 V5)
5125124 5245124 512534 524534 5345234 ’
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while the o/ — 0 limit of the superstring amplitude (6.64) with the same ordering gives, after using (6.96),
(Vi2Vag + ViagVa)Vs) (Vi Vazs + VisVaz)Vs) n (Vi2Va3Vs)

lim A(1,2,4,3,5) = (7.31)
a’'—=0 5128124 5245124 534512
~ (ViVasaVs)  (ViVaasVs)
5345234 5245234 '

These two amplitudes must be equal, but the numerators differ as only the latter preserves the superfield
structure VlAV(n_l)BVn due to fixing (21, 2n-1,2,) — (0,1,00) by Moébius invariance. Comparing both
amplitudes we see the correspondence

Vi2aVs — VigViys + ViasVay, ViVoss = —=Vi Vi3, (7.32)
Vio1Va — =V Vios — Vi3V, ViVags — —ViVass .

In [224] an algorithm was proposed that reproduces the above correspondences. The idea is to guarantee
that the two labels i and j (usually i = 1 and j = n—1) always appear in two separate vertices*2. Therefore
the algorithm redistributes the labels 7 and j between two vertices if they originally appear inside a single
vertex Via;p and does nothing otherwise. To this effect, we define the Mébius product o;; as [224]

Viajp oij Vo = Z ViarVjs , Vaig oij Vejp == VaisVeip , (7.33)
5(BI(C))=R®S

where ¢(C) denotes the letterification (C.12) of the Dynkin bracket £(C) of (C.1) and 6(P) is the deshuffle
map (C.10). Note that it is always possible to move label i to the front using (4.58), Vpig = —Vigp)o,
so these two rules are sufficient. In summary, the mapping (7.33) ensures that the labels ¢ and j are split
between the two vertices V4 and Vp in the product V4 o;; Vg. The choice ¢ = 1 and j = n—1 corresponds
to the usual fixing of the Mobius symmetry of the disk. For example applications of (7.33) we list

Vioq 014 V3 = V12 Vg + Vi23Vy, (7.34)
Vigo 014 V3 = V1Vios + ViaVis + Viag Vi + VisVas,
Vio1 014 V3 = =V1Vyas — VizVia,
Viag 014 Vo = V1Vigo + Vi3V + V12 Viz + Vi3V,
Vizg 014 Vo = VizViao + Viza Vi,
Viass 015 Va = Viaz Vg + Vigsa Vs,
Vias3 015 Vi = ViaVizq + Vi23Vss + Vi23a Vs + V124 Vs,
Visaz 015 Vi = Vi Vs34 + V12 Visza + ViazVsg + Viaza Vs
+ V124Vs3 + VisVsoa + VigaViso + ViaVsos
Viass 015 Vag = ViasVisae — ViasVsea + Viasae Vs — ViaseaVs
Vis2 015 Vaa = V1Via34 — ViVs243 + Vi2Viszs — ViaVias + Vi23aVs
— V1243Vs + V134 V52 — V143 V2 .

From the translation V4 Vp — [£(A), ¢(B)] we obtain the free-Lie-algebra interpretation the above mapping:
it is a rewriting system of nested commutators from [((iAjB),£(C)] to a basis*® of brackets of the form
[£(iP),£(jQ)]. For instance, the first example in (7.34) is equivalent to

([[1,2], 4], 3] = [[1, 2], [4, 3]] + [[[1, 2], 3], 4], (7.35)

42The third vertex V;, can always be fixed with label n by cyclic invariance.

43Despite appearances, this is not a (n — 2)! dimensional basis of the free Lie algebra but a (n — 1)! one, even after the fixing
of two letters i and j. The reason is that the lengths of P and @ are not fixed. The simplest example is the case n = 3 where
the (n — 1)! = 2 dimensional basis is [¢(1), £(23)] and [£(13), £(2)].
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1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
W + \y + v + \>>/ + \§/
5 5 5 5 5
A(12345) — (M1,21,31014VaVs) + (V1,12,3)1014Va V) + (V[1,21014 V(3,4 V5) + (Vio14Vi2 13,411 V5) i (V1014 V([2,3],4)V5)
5125123 $238123 $12834 5345234 $235234

1 4 3 2 1 4 3 2 1 4 3 2 1 4 3 2 1 4 3 2
W + \y + K/ + \>>/ + \§/
5 5 5 5 5
A(14325) = <V[[1,4;,3]014V2V5) i (Vi1,14,377014 V2 V5) n (Vi1,41014 V(3,21 Vs) 4 (Vi014Vi4 (3,211 V5) 4 (Vi014Vj[4,3],2)V5)
145134 $345134 $14523 5235234 5345234

Figure 9: The amplitudes A(12345) and A(14325) parameterized with BCJ numerators according to the M&bius map (7.36)
with ¢,5 = 1,4. The expanded numerators after applying the Mdbius product (7.33) are given in (7.37). See figure 2 for the
binary tree expansion of b(1234).

which can be explicitly verified by expanding the commutators. The correctness of the other examples can
be checked similarly. In [224], a similar interpretation was used to map the product V;4,5VcV,, to a multi-
peripheral color factor composed from a string of structure constants. The map (7.33) was then shown to
correspond to a closed formula to rewrite the multi-peripheral factors in the DDM basis of Del Duca, Dixon
and Maltoni [195].

7.1.6. Local BCJ numerators from the Mobius product

Using the Mobius product (7.33) it is easy to obtain local numerators for SYM tree amplitudes satisfying
the color-kinematics duality, and in fact the full tree amplitudes in BCJ form. To this end, for an n-point
tree amplitude, we map the planar binary trees in the expansion of b(P) in (4.125) with |P| = n—1 and the
root identified as the n-th leg to pure spinor superspace numerators as follows [224]

(I, 5] — (Vr oy Ve Vi) (7.36)

with superfields in the BCJ gauge and for arbitrary choices for 4,j (usually ¢,j = 1,n—1). The graphical
depiction is the following;:

n

(Vi osj Ve Vi)

where the blobs I' and X represent arbitrary cubic trees. For example, the expression for the amplitudes
A(1,2,3,4,5) and A(1,4,3,2,5) are obtained from s12346(1234) and s12345(1432) from (4.125) using the
prescription (7.36) with 4,7 = 1,4, see figure 9. More explicitly, after applying the Mobius product to the
numerators one gets

ViasViVs) + (ViasVaVs—VisaViVs)  (ViaVisVs) " (Vi Vaz2Vs) + (Vi VagaVs—V1 Vi3 Vs)

A(1,2,3,4,5) = <

3

5125123 5235123 512834 5345234 5345234
ViViaso Vs 4+ Vi VsV + Vig Vs Vs + Viga Vi Vs ViViza Vs + V1o Vs Vs
A(1,4,3,2,5):< 1Va32Vs + ViaVag Vs 4+ VigVao Vs + VigaVy 5) +< 1Va32 Vs + ViaVas 5) (7.37)
51485134 5345134
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n (ViVaga Vs — Vi Vaas Vs — Vias ViV + Vigo Vi Vi) n (Vi1 Vaza Vs — V1 Vaas Vs) n (V1 Vg2 Vs)

514523 5235234 5345234

which agree with the results of [226]. For instance, the numerator of the pole 1/(s345134) in the amplitude
A(1,4,3,2,5) is given by Vj1 14,3 014 V2 V5, whose evaluation via (7.33) yields

(Viag 014 Vo — Vigg 014 V2) Vs = Vi Viga Vs — ViaVisVs, (7.38)

where we used (4.55) and (4.56) to rewrite Vij 43 = Viaz — Vizs followed by the examples in (7.34).

Comparing with the parameterization of the five-point numerators nj—1 2, . 15 in [29]
n n n n n
A(1,2,3,4,5) = — 2 3 1 5 (7.39)
5125123 5235234 534512 5123523 5234534
n n n n n
A(1,4,3,2,5) = — : - ) =,
5145134 5234534 523514 5134534 5234523
it is easy to verify that the BCJ triplet identity ng — ns + ng = 0 is satisfied:
—(ViaVas Vi) — (ViViasaVs) + (ViVage Vs + ViaVag) = 0. (7.40)

All the other BCJ numerator identities can be similarly verified.

7.1.7. The field-theory limit of the superstring disk amplitude for arbitrary orderings
Finally, we define the M6bius product of Berends—Giele currents Mx o;; My by the action on the products
V4 0,5 Vp arising from the expansion (4.83) of Mx and My which extends to

B = 3" My oy My . (7.41)

XY=P

It was argued in [224] that the field-theory limit of the superstring amplitude with arbitrary color ordering
can be written as

lim A(P,n) = (ES DY) = A= (P p) | (7.42)
o' —

such that the right-hand side can be viewed as a closed-formula yielding field-theory amplitudes whose
(local) numerators satisfy the color-kinematics duality.

7.1.8. Local BCJ numerators from finite gauge transformations
In [157] a straightforward parameterization of YM tree amplitudes satisfying the color-kinematics duality
was obtained. The idea is to map the Lie-polynomial numerators I' = [['1,T'2] of the planar-binary-tree-
expansions generated by (4.125) into kinematic numerators. This can be done using the §=0 component of
the local vector potential A[’"FhF2 in the BCJ gauge of [84, 85]. In this gauge, the vector potential A is
associated to a cubic-tree Lie pofynomial I" and satisfies the same Jacobi identities of the associated color
factors but in kinematic space**. The BCJ gauge at arbitrary multiplicity was shown in [85] to be equivalent
to a standard finite gauge transformation of the SYM field A™.
Starting from the binary-tree expansion b(P)b(n), where b(n)=n is a single letter, the YM tree amplitude
AYM(P n) is obtained from the map?®
N(Tn) = (er - en), (7.43)

where e]? is the local §=0 component (4.122) of the superfield A} in the BCJ gauge reviewed in section 4.1.6.
More precisely,
AY™(P,n) = lim spN(b(P)b(n)), (7.44)

sp—0

44More recently, mapping binary trees to kinematic numerators was proposed in [231, 232] exploiting a beautiful connection
to free Lie algebras via the quasi-shuffle product [233].
45Similar maps were considered in [85].
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where the expansion of the binary-tree map b(P) decorates the color-kinematics dual numerators with
the cubic-diagram propagators. While the earlier expressions (7.29) for the components of n-point BCJ
numerators involve multiparticle polarizations of rank < n—2, the numerators in (7.43) involve rank-(n—1)
building blocks.

For example, the four-point amplitudes in the KK basis of color ordering following from (7.44) are given
by

efr er
AYM(1234) = ( .25 | “*[2*3”)62;1, (7.45)

S12 523

e e
AYM(1324) — < [[173]72] + [11[312“ ) eT ,
513 523

from which all BCJ kinematic numerator identities map one-to-one to the Jacobi identities of the associated
Lie polynomials. Similarly, the five-point amplitudes

e el e e e
AYM(12345) _ ( ([[1,2],3],4] + [1,[[2,3].4]] + [[1,2],[3,4]] + [[1,[2,3]],4] + [17[27[3741”)6?’ (7.46)
512845 523851 512534 545523 551534
m em
AYM(14325) ( [La.8.2 | C(4.3.2) | e €{11, 14,31, 2 3211>
514825 543851 514532 525543 851832
e’m e’m
AYM(13495) ( 342 | “Psaz | Dap2 | s 4211)
513525 543851 513542 525543 551542
m em
AY“112435 ( [[1,2],4],3] DJPAL$]+,[D2LM3H H1@4H$ 4$]>6 7
512835 524851 512834 535524 851834
e’m e’m
AYM(14235) ( 4123 | P | Daps | “oeens 23]1)6 ’
514835 524851 514532 535524 551532

m em
AYM(13245):( (31204 | Cuis2.4)  Clshieza) °fi 3.2, n i, [241]1)65
513545 523851 513524 545523 551524

have kinematic numerators that manifestly satisfy the color-kinematics duality. Similar expressions can be
written down at arbitrary multiplicity, and their form closely resembles the form of the amplitudes in the
Berends—Giele method, but now they arise from the planar binary tree expansion b(P).

The above BCJ representations are equivalent to

AMPY= 3" m(P[1,Q,n)(e1q - en), (7.47)

QESn_2

where the propagators are now organized into doubly-partial amplitudes instead of b(P). This representation
was studied in section 5 of [201] and generalized to tree-level matrix elements for the effective operators o/IF?
and o/*F* of the open bosonic string.

7.1.9. An explicit solution to BCJ relations in KLT form
The process of obtaining the field-theory limit (7.23) from the local (n—2)!-term representation of disk
amplitudes (7.21) can be repeated for the non-local form (6.69) with (n—3)! terms. From the low-energy
limit (6.81), we arrive at an explicit representation of the BCJ amplitude relations in terms of (n—3)! SYM
amplitudes,
AP)=- > m(P|1,R,n,n-1)S(R|Q)1A(1,Q,n—1,n), (7.48)
Q,RES, 3

of both practical and conceptual appeal.
At the practical level, (7.48) is a closed-form solution to the entirety of BCJ relations (5.55) or (5.62),
i.e. for the expansion of arbitrary color-ordered amplitudes in a prescribed (n—3)! BCJ basis. The BCJ
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relations by themselves do not offer any guidance on how to solve the huge equation system to rewrite the
(n—1)! permutations of A(P,n) in terms of the (n—3)! linearly independent A(1,Q,n—1,n). Hence, it is
beneficial to have the closed formula for the expansion coefficients in (7.48), in particular since the entries
of m(-|]-) and S(-|-)1 can be efficiently generated from the recursions (4.160) and (6.85), respectively. For
example, using (7.48) to rewrite the SYM amplitude A(24315) in the BCJ basis {A(12345), A(13245)} we
get

A(24315) = — (m(24315[12354)5(23|23) + m(24315[13254) 5(32/23)1) A(12345) (7.49)
— (m(24315]12354)5(23|32)1 + m(24315[13254)5(32(32)1) A(13245)

_ 312 935 - (B12F5m)
S$134 5134

where we used that m(24315|12354) = 0, m(24315/13254) = 1/(s135134), as well as (4.161) for the KLT
matrix.

At a conceptual level, the KLT form of (7.48) leads to the conclusion that SYM is a double copy of
bi-adjoint scalars with SYM itself. Since this statement carries over to any other field or string theory
subject to tree-level BCJ relations, bi-adjoint scalars can be viewed as the identity operator under taking
double copies. This can of course be anticipated from the identification (6.100) of doubly-partial amplitudes
as the inverse KLT kernel [35]. The realization of SYM as a double copy of bi-adjoint scalars with SYM is
the o/ — 0 limit of the double-copy formula (6.69) for disk amplitudes: when interpreting open superstrings
as a double copy of Z-theory with SYM, bi-adjoint scalars are recovered from the low-energy limit of the
more general Z-theory of bi-colored scalars, see section 8.6 for an o/-expansion of their equations of motion.

We conclude by mentioning a quick consistency check of (7.48): for permutations P — 1, A,n—1,n
within the BCJ basis on the right-hand side, (7.48) holds trivially since m(-|-) and S(:|-); are inverse to each
other by (6.100). For any other permutation P outside the BCJ basis of A(1,Q,n—1,n), SYM amplitudes
A(P) obey the same BCJ relations in P as m(P|B) at fixed B.

A(13245) ,

7.2. String-theory KLT relations and the double-copy form of gravity numerators

This section is dedicated to gravitational amplitudes in string and field theories. We review the string-
theory incarnation of the KLT formula, identify closed-string analogues of the Z-integrals along with their
field-theory limits and deduce the local form of the gravitational double copy with cubic-graph numerators
given by perfect squares N;N;. This is the tree-level case [29] of the conjecture due to Bern, Carrasco
and Johansson [228] that representations of gauge-theory amplitudes with manifest color-kinematics duality
induce explicit loop integrands in double-copy form for a variety of gravitational theories. The BCJ double
copy radically changed the computational reach for multiloop amplitudes in supergravity and drives precision
calculations of gravitational-wave observables, see [30, 31] for reviews and [32] for a white paper.

7.2.1. String-theory KLT relations
The opening line for closed-string tree-level amplitudes in the pure spinor formalism is given by

7\ n—3
Melosed — <§‘—ﬂ> / drod?z3 ... d*zn_o (VE(21)USH(22). . . U 5(2n—2)VE (20 1)V (20))
Cr=3\{za=2p}

(7.50)
where the integration of 2o, z3,..., 2z,_2 over the Riemann sphere realizes the moduli-space integral over
genus-zero surfaces with n marked points in the SLy(C) frame with z1,2,-1,2, fixed to (0,1,00). In
comparison to the disk-amplitude prescription (3.75), the closed-string vertex operators V!, Uf! are double
copies of the open-string ones V;, U;,

Ve = XA, (0)2er X Ut = |00 Aa(0) + A (0)TT™ + do W (0) + %NmnFm"(e)erW . (7.51)

where K (6) denote the SYM superfields without their plane-wave factor, see (3.61). Moreover, |A* A, (0)|? =
)\aAa(H)S\ﬂ A B(G) introduces right-moving counterparts A%, 8° of the left-moving worldsheet variables A®, §°
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whose spinor indices &, 3, . .. have same (opposite) chirality as a, 3, . .. in the case of the type IIB (type IIA)

theory. The f-expansion of /13(9) and all the other superfields K () in Uf! again takes the form of (2.17)
with independent gauge-multiplet polarizations €,,, x* in the place of e,,, x“ in Ag.

The correlator (. ..)) in (7.50) is adapted to the sphere rather than the disk: apart from the plane-wave
factors e*X in (7.51), the OPEs for the left- and right-moving parts of V!, US! are performed separately,
and the zero-mode integral (3.80) applies independently to A%, #% and 5\‘5‘, 65, Hence, the sphere correlator

in (7.50) factorizes into two copies of the correlators KC,, on the disk defined by (6.1),

O/ n—3 5 n .
Melosed — <%) / Pryd®zs .. d” 2,y (Kn) (Kn) [ ] 207", (7.52)
Cr=9\{zo=20} 1<

where the closed-string polarizations are obtained from the tensor products of the superfields in &C,, and K.
The OPE singularities in K, are the complex conjugates E;jl of the zigl in IC,,.

At three points, the absence of integrated punctures immediately leads to the factorization of the string
amplitudes into color-ordered open-string ones

Mglosed _ A(l, 2, S)A(l, 2’ 3) . (753)

At n > 4 points, one can even decompose the closed-string Koba—Nielsen factor into products of meromorphic
and antimeromorphic functions according to |z;;|~® % = (zij)*%’sii (zij)*%’su. The integrand of (7.52) is
a holomorphic square of a meromorphic but multivalued function (KC,) [T;- j (zij)*%,sij with branch points
at the diagonals z, = z;,. Hence, it requires care to extend the double-copy structure of (7.52) to the sphere
integrals: the multivaluedness of (zij)_%s” introduces monodromy phases eX%'sii in relating different
integration contours which also take center stage in the discussion of monodromy relations in section 7.3.

The monodromy phases in unwinding the sphere integrals (7.52) over closed-string Koba—Nielsen factors
into products of disk integrals (with open-string Koba—Nielsen factors at o/ — %) have been firstly deter-
mined by Kawai, Lewellen and Tye (KLT) in 1986 [182]. At four points, the phases conspire to a single
trigonometric factor in

3 o i —a’s —a’sa:
Mglosed _ 7_/ P (ICa) (Ra) 20| 512 [1— 2| 523
2 Jen-3\{0,1,00)
@ i ([ /1d SE (1)~ ¥ o () (7.54)
= ——— Sln S 29 Z —Z 2 .
or 5 512 A 2 2y 2 4

. / dzy (=72)” F*12 (1-22) " 72 (Ky)
0
2

yiye;

/

. [ md S~ p
sm( 5 812)./4(1,2,3,4;%)A(2,1,3,4;%),

where the rescaling o/ — % in the open-string amplitudes on the right-hand side can be seen by comparison

with the Koba-Nielsen exponents in |z;;|~2%'% in (6.51). Note that one can employ the Gamma-function
representation (6.13) of open-string amplitudes together with sin(rz) = =y and the field-theory
KLT relations (4.159) to factor out the supergravity amplitude

pglosed _ MEWr(1f%512)r(1f%SQB)F(P%SB) (7.55)
D1+ 512) T (14 % 523) (145 513)

but this is no longer possible at five points.
The analogous trigonometric phase factors in the n-point KLT formula furnish an o’-dependent gener-
alization of the field-theory momentum kernel S(P|Q); (4.160) involving n—3 trigonometric factors

. 2
Sar (A1 BjC)i = —

Oé/

sin (TFTO/I{/’] . sz) 80/ (A|BC)Z s Sa’ (@W))l =1 s (756)
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for example,

2 . [(7d
Sa’ (2|2)1 = o S11 <Tk1 . k2> , (757)

2\2 . [wd . (T
Sa’(23|23)1 = (7TO/) Sin ( 5 k/’3 . k/’lg) Sin ( B k/’l . kg) N
2\2 . [(wd . (T
(wa’) sin ( 5 ki - kzg) sin ( 5 k- kz3) = 8. (32]23)1,

2\2 , [(7d . (7o
Sa/(32|32)1 = (7‘[‘(1/) S < 9 kQ . k13> S ( B kl . kg) .

This generalizes the recursion (4.160) of the field-theory momentum kernel, and the normalization factors
are engineered to have Sy (P|Q); = S(P|Q); + O(a/?).
The n-point KLT formula for closed-string tree amplitudes then takes the compact form [182, 184, 185)

Sor(23]32)1 =

Mt = — Y AL Ponyn—1; )8 (PIQ)LA(L @ n—1,m: ) (7.58)

P7Qesn—3

and evidently reduces to the field-theory KLT relation (4.159) as o/ — 0. The KLT formula (7.58) with
type I amplitudes on the right-hand side computes tree amplitudes of the type IIB (type ITA) superstring
if the chiralities of the fermions in A(...) and .A(...) are the same (opposite). Similarly (7.58) relates tree
amplitudes of closed and open bosonic strings.

As will be discussed in section 7.3, the (n—3)! permutations of A(...) and A(...) on the right-hand side
of (7.58) furnish bases under the monodromy relations of color-ordered open-string amplitudes. Accordingly,
the four-point KLT relations (7.54) can be written in the alternative form

2

CY/

closed __
My =—

!
sin (”;‘ 523>A(1, 2,3,4; <) A(1,3,2,4; %) . (7.59)

These two equivalent forms stem from different ways of deforming integration contours in [182]. The sys-
tematic study of the analogous n-point integration contours on the sphere led to the momentum-kernel
formalism in [185].

One can also manifest the symmetry A <> A of the KLT formula by repeated use of monodromy relations,
but already the four-point example

i sin (WTO/SlQ) sin (%0/823)

closed __
M4 - / A ol
S (7813)

A(1,2,3,4;2) A(1,2,3,4; 2) (7.60)

™

shows that the locality of the KLT kernel in (7.56) is lost in this way. This motivates the choice of asymmetric
bases for A and A in (7.58) which lead the simple and local entries (7.56) of the n-point KLT kernel.

7.2.2. Sphere integrals and their field-theory limit
The derivation of the KLT formula is independent on the polarizations accompanying the sphere integrals

and the rational functions of z;,Z; entering the correlators (kC,,), (K,,) in (7.52). Hence, one can rewrite it
at the level of Parke-Taylor integrals

AN\ AP APy - Pz, —a'si, —
= (-5) [ Ceamer sl rrQPie) (7.61)

Cn-—3 i<j

that furnish the closed-string counterparts of the Z-integrals (6.62): In both of Z(P|Q) and J(P|Q), the
second entry refers to the meromorphic Parke-Taylor factor PT(Q) in the integrand. The role of first word
P in turn changes in passing from the disk to the sphere — instead of a disk ordering D(P), it refers to
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an antimeromorphic (i.e. complex conjugate) Parke-Taylor factor PT(P) in the sphere integrand of (7.61)
which does not arise in disk correlators.
The equivalent of the KLT formula (7.58) for the sphere integrals (7.61) takes a universal form for any

pair of Parke-Taylor factors PT(Q)PT(P),

JPIQ)=- Y Z(1,Ann-1P)Su(AB)Z(1,B,n—1,n|Q) (7.62)
A,BES),_3

and in fact for any other pair of rational functions in z;,Z; of the same SLy(C)-weight. Here and below, the
rescaling o — %’ within the disk integrals Z(1, A,n,n—1|P), Z(1, B,n—1,n|Q) is implicit. This rescaling
rule applies whenever disk integrals are imported into closed-string computations as in (7.58) or (7.62).

The field-theory limit of (7.62) reveals another striking parallel between the Z(P|Q) and J(P|Q) integrals:
Given that the o/ — 0 limit (6.81) of disk integrals introduces doubly-partial amplitudes m(P|Q) and
therefore the inverse field-theory KLT matrix by (6.100), we conclude that [137]

Jim J(P|Q) =m(P|Q), (7.63)

i.e. the disk and sphere integrals Z(P|Q) and J(P|Q) have the same field-theory limit. As will be detailed in
section 8.7, this parallel between Z(P|Q) and J(P|Q) even has an echo at all orders in their o/-expansions.

7.2.8. The local form of the gravitational double copy

The sphere integrals (7.61) of Parke—Taylor type and their field-theory limit (7.63) admit an elegant
proof of the gravitational double copy at the level of cubic tree diagrams, cf. section 7.1. The starting point
is the local representation of the disk correlator in the form of (7.21)

_dzidza_1dzy

</Cn>fm > Nijpju-1 PT(1, P,n—1) mod V., , (7.64)

PeS,_2

where the superfield representation ~ (Vx VyVz) of the master numerators Ny pj,—1 (with P a permutation

of 2,3,...,n—2,n) can be found in (7.24). The rescaling o’ — % in a closed-string context also applies to
the expression (6.74) for Koba—Nielsen derivatives V,,. The DDM-type formula (7.64) was already at the
heart of deriving BCJ numerators from disk amplitudes in section 7.1.3. Upon insertion into the closed-
string amplitude representation (7.52) and identifying the J-integrals (7.61), it leads to the (n—2)!*-term
expression

Mclosed — Z Nyjpin_1J(1, P,n—1]1,Q,n—1)Ny|gn_1 . (7.65)
P,QESn—2
where P, ) are again permutations of 2,3, ..., n,n—2 (our choice of SLo frame led to a swap n <> n—1 relative

to the DDM-type formulae in section 7.1.2). With the field-theory limit (7.63) of the sphere integrals and
relabeling of n <» n—1, one readily obtains gravity amplitudes in the form

M'rglrav = Z N1|P\nm(17P7n|17Qan)Nl\Q\n (766)
P,QeSn—2

analogous to the color-dressed tree amplitudes of bi-adjoint scalars and SYM in (7.17) and (7.19). By
Jacobi identities of both color factors ¢; and kinematic numerators N;, (7.17) and (7.19) were explained to
be equivalent to the cubic-diagram expansions (7.18) and (7.1). Since these rewritings solely depend on the
properties of the universal building block m(1, P,n|1, @, n), the same equivalence must hold for (7.66) and

N;N;
ME™ =" —— (7.67)
ieT, D;
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where both types of kinematic numerators N; and N; obey Jacobi relations. Hence, we have derived the
prescription of [29, 228, 227] that kinematic Jacobi relations among the numerators are sufficient to obtain
gravity amplitudes from SYM via

M,%rav _ Msauge , (7.68)

ci—N;

Yo R

i€l

i.e. by replacing color factors by another copy N; of kinematic numerators. In fact, the Jacobi identities
of the color factors ¢; imply that the cubic-diagram expansion (7.1) of gauge-theory amplitudes may still
accommodate Jacobi-violating numerators N;, see the discussion below (7.10). Accordingly, the color-
kinematics dual representation (7.67) of gravity amplitudes is still valid if only one of the sets of numerator
{N;} or {N;} obeys Jacobi identities.

Note that (7.66) in combination with (7.20) yields another manifestly local formulation of the double
copy
Msrav —_ Z N1|P\nA(17 P7 n) , (769)

PeSn—2

which is obtained from the DDM form (7.16) through the same replacement ¢y p, — Nl‘pm as in (7.68).

7.2.4. Another derivation of the field-theory KLT relation

As exemplified in section 7.1.9, it is rewarding to also insert the non-local form (6.73) of the disk correlator
into the field-theory limit of string amplitudes. In the closed-string case, (7.52) together with a relabeling
of n <+ n—1 in K, leads to the amplitude representation

Mgleed = N AL Pon,n—1)S(P|Q)1J (1, Q,n—1,n1, A,n,n—1)S(A|B)1 A(1,B,n—1,n), (7.70)
P,Q,A,BES,, _3

where both left- and right-movers contribute one copy of the field-theory KLT kernel. By the field-theory
limit (7.63) and the inverse relation (6.100) between m(1,Q,n—1,n|1, A,n,n—1) and S(A|B)1, we have

S(PIB = > S(PIQ) lim J(1,Q,n=1,n1, 4,n,n-1)S(A|B): (7.71)
a'—
QvAESn—S

and arrive at the KLT formula (4.159) for gravity amplitudes by taking o’ — 0 in (7.70). In conclusion, the
combinatorial structure of the field-theory KLT formula can be understood from two perspectives — either
from the monodromy phases in manipulating integration cycles on the sphere and disk or from the expansion
of disk correlators in a basis of Parke—Taylor factors.

7.3. Monodromy relations

Color-ordered open-string amplitudes A(P) associated with different orderings P of the vertex operators
on the disk boundary obey monodromy relations [134, 135]. Similar to the KLT relations (7.58) for closed-
string amplitudes, they solely rely on analytic properties of the disk worldsheet and are therefore universal
to the bosonic theory and type I superstrings. Monodromy relations can be equivalently formulated at the
level of the Z(P|Q)-integrals (6.62): while section 6.4.3 featured relations between different “integrands Q”
at fixed “integration domain P”, monodromy relations concern different choices of the domain P at fixed
integrand . To begin with, the procedure of fixing SLy(R) frames in section 6.4.1 leads to the following
cyclicity and reflection properties,

Z(pip2 ... pn|Q) = Z(pap3 .. .pap1|Q) = (=1)"Z(pn . . . p211|Q), (7.72)

yielding a naive upper bound of %(nfl)! independent disk orderings. However, the actual basis dimensions
for color-ordered disk amplitudes identified by monodromy relations are considerably smaller with only
(n—3)! choices of P at fixed @ [134, 135]. The proof relies on the following simple analytic property of the
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disk integrand and thereby extends to integrands of suitable SLs(R)-weight beyond Parke-Taylor factors:
the only non-meromorphic dependence on the integration variables in (6.62) occurs through the Koba—
Nielsen factor H?g i<j |z;7| 2% %ii. The latter can be related to the meromorphic but multivalued function

IT<ic j(zij)’%‘/sii by monodromy phases e*277'si; which differ from one ordering P to another. The same
type of monodromy phases gives rise to the trigonometric factor in the four-point KLT relation (7.54). By
applying Cauchy’s theorem as detailed in [134, 135], one obtains,

n—1

0= Z exp [27rio/(kpl . kpzp&”pj)] Z(p2ps3 ... piP1Pj+1 - - - PnlQ) s (7.73)
j=1
and the associated relation among color-ordered amplitudes of open superstrings,

n—1

0= Z exp [QWiO‘/(kpl “Kpops...p; )} A(p2ps - .. PjP1Pj+1 - -Pn) s (7.74)

j=1

which take an identical form for open bosonic strings. Since different choices of branches yield identical
relations with opposite phases as compared to (7.73) and (7.74), one can take sums and differences of both
options and obtain [134, 135]

n—1
0= A(pipaps .. .pn) + Z cos [27r0/(kp1 “Epops..p; )} A(paps ... Djp1Pj+1 - -DPn) s
=2
n—1
0= Z Sin[27r0/(kp1 ’ kp2p3»»»pj )} A(paps - - -PiP1Pj+1 - - -Pn) - (7.75)
=2

For real kinematics, these are simply the real and imaginary parts of (7.74). At leading order in «’, the
trigonometric coeflicients reduce to cos(¢’xz) — 1 and sin(a/z) — oz, respectively. As a result, one obtains
(special instances of) KK relations (5.40) and the fundamental BCJ relations (5.62) as the low-energy limit
of the first and second line of (7.75), respectively [134, 135]. Moreover, the fact that lim,/ 0 Z(P|Q) obeys
KK and BCJ relations in P at fixed @ is consistent with the relations of m(P|Q) obtained in the field-theory
limit.

In the canonical ordering p; = j at four points, (7.75) reduce to

0=A(1,2,3,4) + cos(2ma’ky - k2).A(2,1,3,4) + cos(2ma’ky - ka3)A(2,3,1,4),
0 =sin(2ma’ky - k2)A(2,1,3,4) + sin(2ma’ky - kag)A(2,3,1,4). (7.76)

The second relation together with k; - kas = —sa3 and A(2,3,1,4) = A(1, 3,2,4) establishes the equivalence
between the two forms (7.54) and (7.59) of the four-point KLT relations (taking the usual rescaling o/ — %’
into account). More generally, one may view monodromy relations as a consistency condition for permutation
invariance of the n-point KLT formula (7.58): the (n—3)! x (n—3)! pairs of A(1, P,n,n—1)A(1,Q,n—1,n)
on the right-hand side need to generate bilinears A(X).A(Y) with arbitrary orderings X, Y through linear
combinations.

The monodromy relations of individual disk integrals

n—1
0=Z(p1paps - - Pal@Q) + Y cos[2ma’ (kp, - kipaps..p,)] Z(D2ps - - pjp1pss1 - PalQ)
=2
n—1
0= Z sin [Qﬂ-al(kpl : k;D2P3---;Dj )] Z(p2p3 - -PiP1Pj+1 - - ple) (777)
=2

equivalent to (7.75) underpin our viewpoint on the disk integrals (6.62) as the doubly-partial amplitudes
of Z-theory. By (6.76) and (6.77), Z-theory amplitudes Z(P|Q) satisfy the color-kinematics duality in the

116



integrand orderings @ at fixed P to all orders in /. The converse relations (7.77) among the integration
domain orderings P at fixed @, on the other hand, exhibit additional trigonometric o/-dependence. These
trigonometric functions imprint the monodromy properties of the disk worldsheets on the S-matrix of Z-
theory upon dressing with the relevant Chan-Paton factors Y, Z (P, n|Q)Tr(t7t").

7.3.1. The (n—2)! form of color-dressed open-string amplitudes

Since the first relation of (7.75) deforms the KK relations of gauge-theory amplitudes by cos(2ra/kp-kq),
one may wonder about the string-theory uplift of the DDM decomposition (7.16) in gauge theory. By
repeated use of monodromy relations, one can express the color-dressed open-superstring amplitude (3.78)
in terms of the (n—2)! color orderings A(1, P,n) with P = paps...pn—1 [234],

Mu= 30 Tr((ee ([ 72, %%y 72 87|t A(L (2,3, ... ,n—1),m) . (7.78)
PeS,_2

Their coefficients generalize the color factors in the field-theory DDM formula (7.16)
C1)23..n—1jn = r‘[‘r([[ . [[tlv tQ]a t3]a R 7tn_2]a tn_l]tn) (779)

to involve an o/-dependent bracket instead of the conventional commutator

[tP, 1] = €™ ko kagpya _ gmima’kp kagagp (7.80)
For matrix products in the entries of [-,-], or nested commutators, the exponentials are understood to
involve multiparticle momenta, e.g. [t't2, 3], = e™@ kiz-kagly2y3 _ e—imakiz-kay34142 - At four points, for

instance

My = Te([[t", %]ar, t7]arth) A1, 2,3,4) + (2 ¢ 3)
— [eiﬂ'a,(kl~k2+k12~k3)Tr(tlt2t3t4) o ei’l‘ra,(fkl-k2+k12-k3)Tr(t2tlt3t4) (781)
o eiﬂ'a’(kl-k27k12~k3)Tr(t3t1t2t4) + eifra’(fkl.k27k12~k3)Tr(t3t2tlt4):| A(172,374) + (2 o 3)
= Tr(t 23 324 ) A(1, 2,3, 4) — Te(PHH314) [e 2700912 A(1, 2, 3, 4)+e2m'513 A(1, 3,2,4)] + (2 < 3)

can be checked to reproduce the conventional form (3.78) of the color-dressed amplitude by means of k15-ks =
—s12 and the monodromy relation e=27i@'s12 A(1,2,3,4) + 2™ s1s A(1,3,2,4) = —A(2,1,3,4).

By isolating the coefficient of a given Tr(t?1¢P2...#Pn) on the right-hand side of (7.78), this DDM-
type decomposition of open-string tree amplitude generates the expansion of arbitrary A(P) in a prescribed
(n—2)!-element set of disk orderings. However, the expansion coefficients are not unique since the A(1,...,n)
on the right hand side of (7.78) are still related by monodromy relations. As we will see in section 7.4, the
specialization of (7.78) to abelian Chan—Paton generators t* — 1 has valuable applications to Born—Infeld
theory and its double-copy structure.

7.8.2. The (n—3)! form of color-dressed open-string amplitudes

The next step after identifying the string-theory uplift (7.78) of the (n—2)!-term DDM decomposition is
to reduce color-ordered string amplitudes to an (n—3)!-element basis under monodromy relations. As can be
anticipated from the reduction of gauge-theory amplitudes into a BCJ basis via (7.48), an elegant solution
of the monodromy relations is offered by the string-theory KLT kernel and its inverse.

In view of the interpretation (6.100) of the inverse field-theory KLT kernel as doubly-partial amplitudes
of bi-adjoint scalars, the inverse of the string-theory KLT kernel S, has been firstly studied in [235]. Its
entries w.r.t. the (n—3)! x (n—3)! basis of Sy in (7.56) are given by

mM(1, Ryn—1,n[1,Q,n,n—1) = —-Su/ (R|Q)1, (7.82)
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and one can infer more general entries m, (A|B) by inverting the kernel in different representations of the

KLT relations (7.58) with other (n—3)! bases By, Bz of A(...), A(...),

M;losed _ Z A(P)m;/l (P|Q)A(Q) . (783)
P.QeB,B2

At four and five points, for example, we have,

mao!

mar(1,2,3,4]1,2,4,3) = — (7.84)

2 sin (ﬂTa/SlQ) ’

/! ! !
mar(1,2,3,4[1,2,3,4) = ﬂ; {COt (ﬂ-; 812) + cot (ﬂ-; S23)}a

/

2 1 / /
me(1,5,3,2,4]1,2,3,5,4) = (m ) .7,{cot (m 523) + cot (m 535>},
2/ sin(T-s14) 2 2

mal\2 1 1
o (1,5,3,2,4[1,3,2,5,4) = — ; 7 ; 7 ; 7.85
Mo ( | ) ( 2 ) sin(T§-s14) sin( X5 s23) (7.:85)

and permutations. The entries of higher-multiplicity m,  are efficiently generated by the Mathematica
notebook in the ancillary file of [235].

At any multiplicity, m(A|B) enjoys cyclicity and monodromy relations of open-string amplitudes in
both slots A, B (while holding the other one fixed) after performing the usual conversion o/ — 4a/ between
closed- and open-string settings. This leads to the elegant formula to expand disk amplitudes or Z-integrals
with an arbitrary integration cycle P in a prescribed basis w.r.t. monodromy relations [235],

An(P) ==Y mua(P|1,R,n,n—1)Ssar (RIQ)1A(1,Q,n~1,n), (7.86)
Q,RGSnfg

Z(P|C) = - Z m4a’(P|1aRvnan71)84a/(R|Q)1Z(laQ7n715n|c)7
QaRESnff}

which readily follows from the logic of section 7.1.9. The first line of (7.86) furnishes the string-theory
uplift of the BCJ reduction of SYM amplitudes in (7.48), and the second line is valid for arbitrary Parke—
Taylor orderings C' in the Z-integrals (see (6.101) for the converse formula for attaining a prescribed basis
of Parke-Taylor factors at fixed disk ordering). For example, using the expansions of m,s in (7.84) and the
KLT matrix in (7.57) we get

sin(2mwa’s12) sin (27ra’(513+823)) sin(27a/ s12) sin(27a’ s13)

A(L,5,3,2,4) =

A(1,2,3,4,5) +

A(L,3,2,4,5)

sin(2ma’ $14) sin(2wa’ s23) sin(2ma’ $14) sin(2mwa’ $23)

sin(27a/ s12) sin(2ma’ s13)

- { cot(2ma’ s03) + Cot(27ra’535)} A(1,2,3,4,5) (7.87)

sin(2mwa’s14)

sin(2mwa/s13) sin (27ra’ (812 +523))

- {cot(2ﬂ'a'523) + cot(27ra’535)} A(1,3,2,4,5),

sin(2wa’s14)

consistent with the five-point examples in [134, 135].

In fact, Mizera identified the entries of m,s with intersection numbers of twisted cycles [188] and thereby
opened up a fascinating connection between string perturbation theory and twisted deRham theory. In this
framework, the KLT relations are a consequence of twisted period relations [236], and their representation
(7.83) follows from elementary linear algebra in twisted homologies and cohomologies [188]. Similarly, the
field-theory KLT relations can be understood from intersection numbers of twisted cocycles [189].

Since m,s can be algorithmically computed from intersection numbers, there is no circular logic in
solving monodromy relations via (7.86): the entries of m, beyond the (n—3)! x (n—3)! basis in (7.82) do
not necessitate any prior knowledge of the solutions to the monodromy relations.
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7.4. Double copies beyond gravity from string amplitudes

The color-kinematics duality and double copy apply to a much wider classes of theories beyond gauge
theories and (super-)gravity [30, 31, 32]. In this section, we will review the input of superstring tree
amplitudes on the double-copy structure of Born—Infeld theory and its supersymmetrizations. The reasoning
will be based on the KLT-form (6.73) of the disk correlator which implies that all tree amplitudes of Born—
Infeld are double copies involving a BCJ basis of SYM tree amplitudes. The other double-copy component of
Born-Infeld amplitudes turns out to be a non-linear sigma model (NLSM) of Goldstone bosons even though
the latter are not part of the naive string spectrum (but can be engineered to arise as massless excitations
in the setup of [237]).

7.4.1. Born-Infeld and NLSM

The low-energy limit of abelian open-superstring tree-level interactions gives rise to the Born—Infeld
theory [238], also see [239] for a review and [240, 241] for its supersymmetrizations to so-called Dirac-Born—
Infeld—Volkov—Akulov theories. Tree-level amplitudes ME! of Born-Infeld were identified as a field-theory
double copy of SYM with scalar amplitudes in the NLSM of Goldstone bosons [242] as can be stated through
the KLT formula

MPL = — Z Anpsm(1, R, n,n—1)S(R|Q)1A(1,Q,n—1,n). (7.88)
Q,RESn_3

In contrast to the gravitational KLT formula (4.159), the polarizations of the colorless spin-one multiplets
in MB! stem entirely from those in the color-ordered SYM amplitudes A(R).

The study of the NLSM [243, 244, 245, 246, 247] and its tree-level amplitudes [248, 249, 250, 251] has a
long history. Within the modern amplitudes program, the interest in the NLSM was fueled by the observation
that its tree amplitudes obey KK and BCJ relations [252] and qualify to enter field-theory double copies.
Just like the Born—Infeld amplitudes, color-ordered tree amplitudes of the NLSM vanish for odd multiplicity,
and their simplest non-zero instances are

Antsm(1,2,3,4) = s12 + s23, (7.89)

(s12+523)(Sa5+556)

ANLSM(la 27 35 47 55 6) = 812 —
28123

+cye(1,2,3,4,5,6).

In order to compute Born—Infeld amplitudes from the low-energy limit of abelian open-superstring states,
we specialize the color-dressed disk amplitude M,, in (3.78) to t* — 1 and insert the KLT formula (6.69)
for color-ordered disk amplitudes:

i ———— Y A(Q.n) (7.90)

ti—1 N\n—2
a'—0 (2wal )" e

MB = im —

- Z ( lim %Zx(laRvnan1))S(R|Q)1A(15Q7n17n)a

where we introduce the following shorthand for symmetrized disk integrals or abelian Z-theory amplitudes

Z.(P)= Y Z(Q,n|P). (7.91)

QESn -1

The inverse n—2 factors of 2w’ in (7.90) compensate for the leading order ~ o/™~2 in the low-energy
expansion of the abelian open-string amplitudes M, |,; ., that will be exposed in the discussion below.
Based on the reflection property (7.72), the symmetrization in (7.91) annihilates Zx (P) of odd multiplicity.

Since the disk integrals Z, solely depend on Mandelstam invariants, the KLT formula (7.90) implies
that Born—Infeld is a double-copy involving SYM. For consistency with the alternative KLT formula (7.88)
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which identifies the NLSM as the second double-copy component [242], the coefficients of the linearly in-
dependent A(1,Q,n—1,n) have to agree. Hence, the conclusion from equating (7.88) with (7.90) is that
NLSM amplitudes arise from the low-energy limit of symmetrized disk integrals [187],

This adds support to the interpretation of disk integrals as tree-level amplitudes in a bi-colored scalar Z-
theory: when abelianizing the gauge-group generators t — 1 dressing the disk ordering P of Z(P|Q),
the low-energy limit reproduces the tree amplitudes of the NLSM, a well-known scalar field theory. The
appearance of NLSM amplitudes in the low-energy limit of abelian Z-theory is here deduced from the double
copy (7.88) of Born—Infeld in [242] and does not rely on Goldstone bosons in the superstring spectrum. On
the other hand, toroidal compactifications of ten-dimensional superstrings along with worldsheet boundary
condensates indeed give rise to NLSM Goldstone bosons among the massless excitations [237].

7.4.2. BCJ numerators of the NLSM from disk integrals

The definition (7.91) of symmetrized disk integrals does not manifest the leading term in its o/-expansion,
so it may appear surprising that the limit (7.92) does not diverge. In order to expose the leading order
a2 of the Z«(Q), we shall employ a variant of the DDM-type decomposition (7.78) of color-ordered
open-string amplitudes. In reading this decomposition at the level of the disk integrals and specializing to
abelian gauge-group generators, we obtain

Z«(Q) = Z Te([[...[[AY, 172] 0, 173 oy . .., 1P 2] 00 AP =2] o 1™ Z(1, P, 0| Q) . (7.93)
PeS,_2

In slight abuse of notation, we have indicated through the superscripts of 17 that these unit matrices
arose from the abelianization of ¢/. In this way, the information about the momentum dependence in the
o/-deformed bracket (7.80) is preserved and we can evaluate

n—1
Tr([[. - [[]11, ]lpg]o/, ]lps]a,’ o ]lp"*Z]ar, ]lpn,71]o/]1n) — H (eiﬂa’hm_”pjfl‘kpj _ e—iTra’klm_..pjfl‘kpj) ) (7.94)
=2

Upon converting the exponentials to sine functions, this implies

n—1
Z(Q) = (20)" Y Z(1,PnlQ) [] sin (we/kip,. p,_, - Fp,) (7.95)
PeS,_2 Jj=2

which leads to vanishing Z (Q) of odd multiplicity and the following examples at even n:

Z>< (q17 q2,43, q4) = 4Sin2 (7'('04/]{31 : k?)Z(lv 25 37 4|q17 q2,43, q4) + 4Sin2 (ﬂ-alkl : kB)Z(la 37 25 4|Q15 q2,43, Q4) )
Zw(q1,q2,--.,q6) = 16 Z sin(ra/ky - ky, ) sin(ma’kip, - kp,) (7.96)

PeSy
x Sin(ﬂ-alklpzpi’» ! kp4) Sin(ﬂa/klmpsm ! kPS)Z(la Pa 6|q15 q2,- .-, QG) .
Given that the low-energy limit of Z(1, P,n|Q) yields doubly-partial amplitudes m at order o/ and each

sine function introduces leading low-energy order o/, one can easily identify the low-energy limit of (7.95)
to be

2@ = @ina {0 w1, Q) [ Gy i) + O} (7.97

PeS,_2
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Hence, the representation (7.92) of NLSM amplitudes in terms of low-energy limits of symmetrized disk
integrals is non-singular and simplifies to

n—1

ANLSM(P) = in72 Z m(P|1,Q,n) H(k1q2~~~Qj71 'kqg‘)

QESn—2 Jj=2

= Y m(PP,Qn)N\G (7.98)

QESn 2

In passing to the second line, we have manifested the formal similarity with the DDM form (7.20) of
gauge-theory amplitudes in a BCJ form. Given that the coefficients in the (n—2)-term sum (7.20) over
doubly-partial amplitudes m(P|1, @, n) are BCJ master numerators of SYM (cf. section 7.1.3), the analogous
coefficients NN]Q}'SM in the second line of (7.98) are bound to be local BCJ numerators of the NLSM,

Nijgin' ="~ H (F1gs.q; * kay) = " 2S(QIQ)1 - (7.99)

In the second step, we have identified the BCJ master numerators of the NLSM as diagonal entries of the
field-theory KLT matrix as initially conjectured in [187] and then derived as outlined above in [253]. A
Lagrangian for the NLSM with manifest color-kinematics duality was presented in [254] which reproduces
the numerators in (7.99) from Feynman rules. Earlier explicit BCJ numerators for the NLSM in terms of
the KLT kernel can be found in [186].

7.4.8. Coupling NLSM to bi-adjoint scalars

The behavior of NLSM and Born-Infeld amplitudes under soft limits k; — O in the external momenta
singles out preferred ways of coupling Goldstone bosons to bi-adjoint scalars and supersymmetric Born—
Infeld theories to SYM [255]. These extended theories to be referred to as NLSM+¢? and BI+SYM are
related by KLT formulae

AEI+SYM(P) = — Z ANLSM+¢3(P|1,R,?’L,n_l)S(R|Q)1A(1;Qan_1)n)’ (7100)
Q,RESH_3

which can also be studied from disk amplitudes in the pure spinor formalism:

The BI4+SYM theory of [255] results from the low-energy limit of open-superstring amplitudes where a
subset of the Chan—Paton generators is abelianized. This amounts to keeping some of the #/ non-abelian
in (7.90) and isolating an appropriate order in o’ as the low-energy limit. The non-abelian t/ give rise to a
color-decomposition w.r.t. |P| < n legs, and ABIFSYM(P) refers to the coefficient of Tr(tP1¢P2 .. . tPIP1).

Similar to the doubly-partial amplitudes m(A|B) of bi-adjoint scalars defined by (6.80), the amplitudes
Anpsm+gs (P|1, R,n,n—1) on the right-hand side of (7.100) are the coeflicients of two types of traces — one
over generators ¢ shared by the bi-adjoint scalars ® = @]‘at] ® t* and the Goldstone bosons of the NLSM
as well as one over the t7 exclusive to the |P| external bi-adjoint scalars. The simplest examples that do not
coincide with pure NLSM or ¢* amplitudes occur at five points, where for instance [255]

Anvsmass (3,4,5(1,2,3,4,5) = 1 — ssitsin  s1atsu
534 545

S45+851

Anpsmies(2,3,5(1,2,3,4,5) =1 — (7.101)

523
Note that the coupling of Goldstone bosons to bi-adjoint scalars can be accommodated in the NLSM La-
grangian of [254] with manifest color-kinematics duality.
In computing the SYM+BI amplitudes (7.100) from the low-energy limit of the open superstring, the
NLSM+¢? amplitudes on the right-hand side arise via partially symmetrized disk integrals Zp(Q) [253]. As
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detailed in the reference, the latter can be defined by starting from Chan—Paton-dressed Z-theory in the
DDM-type form (7.78)

2@ = 5 Tl s s P 2L PIQ) (7002
PeS,_2

and setting a subset of the generators t/ to be unit matrices. We then obtain partially symmetrized disk
integrals such as the (|@Q| = 5)-point example

Z345(Q) = Z5(Q) |Tr(t3t4t5)
= 4dsin(ra’ky - k2) sin(ra’kis - kg) cos(ma’kiog - k3)Z(1,2,4,3,5|Q)
+ 4dsin(ma’ky - ky) sin(ma’ kg - ko) cos(ma’kioa - k3)Z(1,4,2,3,5|Q)
+ 4dsin(ma’ky - ky) sin(ma’kizq - ko) cos(ma’ kia - k3)Z(1,4,3,2,5|Q)
—4sin(ra’ky - ko) sin(ma’ ki - k3) cos(ma' k1o - ka)Z(1,2,3,4,5|Q)
)sin(ma’kys - ko) cos(ma'kiag - ka)Z(1,3,2,4,5|Q)
) sin 12(1,3,4,2,5|Q)

(7.103)

(
(
—4 sin(ﬂa’kl . 1{33
— 4sin(ra’ky - k3) sin(ra’ k134 - ko) cos(ma’ ks - ka
from the color-decomposition of Z,,(Q) w.r.t. the non-abelian #/. In the low-energy limit where Z(P|Q) —
m(P|Q) as well as sin(ra’kp - kg) — ma'kp - kg and cos(ra’kp - kg) — 1, we recover (2ma’)? times the
first line of (7.101) from (7.103). A variety of further examples and the systematics for general numbers of
abelianized and non-abelian # can be found in [253]. Among other things, the results in the reference give
rise to local BCJ numerators for the NLSM+¢3 theory from the monodromy properties of disk integrals
along the lines of section 7.4.2.
By gradually converting some of the Chan—Paton dressings of the Z-amplitudes (7.102) to become abelian
t/ — 1, the low-energy limits interpolate between pure ¢3-amplitudes and pure NLSM amplitudes. In the
“semi-abelian” case, Z-theory can be viewed as an ultraviolet completion of the NLSM+@? theory in [255].

7.5. Heterotic strings and Finstein—Yang—Mills

The (n—3)! form of the disk correlators in (6.73) also has crucial implications for massless tree amplitudes
of heterotic string theories since their supersymmetric chiral halves can be described through the left-moving
modes of the pure spinor formalism. The massless sector of the heterotic string incorporates both gauge
multiplets and the half-maximal supergravity multiplet in ten dimensions. In contrast to the type I theory,
heterotic strings already feature gauge-gravity couplings at tree level due to worldsheets of sphere topology.
Hence, one can study Einstein—Yang—Mills amplitudes from the correlators of the heterotic string and the
field-theory limit of the sphere integrals in section 7.2.2.

7.5.1. Basics of heterotic-string amplitudes
The opening line for tree amplitudes of the heterotic string [256]

/ n—3

Mz%(—;“—ﬂ) [ @ @ (VU o) Do)V (V)
Cr=3\{za=2p}

(7.104)

is almost identical to that of type II superstrings in (7.50) up to the choice of vertex operators for the
gauge and gravity multiplet: both the integrated and the unintegrated variant involve a chiral half from the
bosonic string

s

iy J : gauge multiplets,
Vhet _ )\aAz (9) ki XC' Pali— . . . (7105)
= €'0X,, @ gravity multiplets,
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7

_ : gauge multiplets,
UL = (06° AL(0) + T, AL (0) + da W7 (6) + Ny FY7(6)) e { V2 earax
-+ €i m

: gravity multiplets,

where 7% are Kac—Moody currents of antiholomorphic conformal weight h = 1, the ¢ ghost known from

bosonic strings has conformal weight h = —1, and the polarization vectors of the gravity multiplets are
transversal, €;-k; = 0. The tree-level correlators are determined by (€(z1)¢(z2)¢(z3)) = Z12Z13Z23 and
the OPEs , -
—a, \—b 0 fereg (w)
~ 7.106
T @I (w) G-oE' z-wm (7.106)
as well as /. g
DX (M () ~ g N ), DX (PN () ~ g (7.107)

Similar to the organization of type II amplitudes in (7.52), the correlator in (7.104) is guaranteed to com-
prise the Koba—Nielsen factor on the sphere and one copy of the disk correlator (K,) in (6.73) from the
supersymmetric chiral half,

/ n

n—3
Myt = (%) / Py dzy. . A2z KO (IC0) [ 12| =59 . (7.108)
€=\ {zam} '

The bosonic chiral half in turn contributes the rational function l@flos of the Z; that depends on the color
degrees of freedom a; of the external gauge multiplets as well as the half-polarizations €] and momenta of
the external gravity multiplets. The non-vanishing three-point examples I@EOS(P|Q) of the bosonic correlator
in (7.108) with external gauge and gravity multiplets in the sets P and @ are

~ B /
RE(1,2,30) = f2o200 KE™(1,203) = = [ G0 G ko). (7.109)

I@gos(ml, 2,3) = \/g { [(gl . 62)(63 . kl) + cyc(1,2,3)} — %/(51 . kg)(€2 . k3>(€3 . kl)} .

As one can see from the appearance of the color factors in these examples, the heterotic-string amplitudes
in (7.108) are automatically color dressed. In fact, the OPEs (7.106) of the Kac-Moody currents also
introduce products of traces with a maximum of |%] trace factors at n points as expected from coupling
between colored gauge multiplets and uncolored supergravity multiplets. One can still isolate color-ordered
single-trace amplitudes by picking up the antiholomorphic Parke-Taylor factors (6.57) in [257]

(T (20T (22) ... T (z0)) !mtaltaz,,,tan> =—-PT(1,2,...,n). (7.110)

Accordingly, multi-trace amplitudes associated with Tr(¢72)Tr(¢72) ... Tr(t*) and tP1P2--PIP| = tP1¢P2 | {PIP|
are determined by isolating the product (—1)¥ PT(P;) PT(R,)...PT(P:) from the current correlator.

7.5.2. Heterotic double copy and Einstein—Yang—Mills

The expansion (6.73) of the supersymmetric correlator (KC,,) in terms of SYM trees can be readily
applied to the heterotic-string amplitude (7.108): in this way, all color-dressed tree amplitudes involving
arbitrary combinations of gauge and gravity multiplets conspire to a field-theory double copy with one SYM
constituent,

MY =— 3" B(1,R,n,n-1)S(RQ)1A(1,Q,n-1,n), (7.111)
Q,RES,HS
O/ n—3 5 n ,
B(1,R,n,n—1) = — <%) / Az d?z3...d%2, o KPS Z1R H |23~ %
Cr=3\{za=2} i<i
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Given that the rational functions Z15 on the right-hand side correspond to SL(2,R)-fixed Parke-Taylor
factors — PT(1, R,n,n—1), see (6.59), one can uplift B(1, R,n,n—1) to a cyclic object B(P) by integrating
over — PT(P) in the place of Z15.

In order to understand the significance of the o’-dependent building block B(P) in the double copy
(7.111), it is instructive to compare with the Einstein—Yang—Mills amplitudes obtained from the low-energy
limit of heterotic strings: Einstein—Yang—Mills theories are double copies of SYM with the so-called YM+¢3
theory [258]. Similar to the NLSM+¢? theory in section 7.4.3, YM+¢? is characterized by a minimal coupling
of bi-adjoint scalars to pure (i.e. non-supersymmetric) Yang—Mills theory such that the BCJ relations are
preserved. More precisely, in a color-decomposition of YM+¢? tree amplitudes w.r.t. the generators #/
common to the gauge bosons and the bi-adjoint scalars,

MYMFS = 5™ Te(F) Ayagyge (1, P) | (7.112)
PeS, 1

the color-ordered amplitudes Ayyiigs obey KK and BCJ relations. Accordingly, they qualify to enter the
following KLT formula that encodes the double copy of Einstein—Yang—Mills:

MEM =S A (L Rinn DS(RIQUA(L Q1) (7.113)
Q,RESn_3

Similar to the bosonic correlators K2 and thereby the string-theory building blocks B in (7.111), the
Avynqgs still depend on the color-factors t/ exclusive to the bi-adjoint scalars because only the #/ are
stripped in (7.112). Since the KLT formula (7.113) is obtained from the low-energy limit of (7.111) with all
o’-dependence carried by B(P), we can identify color-ordered YM+¢? amplitudes as its low-energy limit

B(P) = AvMtgs (P) ‘gymﬂ\/g (1 + (9(0/)) . (7.114)

As exemplified by (7.109), the bosonic correlators K2 and hence the heterotic-string amplitudes (7.111)

’
o

may already carry integer powers of y/ % in their low-energy limits. These prefactors are interpreted as

realizing the gravitational coupling x of the heterotic string which, in the double copy of [258], translates
into the gauge coupling gy of the YM+¢? theory.*6

7.5.8. Heterotic strings as a field-theory double copy

By the bosonic origin of B(P) in (7.111), its o’-dependence can be further streamlined by expanding the
bosonic correlator K2 in a Parke-Taylor basis. Even though the computation of Kb is straightforward
from the OPEs (7.106) and (7.107), the Parke-Taylor decomposition relies on a way more intricate cascade
of integration by parts than encountered in section 6.3 for supersymmetric correlators, see for instance
[210, 259, 260, 261]. By the arguments in section 4.2 of [211], the coefficients A(ppy24ymigs in an (n—3)!-

term reduction (discarding total Koba-Nielsen derivatives Vz, f = 95, f — %/ f 27};1 % on the sphere)
GAk Zkj

~ dz1 dZp—1 dZ,,
K:EOS — _m . R; PT(L R, n, n_l)S(RlQ)lA(DF)2+YM+¢3 (1, Q, n—l, n) mod Vzk (7.115)
) n—3

are given by field-theory amplitudes in a massive gauge theory dubbed (DF)? 4+ YM + ¢3 [262], see the
discussion below (6.73) for the dz; in the prefactor. Just like for YM+¢? theory, the massless states of
(DF)? + YM + ¢ are bi-adjoint scalars and gauge bosons. The massive states in the (DF)? + YM + ¢3

theory are tachyons m? = 7% as expected for the open bosonic string, so the Apry24ymygs are still

46Tn any other section of this review, we have stripped off the uniform prefactors g@iﬁ from n-point tree-level amplitudes of
SYM. In the YM+¢? theory, on the other hand, generic tree-level amplitudes mix different powers of gy according to the
trace structure of the color factors: only the gluon vertices and the minimal coupling of two scalars ¢ to gluons carry powers
of gym whereas the coefficient of the ¢3 interaction is taken to be independent on gy.
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rational functions of o [211]. Similar to (7.114), the gauge coupling of the (DF)? + YM + ¢* theory is

understood to be converted to the gravitational one in the double copy (7.115), i.e. gym — Kk = \/%’.

The three-point amplitudes of the (DF)? + YM + ¢ theory (with subscripts ¢ and g for external scalars
and gluons) reproduce the simplest bosonic correlators in (7.109),

: o ajaz (=
Apryivmegs (1o, 29,39) = f9% Apryzivmegs (6,26, 3g) = =\ 509 (& k1), (7.116)

o I o . .
Aprpeymtes (lg,29:39) =\ 5 {[(61 - €) (€3 - k1) +cye(1,2,3)] — o (€1 k2)(€2 - k3) (&5 - k?l)}a

where the o/-correction in the last line can be traced back to the Tr(F3) vertex in the (DF)% + YM + ¢3
Lagrangian [262]. External scalars ¢ in legs 1,3 and gauge multiplets g in legs 2,4 in turn give rise to

:5a1a31/{(€2'k1)(€4'/€3) n (€2-k3)(Ea-k1) t (6 o fam fmn

A 3(1g,24,30,4 .
(DF)2+YM+¢3( @3 4gr 99 g) B 512 S23 €2 64)+ 2+ a's13

}. (7.117)

By the double copy with SYM in (7.111), the external states ¢ and g in (DF)? + YM + ¢3 amplitudes
translate into gauge multiplets g and gravity multiplets h in heterotic-string amplitudes.

The decomposition (7.115) is a useful way to disentangle the o’-dependence of (7.111) into the sphere
integrals J(P|R) in (7.61) with all the poles of massive-state exchange and the A(pp)24ynqgs With only
massless and tachyonic poles,

B(P) = Z J(P|15Ranan_l)S(R|Q)1A(DF)2+YM+¢3(LQan_lan)' (7118)
Q,RESn—3
The sphere integrals J(P|Q) have zeros at s;j..x = —= that prevent the tachyon poles of A(pry2yymt g

from entering the heterotic-string amplitude. At four points, this can be anticipated from the Gamma
functions in the denominator of (7.55). By combining (7.118) with (7.111), heterotic-string amplitudes can
be brought into the form

erllet = Z A(DF)2+YM+¢S(1,P,TL,TL*l)S(P|Q)1J(1,Q,n717n|1,A,TL,TL*l)S(A|B)1A(1,B,TL*I,TL),
P,Q,A,BESy,_3

(7.119)

which is directly analogous to the representation (7.70) of type II amplitudes, with A(pp)24yn4es in the

place of a second copy A of SYM. External gauge and gravity multiplets in MbEet are represented by external

scalars and gauge bosons in A(pp)24yMm4e3, respectively, with the conversion gym — 4/ %/ of the gauge cou-
pling as in (7.114). Given that the matrix product 3 5 4cq, , S(P|Q)1J(1,Q,n—1,n[1, A ,n,n—1)S(A|B)
reduces to S(P|B); in the field-theory limit, we arrive at the following refinement of (7.114)

Apryz4vmtes (P) = Aymtes (P)(1+ O()) . (7.120)

In the four-point example (7.117), for instance, the last term %, fg’m :fm is subleading in o/, and the resulting
YM+¢? amplitude entering the Einstein—Yang—Mills double copy (7.113) is

(€2 - k1) (€a - k3) n (€2 k3)(€s - k1)

S12 523

A8 (16, 29,36, 4g) = 5‘“’139%1\/1{ + (€2 €4)} , (7.121)

where g3, translates into the prefactor % of the corresponding (DF)? + YM + ¢3 amplitude.

7.5.4. Finstein—Yang—Mills amplitude relations from string theories
As a key implication of the Einstein—Yang—Mills double copy (7.113), any tree amplitude of Einstein—
Yang-Mills (regardless on the number of external gauge & gravity multiplets or traces in the t*) can be
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expanded in terms of SYM trees. On top of the manifestly gauge invariant KLT form (7.113), one can
explicitly realize the double copy with manifest locality,

YM
MEYM = N MY AL Pon) (7.122)
PeS,_»
with BCJ master numerators N1| Pln 9% of YM+¢3. This DDM form of Einstein—Yang-Mills amplitudes
is analogous to the representatlon (7.69) of gravitational amplitudes. Field-theoretic computations of the

master numerators N from gauge invariance and color-kinematics duality and a discussion of the

Jr
1|P|n
resulting Einstein—Yang—Mills amplitude relations (7.122) can be found in [263]. We shall here review the
worldsheet approach to derive manifestly local Einstein—Yang—Mills amplitudes relations that amount to the
DDM-type decomposition
dzy dz,-1 dz

Ko = i N<DF> N T ) mod 7123

analogous to (7.64). The YM+¢? master numerators in (7.122) can then be simply read off from the leading
o'-order of the (DF)? + YM + ¢3 numerators or Parke-Taylor coefficients in (7.123):

e For single-trace amplitudes .A"*(1,2, ... n;p) with one external graviton p as well as n external gluons
and associated trace Tr(t'¢2...t"), the bosonic correlator due to (7.107) and (7.110) is given by

n o~ n—1
R ks - .
Ko ~PT(L,2,...,n) Yy L =PT(L,2,....n) > (& k. )=t
—1 ~ip — 2j,p?p,j+1
J J
n—1
=SN"(6, k12, )PT(L,2, ... jpoj+1, .. n—1L,n), (7.124)

j=1

where we used PT(1,2,...,4,p,j+1,...,n) = %PT(I, 2,...,n) in passing to the last line. By

Zj,pZp.j+1
matching with (7.123), one can read off master numerators

S(DF)24+YM+¢3

~ Y MA+o2 ~
123, jp(i+1).(n—1)jn — € " F12.5 = N "y (n—t)jn — € K12, (7.125)

1|23...5p(j+1)...

which result in the following amplitude relation (7.122) (with gravity multiplet p and single-trace
ordering Tr(t't?...t"))

n—1
ARYM(L 2, nsp) =) (6 - kaa j)A(LL2,. ., 4ip, j 4L, n—1,n). (7.126)
j=1

This relation has been firstly derived from disk amplitudes of type I superstrings with one closed-string
insertion [264] and generalized to single-trace amplitudes with multiple external gravitons using CHY
methods?” [266] and heterotic strings [259]. For single-trace amplitudes with an arbitrary number
of gravity multiplets, a decomposition formula (7.122) in terms of intersection numbers of twisted
cocycles can be found in [267]. Note that generic (DF)? + YM + ¢ numerators are rational functions
in o/, so their o/-independent instances in (7.125) are rather atypical.

e For n-gluon double-trace amplitudes associated with Tr(t'¢”)Tr(¢9t") and no external gravitons, the
bosonic correlator determined by the current algebra is

Oé/

24+ a's1p

Kyos ~PT(1, P)PT(Q,n) = PT(1,{P,Q},n) mod V5, (7.127)

47The prescription for Einstein—Yang-Mills amplitudes in the CHY formalism has been given in [265, 242].
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— 24_7 E E (71)1_]5” E g PT(laAvp’MQJaBan) mod ka ’
a’sip i=1 j=1 A€pipa...pi—1 BEjq1--q)Q|
wp|p|--Pit+1 wqj_q1---9291

where the second line is known from [259] and follows from expanding out the S-bracket via (4.144).

The master numerators (7.123) can be read off from the Parke—Taylor coefficients, and we now have a

non-trivial o’-dependence of the Nl(ﬁgf) +YM+g? through the geometric series

m _o Z (__slp) , (7.128)

The master numerators of YM+¢?3 are obtained from the leading terms ﬁ — %/ and result in the
following expansion of the Einstein—Yang—Mills double-trace amplitude A¥YM(1, P|Q,n) along with
Tr(t't7)Tr(t9t"):
AFYM(1, PlQ,n) = S AL {P,Q},n), (7.129)
for instance
ABYM(19]3 4) = ¥ 503A(1,2,3,4),
ABYM(1.2 3]4,5) = 2 [s34A(1,2,3,4,5) — s24A(1,3,2,4,5)] , (7.130)
APYM(1.9.3 45,6) = & [545A(1,2,3,4,5,6) — s35A(1,2,4,3,5,6) + (2 <> 4)] ,
APYM(1.2 3]4,5,6) = & [s344(1,2,3,4,5,6) — s24A(1,3,2,4,5,6) — (4 ¢ 5)] .

The prefactor is identified with the gravitational coupling in Einstein—Yang—Mills theory according to

K2 = %, and signals two gravitational vertices as expected: each diagram contributing to double-trace
amplitudes with external gauge multiplets involves one gravitational propagator ending on vertices

with one factor of x each.

The double-trace relations (7.129) have been derived and extended to one external gravity multiplet
via CHY methods [266] and heterotic strings [259]. Their generalizations to arbitrary number of traces
can be found in [268].

As illustrated by the tachyon pole (24+a’s;p)~! in (7.127), the numerators Nl(ﬁgﬁ FYMEE® i1l feature
propagators of the massive states in the (DF)? + YM + ¢? theory. Still, they are free of massless poles and
therefore yield a local low-energy limit N1| P‘+¢ for the Einstein—Yang—Mills amplitudes relations (7.122).

7.5.5. Reducing heterotic-string amplitudes to the single-trace sector
In fact, the Einstein—Yang—Mills amplitude relations (7.122) uplift to exact-in-o’ relations for heterotic-
string amplitudes in passing to the numerators of the (DF)? + YM + ¢3 theory

Mi}}et _ Z Nl(ﬁaiz +YM+¢3 Ahet(l P n) (7131)
PeS, 2

where A"(Q) denote the single-trace amplitudes for |Q| external gauge multiplets. This follows from
(7.123) in combination with

n—3 n
al —Ot/S' i
Ahet(l,R,n,n—l) = —(—%) / d222 d223 .. .dQZn_Q Z1iR <IC">H|ZU| * (7.132)
Cr=3\{za=23} <7
and its SL(2,C) covariant uplift 2,5 — —PT(1, R,n,n—1) in (6.59) [137],
APy =— 3" J(P|1,R,n,n—1)S(R|Q)1A(1,Q,n—1,n), (7.133)

QaRESnff}
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see (7.61) for the sphere integrals J(P|R). One may view (7.131) as an alternative to the double copy (7.119)
with locality w.r.t. the massless propagators but not w.r.t. the massive ones. For instance, specializing (7.131)
to double-trace amplitudes A"*(1, P|Q,n) of the heterotic string yields [259)

Oé/

- 24+a's1p

AP (1, P|Q,n) AL {P,Q},n), (7.134)
with the Einstein—Yang—Mills relation (7.129) in its low-energy limit. The only case where (7.131) is free of
massive propagators is the following single-trace amplitude with one external gravity multiplet [259)

n—1
AL, 2, mip) = Y (& - kia ) A™N(1,2,. .G, p, g+, n—1,n), (7.135)

J=1

which is the o/-uplift of (7.126).

8. a’-expansion of superstring tree-level amplitudes

In the previous sections, we have reviewed the derivation and structure of the expression (6.49) for the
n-point disk amplitude in terms of SYM tree amplitudes. By disentangling the contributions of left- and
right-moving worldsheet degrees of freedom, similar decompositions (7.70) and (7.119) were deduced for
sphere amplitudes of type II and heterotic strings. On the one hand, these genus-zero results only cover
the leading order in string perturbation theory and still receive loop corrections. On the other hand, (6.49),
(7.70) and (7.119) are exact in o/, i.e. they incorporate all orders in the low-energy expansion at genus zero.

This section is dedicated to the o’-expansion of n-point disk and sphere amplitudes, with a detailed
review of the structure and explicit computation of the string corrections to the field-theory limits discussed
in the previous sections. These string corrections are organized into infinite series in the dimensionless
Mandelstam invariants o’ k;-k; with rational combinations of multiple zeta values (MZVs) in their coefficients.
The appearance of MZVs unravels elegant mathematical properties of and striking connections between
tree-level amplitudes in different perturbative string theories. Moreover, the interplay of MZVs with the
accompanying polynomials in o'k;-k; identifies several echos of field-theory structures at all orders of the
low-energy expansion including Berends—Giele recursions, color-kinematics duality and double copy.

The study of low-energy expansions in string perturbation theory has a long history. We focus on state-
of-the-art techniques to expand the n-point disk integrals (6.51) or their Z-basis (6.62) using the Drinfeld
associator [269], see section 8.5, or Berends—Giele recursions [225], see section 8.6. Based on these results for
the disk integrals of open superstrings, the analogous expansions of the sphere integrals in tree amplitudes
of type II and heterotic string theories will be obtained as corollaries under the so-called single valued map,
see section 8.7. At n < 7 points, a variety of earlier calculations have been successfully carried out before the
advent of the all-multiplicity methods in sections 8.5 and 8.6, often exploiting synergies with hypergeometric
functions [213, 198, 214, 199, 216, 217, 270, 271, 166, 272, 273]. The loop-level extensions of the results in
this section are under active investigation, and a short summary of the state of the art as of fall 2022 can
be found in section 9.2.

Numerous developments related to the o/-expansion of string amplitudes have been crucially fueled by
the recent number-theory and algebraic-geometry literature. As will be detailed below, the mathematical
references underlying the tree-level results of this section include [274, 275, 276, 277, 278, 279, 280, 223].
Parts of the results of this section can also be found in the reviews [281, 282] from 2016, also see [283] for a
helpful introductory reference on the Hopf-algebra structure of genus-zero integrals in the particle-physics
literature.

8.1. Basics of o/ -expansions

This subsection aims to set the stage for the main results of this section by reviewing four-point examples
of a’-expansions and the connection with low-energy effective actions.

128



8.1.1. Four-point o -expansions

Similar to the computation and simplification of the correlators, the main efforts in determining low-
energy expansions kick in at five points. The four-point a’-expansion in turn has been known in closed form
for decades from the simple expansion of the Gamma-function

logT(1-2) =7z + » %gm : (8.1)

where the Euler-Mascheroni drops out from string tree-level computations and the Riemann zeta values are
given by convergent infinite sums

k=1

The o’-dependence of the four-point open-superstring amplitude (6.13) can be written as

F? =

I'1—2¢’ I'1—2¢’
(1—20"512)I'(1—20/s23) :exp(

Cn
92 n no_ n
T(1—2a's12—20"523) D 2 (2a)" [statss — (s12+823)"]

n=2
=1—(2a/)*(2512523 + (20/)% (3512823513 — (20) (us12523 (575 + 2512503 + 533) (8.3)

1 6
— (2a/)° (23879555513 + 5(20/)545512523513(S§2+S§3+S§3) +0("),

where F5? is the scalar four-point instance of the (n—3)! x (n—3)! matrix Fp® of n-point disk integrals in
(6.51). The Gamma functions in the numerators of F»? introduce poles at 2a/s12,2a/s23 = 1,2, ..., i.e. at
center-of-mass energies (k;+k;)? € %, that signal the exchange of massive string vibration modes. After
o/-expansions, say in the exponential of (8.3), these poles are no longer manifest.

Also for closed superstrings, the o’-expansion of the four-point amplitude in the form (7.55) can be
extracted from a scalar combination of Gamma functions,

F(1-5s12)l'(1-5s23) (15 513) Cok+1 2 k k k
Coa( oo (25 (5) el et (5.0

o\ 2 o \° 6
=1+ 2<3> (3512823813 + (5) (5512523513(sTa+s33+573) + O(a”) .

The coefficients in this series are still exclusively built from Riemann zeta values (8.2), but there is no more
reference to the even zeta values (ax seen in the open-string expansion (8.3). While these cancellations at
four points can still be understood from Gamma-function expansions, their generalizations to n > 5 points
are governed by an elaborate mathematical structure known as the single-valued map, see section 8.7 for
details.

8.1.2. Low-energy effective actions

One of the traditional motivations for o/-expansions of massless string amplitudes is to determine the
low-energy effective action of the gauge and gravity multiplets. An expansion around ¢’ — 0 amounts to
integrating out the massive vibration modes which become infinitely heavy in view of their mass-spectra
M? € N/a' and M? € 4N/’ for open and closed strings, respectively. This can be anticipated from the
fact that the poles of the Gamma functions due to massive-state exchange in (8.3) or (8.4) are no longer
manifest in the exponentials encoding the respective a’-expansions, let alone the individual orders in «/'.

The joint effort of all massive string modes leads to effective string interactions of schematic form
M HE=2 D2RFM and o/mTR=1 D2KR™ (with powers of the non-linear gluon field strength F, Riemann curva-
ture R and their respective gauge- and diffeomorphism-covariant derivatives D) and their supersymmetriza-
tions. Low-energy effective operators o/™T*=2Tr{ D?**F™} or o/™**~1D2k¥R™ can be extracted from the
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o’-expansion of massless string amplitudes, i.e. by reverse-engineering the Feynman rules that generate a
given o/-order of the amplitude. This approach turns out to be cumbersome in practice since*8

(i) field redefinitions and relations of the schematic form D?*F = F? or D?R = R? introduce ambiguities,

(ii) extracting the new information on D?*F" or D**R™ interactions from n-point amplitudes necessitates
the subtraction of reducible-diagram contributions with insertions of D?*F™ or D?*R™ at m < n,

(iil) operators with four or more field strengths F and in particular curvature tensors R admit a large number
of Lorentz-index structures, which can be alleviated via manifestly supersymmetric approaches.

In the non-abelian gauge sector of the type I effective action, there are no explicit results beyond the order
of a/* with all the tensor structures spelled out. The purely bosonic terms at leading orders are given by

1
SoRer = / d'x Tr{ZanIE‘m" +a%G [fmmpwnwqu —F™,F",F? F9,, (8.5)
+ %Fm”anFmFm + iFm”FmanFm} + (9(0/3)} + fermions,

followed by 8-term expressions o/3¢3Tr{ D?F*+F°} and 96-term-expressions /4y Tr{ D4F*4D2F5+F6} at
higher orders in o’. A state-of-the-art method to determine their tensor structure can be found in [285]%9,
also see [213, 214] and [287, 199, 288] for earlier results at the orders of a/<%. The abelian gauge sector of
type I superstrings incorporates supersymmetric Born—Infeld theory in its low-energy limit [23§], see also
[289, 290, 291], and the o/>R* interaction of type II superstrings has been firstly investigated in [292].

8.1.3. On the scope of four-point amplitudes
The polarization dependence of the four-point open- and closed-string amplitudes (6.13) and (7.55) enjoys

a simple tensor structure at all orders in o’: for the bosonic components, the polarization vectors in the
prefactors A(1,2,3,4) and M§™ combine to linearized field strengths contracted by the famous tg-tensor

b1, o For ) = S S5 AR FE™ — 2 S S PR 4 eyo(2,3,4) (56)
namely
$1225A(1,2,3,4) = s, Fo, i fa) + O(xs), (57)
s12823513 M5 = *its(fh far f3, fts(f1, fo. f3, 1) + O, X5) 5
where A(1,2,3,4) and M§™ are given in (5.34) and (4.159). Accordingly, the closed-form expressions for
the four-point o/-expansions (8.3) and (8.4) can be used to swiftly propose operators Tr{ D**F4} or D?*R*

which reproduce the four-point amplitudes. For instance, the first o’-correction in the open-superstring
effective action (8.5) can be written as —a/2(Tr (tg (F,F,F, IF)) and readily reflect the subleading order of

A(1,2,3,4) = A(1,2,3,4) (1 — (20/)%Cas12823 + (9(o/3>) . (8.8)
However, the information from the four-point amplitudes does not fix any effective operators Tr{ D**F™}

or D?*R™ with m > 5 required by non-linear supersymmetry. Moreover, the Mandelstam dependence of
the four-point o/-expansion does not fix the order of the non-commutative covariant derivatives D,, acting

48For a brief review and for the practical struggles associated with (i) and (ii), see [284].
49The absence of tensor structures (e; - k;)™ in disk amplitudes was recognized as a valuable source of information on the
open-string effective action [285] and properties of the amplitudes themselves [286].
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on F* or R*. At the time of writing, it is not clear whether one can find a tensor structure analogous to tg
that governs the five-field operators Tr{ D**F>} and D?**R® at all orders in o/.°

For closed-string effective actions, the complexity proliferates more drastically with the order in o'.
As an additional complication as compared to open strings, already the simplest o/-correction a/3¢zR* to
the ten-dimensional type II supergravity action goes beyond the tg-tensor: The sixteen Lorentz indices
of H?Zl R™i"iPi% are contracted with a combination of tgtgs and two ten-dimensional Levi—Civita tensors

Eabm1n1m2n2m3n3m4n4 Eabl)l 41P292P393P494
10 10

in the tree-level effective action of both type IIA and type IIB su-
perstrings [295, 296, 297], where the €19£1¢ terms do not contribute to four-point amplitudes.

Furthermore, the type II supergravity multiplets have a much richer structure than the gauge multiplet
of ten-dimensional SYM. The multitude of superpartners of the type IIB tree-level interaction o/3(3(tsts +
£10¢10)R* for instance includes a sixteen-dilatino term [298]. More generally, the operators in the type IIB
effective action are organized according to their charges w.r.t. the U(1) R-symmetry of type IIB supergravity
which is broken by the string corrections.

8.1.4. Manifestly supersymmetric approaches

The manifestly supersymmetric form of the n-point disk amplitude in (6.49) severely constrains the
effective action of type I superstrings to all orders in o’: The amplitudes computed from reducible and
irreducible diagrams at various orders in o’ must conspire to linear combinations of SYM trees. It is an
open problem to translate this property together with the all-order results on the o/-expansion of disk
integrals to be reviewed below into a new line of attack for the effective action.

By the success of pure spinor methods to obtain compact expressions for n-point amplitudes, one can
expect that the open questions on effective actions will benefit from superspace methods. The supersym-
metrization of the F* interaction in (8.5) has a long history [299, 300, 301, 302] and manifestly super-
symmetric formulations of more general effective string interactions have for instance been discussed in

303, 304, 305, 306, 307, 89, 288, 308, 309].

8.2. Multiple zeta values
The coeflicients in the low-energy expansion of n-point string amplitudes and the associated low-energy
effective action are rational linear combinations of multiple zeta values (MZVs) [274, 276]

o0

—n17,—n —n,.
Cnangsony = g ky™MEy" kT ni,no, ...,y €N, ng > 2 (8.9)
0<k1<ks<...<k,

that generalize the Riemann zeta values (8.2) to depend on multiple integers n;. The infinite sum converges
if n,. > 2, and we refer to r and ni+no+ ... +n, as the depth and the weight of the MZV, respectively. While
even zeta values (p), are rational multiples of 2% (with By denoting the Bernoulli numbers®!),

(271)2* By,

== 8.10
C2k 2(2k)' ) ( )
the numbers 7, (3, (5, (7, . . . are conjectured to be algebraically independent over Q. MZVs arise from iterated

integrals over logarithmic forms dlog(z;—a;) with a; € {0,1} V 7 =1,2,...,w and a1 # 0,

d d dzy,
I(O;alag...aw;z):/ e 2 Z ,
0<z1<22<...<zp<z #1701 22702 Zw = Qw
Crvmg.oom, = (=1)71(0;10...010...0...10...0;1), (8.11)
ny—1 no—1 ny—1

50Gee for instance [293, 294] for explicit tensors ¢, contracting r > 16 indices in eight-derivative interactions related to
superpartners of R%.
oo ™

51 ; ; t
The generating function = = > "¢ o

B leads to even Bernoulli numbers such as Bs = é, By = —3—10 and Bg = é

whereas the odd ones vanish, Bag41 =0V k € N, apart from By = -1

z.
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i.e. multiple polylogarithms at unit argument. The combined set of relations following from the iterated-
integral and nested-sum representations can be used to reduce any MZV of weight w < 7 to products of
Riemann zeta values (,, and leave the conjectural bases over Q in table 1. The first instances of irreducible
MZVs at depth 2 and 3 are believed to occur at weight 8 (e.g. {3,5) and weight 11 (e.g. (3,3,5), respectively.

L w JoJ1[2[3[4] 5 [6] 7 [ 8 [ 9 [ 10 [ 11 |
1 GlG|E] ¢ 5| G & G | & GGs | ¢ Gas
GG | G| GG | G | GG | Gr GG | &b Gé&
MZV C3¢3 | G5 | B3¢ | G GGr | (3¢ (a¢s
(3G | ¢33 (2€3¢s C{CRNCTE
¢3 (3(3,5
dim,, 110 1 1 1 2 2 3 4 5 7 9

Table 1: Conjectural Q-bases of MZVs at weights w < 11.

Comprehensive references on MZVs include [310, 311], and a datamine of Q-relations with machine-
readable ancillary files can be found in [312]. Any known relation among MZVs over Q preserves the
weight, and the dimensions dim,, of the tentative Q-bases at weight w are conjectured to obey the recursion
dim,, = dim,,_2+dim,,_3 with dimg = 1 = dimy and dim; = 0 [313], see table 1 for possible representatives.

8.2.1. Motivic MZVs and the f alphabet

The conjectural counting of Q-linearly independent MZVs through the above recursion for dim,, can
be reproduced from a simple model, the so-called f-alphabet [277]: introduce non-commutative variables
fs, f5, f7,... for each odd integer > 3, a single commutative variable fo and assign weight w to f,. It is
easy to show that the number of weight-w compositions (non-commutative words in fa,,+1 along with non-
negative powers of f5) is counted by dim,, in table 1, e.g. {f5, fafs} at weight five or {f2, fafsfs, fafs, f5.f3}
at weight eight. Note in particular that the first instance fs3f5 # f5f3 of non-commutativity ties in with the
first conjecturally irreducible MZV (3 5 beyond depth one.

It is tempting to map MZVs into the f-alphabet, i.e. the Hopf-algebra comodule U = Q(fs, f5,...) ®g
Q[ f2], in order to manifestly mod out by their Q-relations. However, the unsettled transcendentality proper-
ties of MZVs currently obstruct a well-defined map to Y. As a workaround, one can consider motivic MZVs

o s, instead of the Cu, ny. . n, € Rin (8.9). By definition, motivic MZVs obey the complete set of Q

relations among Cn, n,,....n, known up to date, and their elaborate definition in the framework of algebraic
geometry can be found in [275, 277, 314].

By passing to motivic MZVs, one can set up an invertible map ¢ to the f-alphabet starting from the
normalization

H(Cokr1) = fart1, #((3Y) = fa. (8.12)

For motivic MZVs (', of weight w beyond depth one, the ¢-image up to adding a Q-multiple of ¢((}})
can be determined from the shuffle product L and deconcatenation coaction A in U:

faw fp = Z fe, (8.13)
CeAwB
A(ffa) =13 Y feofo.
A=BC

We employ the shorthand fa = fa, fa, - - - fa . for A= aiaz...aa) (with fy = 1), and the sum over ) ,_ 5
includes the terms with B = () or C' = (), for instance

(fafs) W fr = fafsfr+ fafrfs + frfafs, (8.14)
A(fafofs) = f2® fofs+ fafo® fs+ fafofs @ 1.
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More specifically, the ¢-images of motivic MZVs are required to preserve the product and coaction structure
in the sense of

¢( :;,...,nr : ;21,...,;03) = ¢( 7?1,...,71T) L ¢( g,...,ps)a

A m,)) = S(ACT, ) - (8.15)

The shuffle symbol in the first line is understood to act trivially on the commutative variable fa, e.g.

image ¢(CT . 1. )-"? As the simplest examples of this procedure, the (Tconjecturally indecomposable) MZVs

beyond depth one in table 1 are mapped to

o(¢355) = —5f3fs, ¢(C37) = —14f3f7 —6f5fs5,
O(B5) = ~Bfsfofs — 45fof2 — S frfi + 2 Fff (.16)

where we have chosen to exclude fs, fio and f11 from ¢((F's), ¢(C37) and ¢(CF'5 5), respectively. The coeffi-
cients of f,, in each other ¢(¢, ) at weight w = 8,10 or 11 are determined by (8.12), (8.15), (8.16) and
imposing that ¢ preserves the Q-relations among motivic MZVs.

Higher-weight instances of ¢((;} . ) can be found in [271], where the MZVs beyond depth one in the
conjectural Q bases of [312] are taken to have no f,, in their ¢-images (also see section 8.2.4 for comments
on the conventions). As will be reviewed in section 8.3, the o/-expansion of the disk integrals Fp@ in (6.51)

takes a very compact form once the (motivic) MZVs in the coefficients are translated into the f-alphabet.

8.2.2. The Drinfeld associator

As will be described in section 8.5, the MZVs in the o/-expansion of n-point disk integrals can be derived
from the Drinfeld associator, a generating series of MZVs. Besides the MZVs in (8.11) from convergent
iterated integrals I(0;1...0; 1), the Drinfeld associator also involves so-called shuffle-regularized MZVs which
descend from formally divergent integrals. For the iterated integrals I(0;a; ...ay;1) in (8.11), we assign
regularized values

I1(0;0;1) = 1(0; 1;1) =0 (8.17)

to the divergent cases at weight 1. At higher weight, the regularized values of integrals 7(0;0...;1) or
I(0;...1;1) with endpoint divergences are defined by (8.17) and by imposing them to obey the shuffle
relations of convergent I(0;1...0;1),

1(0; A;1)I(0; B; 1) = Z 1(0; C; 1) also for a1,b1 = 0 and a4, b3 = 1. (8.18)
CecAwB

One can recursively remove leading zeros by relating 1(0;0%D; 1) with d; = 1 to 1(0;0%;1)I(0; D; 1) minus
terms with < k—1 leading zeros, for instance I(0;01;1) = I(0;0;1)I(0;1;1) — I(0;10;1) = (5. Similarly,
subtracting I(0; D;1)I(0;1%;1) from I(0; D1%;1) with dip| = 0 yields terms with < k—1 terminal ones,
see for instance [316] for further details. The resulting regularized values of I(0; A;1) with a; = 0 and/or
aja) = 1 are known as shuffle-regularized MZVs.

The Drinfeld associator ®(eg,e1) (not to be confused with the perturbiners for bi-adjoint scalars in
section 6.4.4) is a generating series of shuffle-regularized MZVs, where the coefficient of I(0; 4;1) is a word
€A = €q,€q, - - - €q,, Of nON-commutative variables eg, e1,

1Al
Oleg,e1) = Y (—1)Z=1%1(0; 4;1)eq
Ae{0,1}*

528trictly speaking, the second entry of the coaction AGH
version of (2 vanishes, see for instance [315].

n,.» where the deRham

AAAAA n,.) involves deRham periods ¢3"

AAAAA
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=1 +<2[€0,61] +<3[60761, [60,61]] (819)
+ C4([€0, [eo, [eo, e1]]] + le1, [€o, [e1, eo]]] + [e1, [e1, [eo, e1]]] + Fleo, 61]2) +...,

and the summation range {0,1}* denotes the set of words (of arbitrary length 0,1,2,...) in letters 0,1. In
the first place, the Drinfeld associator has been introduced as the universal monodromy of the KZ equation

dF(z) _ <e_0 L @

dz z 1—2

>F(z) , (8.20)

(with eg, e1 some non-commutative indeterminates) relating its regularized boundary values Cy, C; [317, 318]:
Co = 1im0 27F(z), Ci= 1in%(1—z)elF(z) = Cy =P(eg,e1)Co - (8.21)
= z—

The equivalence of this definition to the generating series (8.19) was then shown by Le and Murakami [319].
The relevance of the Drinfeld associator for open-string amplitudes will later on be illustrated by presenting
(n—2)!-component vectors F' subject to (8.20) and related to disk integrals, with matrix representations of
eo, e1 linear in o's;;.

8.2.3. Single-valued multiple zeta values

In comparing the o/-expansions of the four-point disk and sphere integrals (8.3) and (8.4), we already
noted the dropout of even zeta values from the closed-string amplitude. The n-point systematics of dropouts
in passing from open to closed strings is captured by the notion of single-valued MZVs to be reviewed in
this section.

The terminology is borrowed from the polylogarithms that specialize to MZVs at unit argument, see
(8.11): while the meromorphic polylogarithms are notoriously multivalued as the defining integration path
is deformed by loops around z = 0 or z = 1, one can form single-valued combinations by adjoining complex
conjugates. For instance, the real part of the multivalued I(0;1;z) = log(1—=z) yields the single-valued
I57(0;1; 2) = 1(0; 15 2) + 1(0; 15 2) = log |[1—2]°.

At higher weight, single-valued polylogarithms IV (0; A; z) can be systematically constructed from prod-

ucts of I(0; B; 2)I(0; C; z) and MZVs as detailed in [320]. The guiding principle of the reference is to preserve
the holomorphic derivatives

1(0; A; 2)
z—b

I#V(0; 4; 2)

0.1(0; Ab; z) = ;
P

0. I°V(0; Ab; z) = (8.22)
on the expense of more complicated expressions for the antiholomorphic derivatives 9zI%V(0; Ab; z). The
weight-two example I°V(0; 10; z) = I1(0;10; 2)4+1(0; 0; 2)I(0; 1; 2)+1(0; 01; z) illustrates that shuffle-regularized
versions of polylogarithms (based on I(0;0;z) = log(z)) are encountered even if the holomorphic part (in
this case I(0;10; z)) is convergent.

In the same way as meromorphic polylogarithms yield MZVs at z = 1, see (8.11), we define single-valued
MZVs as single-valued polylogarithms at unit argument [278, 279],

sv = (=1)"I*(0;10...010...0...10...0;1). (8.23)
—— TN~

ny—1 na—1 ny—1

At depth one, this annihilates even zeta values and doubles odd ones,

=0, Glg1 = 2Ck+1, (8.24)
and the expressions for single-valued MZVs at higher depth are usually less straightforward, e.g.
55 = 100G, (3 = —28(s¢7 — 123, (8.25)

12 8
(3%5 = 20335 — 5G5Cs + 90CaCo + g(%C? - §C23C5 -
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It is clear by the constituents of I5V(0; A4; z) that single-valued MZVs can be expressed in terms of Q-linear
combinations of MZVs.

The above constructions are formalized through the single-valued map that sends both meromorphic
polylogarithms and arbitrary MZVs to their single-valued versions. However, the single-valued map sv of
MZVs is only well-defined in a motivic setup, i.e. (8.24) and (8.25) are understood as

sv(Gr) =0, sv(Qhy) = 2Ghta,  sv(GEs) = —10G5°¢ (8.26)

As a major advantage of adapting the single-valued map to motivic MZVs, one can employ the f-alphabet
where the single-valued map follows a simple closed formula at arbitrary weight and depth [279],

Sv(fglfhfiz . fh) = 6",02fij B 'fizfi1 L fij+1fij+2 . 'fiT ) (827)
7=0
where i1, 12, ...,1, € 2N+1, for instance
Sv(fi1>:2fi17 Sv(filfi2):2fi1|—ufi2 :2(fi1fi2+fi2fi1)7 (828>

Sv(filfi2fi3> = 2(f11f12f13 +fi3fi2fi1 +fi2fi1fi3 +f12f13f11) .

In slight abuse of notation, we are employing the same notation sv for the single-valued map of motivic
MZVs and the induced single-valued map ¢sv¢~! in the f alphabet. Since fi, f;, and f;, fi, (with i1, iz
odd) are indistinguishable under the single-valued map by (8.28), irreducible double zetas such as (3%, (3%
in table 1 factorize into products of odd Riemann zeta values. Accordingly, (3% 5 in (8.25) is the simplest
indecomposable single-valued MZV beyond depth one.

Note that the single-valued map preserves the product structure,

sv(Cry,imy 1?; »»»»» ps) =5V(Cny,.m, )+ SV( D1, ps)v (8.29)
as one can check from its f-alphabet representation (8.27). In section 8.7, we will apply the single-valued
map to the o’-expansions of disk integrals which then acts on (motivic) MZVs at various weights.

8.2.4. Comments on conventions

In comparing the material of this section with the literature on MZVs and their f-alphabet description,
the reader should be warned about two sources of mismatching conventions. First, many references including
[312, 310, 311] define the nested sum on the right-hand side of (8.9) to be (.. ... .ny.n, instead of Cny na... s
and our ordering conventions for the arguments of MZVs agree with those of [313, 274, 276, 314, 277, 271,
321, 278, 279, 322, 137, 281, 282]. Second, our conventions for the motivic coaction are those of [283, 321, 281]
but differ from [314, 277, 271, 278, 279, 322, 137, 311, 282] by the swap A ® B +» B ® A.

In the above references with opposite conventions for the motivic coaction, the order of the non-
commutative for11 will be reversed in comparison to the expressions in this work. In particular, the coaction
of the commutative fy becomes 1 ® fo instead of fo ® 1 in translating to those references. Moreover, the
single-valued map of f3 f;, fi, ... fi, becomes 0y, o Z;:O Jirfig o Ji; W fi fi,_y ... fi;,, in the place of (8.27)
when changing the conventions to A ® B — B ® A.

For instance, the (conjectural) Q-bases of MZVs employed in the datamine [312] are related to those of
this work and [271] by reversing Cn, ns....n. — Cn...onani- HOwever, in order to import the ¢-images at
weight < 16 from [271] into our present conventions, the order of the non-commutative letters for1 requires
a separate reversal, i.e. f;, fi, ... fi, = fi. ... fi, fi, with ¢; € 2N41.

8.3. Patterns in the o/ -expansion

In this section, we review the structure of the o/-expansion of the n-point disk integrals Fp® in (6.51)
which has been firstly described in [271]. First of all, the MZVs contributing to the order of o/* have total
weight w, i.e. the a’-expansion of Fp® is said to enjoy uniform transcendentality, see section 8.5 for a proof.
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Once the MZVs at given weight w are organized in the conjectural Q-bases of table 1, the coefficients
of the Riemann zeta values (,, are claimed to determine all other coefficients, say those of indecomposable
higher-depth zetas (3 5 or products such as (,(p or (,(p,c. These intriguing patterns are checked for a variety
of weights & multiplicities and most conveniently described in the f-alphabet of section 8.2.1. They imply
a remarkably simple formula for the coaction of the integrals Fp®@ [321] that resonates with recent studies
of Feynman integrals [323, 324, 325, 326] and Lauricella hypergeometric functions [327].

8.3.1. The pattern in terms of MZVs
For the four-point instance of the disk integrals Fp® in (6.51), the o/-expansion is given in closed form
by the exponential in (8.3). This expression manifests that the coefficients,

241, 2k+1 | 2k+1 2% 2k _ 2k

+5 +s5 Cor(sT5+855—57%)
Vi 94/ 2k+1 512 23 13 P 90/ )2k 12 T523—S13 3.30
2k+1 ’n:4 (27) 2kt 1 ’ 2k ’n:4 (207) 2k(Ca)F ’ ( )

of (ar+1 and (o determine those of products (4, (g, - - - by expanding the exponential. In order to generalize
this observation to n > 5 points, we shall consider the matrix-valued coefficients of Riemann zeta values

(Mogy1)p® = Fp@ ‘szl , (Poy)p? = Fp© ‘45 , (8.31)

where the entries of the (n—3)! x (n—3)! matrices P, and M, are homogeneous degree-w polynomials
in 2a/s;; with rational coefficients. A variety of examples at n = 5,6,7 are available for download from
[328], where the conventions in this review are matched after rescaling s;; — —2a’s;; in the dataset of the
website. At the leading orders in o, the expansion of n-point disk integrals is found to exhibit the following
multiplicity-agnostic pattern [271]

F =1+ Py + (sMs + (G Py + (s Ms + (203 P2 Ms (8.32)

1
+ G Ps + §C§M§ + G My + GG PoMs + (23 PyMs + O(®)

where we have suppressed the row and column indices of the Fp? in (6.51). The coefficients P,,, M,, of ¢,
defined in (8.31) turn out to determine those of (2(3 or (3 via matrix products PoM3 or MZ. In other words,
there is only one piece of independent information P,, or M,, at each order o/*<7 in (8.32).

Starting from weights w = 8,10, 11, ..., the Q-bases of MZVs are believed to contain indecomposable
elements of depth > 2 which can be chosen as (35,(3.7,(3,35,... [312]. In the conjectural bases of table
1, the simplest instances of depth-two and depth-three MZVs are accompanied by the following matrix
commutators [271]

1 1
=GP+ §C2C§P2M§ + (3Cs M5 M3 + 5C3,5[M57 Ms],
1
= CoMg + (2(r Pa M7 + (3¢5 PaMs + (3¢s Ps M3 + EC:?M:? ;
1 1
F |(a/)10 = (5 P10 + (2(3(s P M5 Ms + 54243,5P2[M57 Ms] + §C§C§P4M§
1 5. 9 1 3 9
56 My + GG MrMs + { G+ 1,6 (M7, M3], (8.33)
1
gy = M + Gl P My + (3¢r Py My + (3¢5 PsMs + G5 G Ps M + ECngpzMgg
1, , 1 1 6 . 4 4
+ 50 MMy + £ C3,5Gs[Ms, Ms]Ms + { 2Cs.3,5 +9C2Co + G0 — 526G | [Ms, [Ms, Ms]].
These expressions are consistent with the dropout of (35,37 and (335 at four points, see (8.3), since the
(n—3)! x (n—3)! matrices Max41 then reduce to the scalars (8.30) with vanishing commutators. However,
rational prefactors such as % of (3,5[Ms, M3] or f% of (3¢s5[Ms, [Ms, M3)] may appear surprising at first

glance. As we will see in the next section, these rational numbers conspire to unit coeflicients once the
MZVs in (8.33) are taken to be motivic ones and mapped into the f-alphabet reviewed in section 8.2.1.
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8.3.2. The pattern in the f alphabet
In preparation for a well-defined map into the f-alphabet, we promote the MZVs in the o’-expansion of
the matrix F' to their motivic versions,

(8.34)

The image of (8.33) in the f-alphabet can be assembled from the action (8.12), (8.15) and (8.16) of the
¢-isomorphism on (', (3%, (5’3 5 and products thereof,
P(F™) ‘(a/)s = foPs + faofsfaPaM3 + fsfsMsMs + f5 fsMsMs,
d(F™) ‘(o/)g = foMo + fofrPaM7 + f3 fs PsMs + f3 fsPsMs + fsf3fsMs
o(F™) ‘(a/)m = f3Pro + fofsfsPaMsMs + fofs faPaMsMs + f3 fs fsPy M3 (8.35)
+ fsfsM3 + fsf:MsM7 + f7fsM7Ms,
G(F™) ‘(a/)ll = fu1Mi1 + fofoPoMg + f3 frPaMy7 + f3 fs PsMs + f3 fsPsMs + fofs PaM3
+ fafafsM3Ms + fsfsfsMaMsMs + f5 fsfaMsM; .

Each word in the non-commutative generators fory1 is accompanied by a matrix product of Mag1 with a

matching multiplication order, and powers of the commutative ¢-image f2 of (5 occur with left-multiplicative

f¥Pyy,. Moreover, all the unwieldy rational prefactors of % or — =& in (8.33) have conspired to unit coefficients

35
in passing to (8.35)! By reinstating the lower-weight results in the f-alphabet’3, the orders of o/<!! can be

reconstructed from

P(F™) = (]l + foPo + f2Py + f3Ps + foPs + f25P10)
X (L+ f3sMs + fsMs + f3 fsMsMs + fr M7 + f3 fsM3Ms + fs fsMsMs (8.36)
+ foMg + f3f3fsM3zMsMs + f5fs MsMs + f3frMsMy + f7fsM7 M3

+ fuiMuy + f3fsfsM3Ms + fafsfsMsMsMs + fsf3fsMsM3) + O(a'?).

This suggests the following all-order formula for the o/-expansion of n-point disk integrals [271],

P(F™) = (ngkp%) > > firfig - fi, My My ... M,
k=0

=0 i1 ,ig,...,ir €2N+1

= 1
= f ’“sz) : (8.37)
(kz_;) ? 1= 302 fons1Many1
where the fraction in the last line is understood as a geometric series ﬁ =3 _,x™. The only independent

pieces of information in (8.37) are the matrices Moy, 11 and Py along with fo,11 and f2k The coefficients
of any product fX fa,, 11 or higher-depth terms fon, 11 fon,+1 - .. are determined by (8.37) in terms of matrix
multiplications among the Poy and May,41.

At multiplicities n = 5,6,7, (8.37) has been checked up to and including weight 21,9,7 [166] and is
conjectural beyond this.

8.3.8. Coaction
The coefficients P,,, M, of {, in (8.31) are defined w.r.t. a prescribed Q-basis of MZVs at weight w.
At weights w < 7, we have employed the unique bases in (8.32) that are expressible in terms of Riemann

53 At the orders of o/®<7, the rational prefactors in (8.32) remain unchanged in passing to ¢(F™) apart from ¢((¢§)?) =
f3 W f3 = 2f3 f3. Similarly, contributions of % (Cg‘k-HM?kJrl)n at higher orders that resemble the expansion of a matrix-valued
exponential are mapped to n-fold concatenation products fJ; JrlMQ"IC 11 under ¢.
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zeta values. Starting from weight w = 8, however, the choices of basis elements (3 5,(3.7,(3,3,5, ... beyond
depth one in table 1 is somewhat arbitrary and leaves various equally natural alternatives. One could for
instance change the basis to include (53 = (3(5 — (3,5 — (g instead of (35 which would add commutator
terms ~ [M3z, Ms] to the coefficient Py of (5 = %Cg in the new basis. Similarly, trading (3 35 for a different
basis elements at depth > 3 leads to a shift of M7; by a rational multiple of [Ms, [Ms, Ms]].

We shall illustrate the basis dependence of Mj; by rewriting the o/!!-order in (8.33) in terms of (5535 =
—2(33,5 + 22011 + (3Gs,5 + 2G5 — B3¢ — 90(2(y rather than (535,

299
F |(o¢/)11 = (i (Mn + %[M& [Ms, Ms]]) + CaCoPa Mo + (3¢r Py My + (3¢5 Ps M + (5 (3 Ps Mg
1 1 1 1
+ 6§2433P2M3? + §C§C5M5M§ + 1—0C3,5C3[M5, M3] — 1—0C3,5,3[M3, [Ms, Ms]] . (8.38)

The coefficient of (37 became M71 + %[M& [M5, Ms]] in the place of Mi; in (8.33). Hence, the definition
(8.31) of Msj41 requires the specification of a (conjectural) Q-basis of MZVs at weight 2k+1, and we will
follow the choices of the datamine [312] as done in [271]. It would be interesting if alternative choices of
basis MZVs at higher weight may lead to similar shortenings as seen in the more compact form (8.38) of
the /' order with (3 53 in the place of (335 in (8.33).

These ambiguities in the definition of P>g and M>1; are also reflected by the freedom to add fz to
#(¢5'5) in (8.16) and more generally f,, to the ¢-image of indecomposable weight-w MZVs of depth > 2 in a
Q-basis. In other words, the isomorphism ¢ is non-canonical starting from weight 8. Nevertheless, the form
of the all-weight result (8.37) is unaffected by the above choices.

The information of the all-order result (8.37) can be encoded in the following coaction formula without
any reference to basis dependent quantities P, M,, [321],

AF™Mp = Y (F™)pf e (F)R°. (8.39)
ReS,_3

Following the coaction of MZVs in [275], the MZVs in the second entry F°" are promoted to deRham periods

e = G s, (see for instance [315]) with a net effect of modding out by (a since (3" = 0. One can

straightforwardly verify (8.39) by insertion of (8.37) and using the simple form (8.13) of the deconcatenation
coaction in the f-alphabet.

Based on Z(1, P,n—1,n|1,Q,n,n—1) = =3 p s . S=YHQ|R)1Fp! with the KLT matrix S(A|B); in
(4.160), the coaction formula (8.39) can be readily translated to motivic and deRham versions Z™, Z°"
of the Z-integrals (6.62). In the first place, one arrives at the coaction of the (n—3)! x (n—3)! basis of
Z(1,P,n—1,n|1,@Q,n,n—1), but one can generalize to arbitrary A, B € S,, in

AZ™AB)=— S Z™ANL,Pnn-1)S(PQ)1 ® 27 (1,Q,n—1,n|B) (8.40)
P,QESyH_3

by noting that both sides of the equation obey the same monodromy relations in A and IBP relations in B.
Note that (8.39) and (8.40) are special cases of more general coaction formulae

d

([ =S ()

j=1

for wider classes of integration cycles v and differential forms w that were studied in the context of Feynman
integrals [323, 324, 325, 326] and Lauricella hypergeometric functions [327]. The sum over j in (8.41) runs
over d-dimensional bases of twisted homologies {7;} and cohomologies {w;}, respectively. Moreover, these
bases are understood to be chosen as orthonormal in the sense that the zero-transcendentality part of f wj
is given by ;5. In our setting, the orthonormality condition is met by the Kronecker delta in the ﬁeld—théory
limit (6.52) of Fp?. The superscripts m and 0r in (8.41) again refer to the motivic and deRham periods
with (87 = 0 in the second entry.
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8.4. KK-like and BCJ relations within the o -expansion

We have seen in section 7.4 that the monodromy relations obeyed by color-ordered open-string amplitudes
deform the KK and BCJ relations of field-theory amplitudes by trigonometric functions in o’s;;. It will now
be shown that certain sectors in the o/-expansions of disk integrals in section 8.3 preserve the field-theory
BCJ relations of the SYM amplitudes they multiply. Other sectors in the o’-expansion of open-superstring
amplitudes will be reviewed to obey analogues of KK relations where the coefficients are still integers
independent on s;;.

8.4.1. BCJ relations at all orders in o

The organization (8.37) of the o/-expansion of Fp? can be used to generate solutions of the BCJ relations
(5.55) or (5.62) at arbitrary mass dimensions. This can be seen by inserting permutations of the string-
amplitude formula (6.50) into the monodromy relations (7.75) and expanding in «’. It is crucial to note that
the trigonometric factors yield series in even zeta values (8.10), i.e. exclusively the commutative generator
f2 in the f-alphabet upon passing to motivic MZVs and taking the ¢-image,

sin(mx) = wa exp (— Z %x%) . (8.42)
k=1

Hence, the only departures of the monodromy relations from the BCJ relations occur for non-zero powers
of fo — the appearance of the odd generators for41 is unaffected by the sine functions.

In order to identify independent solutions of the BCJ relations, we impose (the motivic version of) the
monodromy relations separately for the coefficient of any f¥ £, fi, ... fi. with k,r € Ng and i; € 2N+1. The
separation of different transcendentality structures has been firstly applied in [136] to demonstrate the KK
and BCJ relations of the tree-level matrix elements of the o/3(3Tr{ D?F* + F®} operator in the superstring
effective action and the o/ Tr{IF3} operator of the open bosonic string. By focusing on the fo — 0 part of
the monodromy relations, the coefficient of any f;, fi, . .. fi. in color-ordered open-string amplitude is found
to obey KK and BCJ relations,

0=Ai iy, i,(PLQ,n), PQ#D, (8.43)
n—1

0 =" (kps - kpaps...p;)Air iz, i (P2P3 - DDA 41 - Pn)
j=2

where A;, 4,....i,. (P) is a shorthand for the coefficient of f;, fi, ... fi, in the ¢-image of the motivic versions

.....

A™ of superstring amplitudes A, i.e.

Ail,iz,...,ir(la Qa n_lan) :

¢(Am(1’ Q,n-1, n)) fiy figee-fir

> (M M, ... M; )" AL R,n—1,n).
ReS, 3

(8.44)

By isolating the coefficients of f;, fi, ... fi, in last three lines of (8.36), we for instance arrive at the simplest
independent solutions to the BCJ relations at the orders of o/<!! in table 2. The table only tracks the
solutions of BCJ relations that are realized in the o’-expansion of superstring disk amplitudes — a variety of
further solutions multilinear in polarization vectors can be systematically generated from tree-level ampli-
tudes of bosonic or heterotic strings [210, 211] or from building blocks of loop-level string amplitudes [168].
Similarly, as will be detailed in section 8.4.4, the o/-expansion of Z(P|Q) integrals can be used to generate
rational functions in s;; at various mass dimensions that obey BCJ relations in Q.

Note that permutations A;, ;,....:,(P) outside the (n—3)!-element basis of A;, 4, . (1,Q,n—1,n) in
(8.44) can be expanded via

Aiviiy(P) == > m(P[1,R,n,n—1)S(RIQ)1Ai, is....i,(1,Q,n—1,n), (8.45)
QaReSnff}
i.e. by adapting the solutions (7.48) of BCJ relations to A;, i,,...s,.(P) in the place of SYM amplitudes.
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| w | #(solutions) || w | #(solutions)
0] A=A, |6 A
1 X 7 Az
2 x 8 As s, As 3
3 As 9 Ag, A333
4 X 10 As 7, A7z, Ass
5 As 11 | A1, Asss, Azss, Asss

Table 2: The solutions A;, ;,,....;, of BCJ relations at the order of /=1 that can be read off from the coefficient of fiy fig -+ fin
in the o/-expansion of open-superstring amplitudes.

8.4.2. KK-like relations

Inspired by the Kleiss—Kuijf (KK) relations (5.8) among tree-level amplitudes in field theories, we shall
now investigate the o’-expansion of disk amplitudes in (8.37) for identities with constant coefficients. More
precisely, we shall go beyond the coefficients (8.44) of the fz = fp, fo, - - . fo,. with odd b; and identify KK-like
relations among

AE|B(1’ Q’ n_l’ TL) = ¢(Am(1’ Q’ n_l’ TL)) ‘fglfhsz“-fbr (846)
= Y (PuMy,M,, ... My, )o"A(1,R,n—1,n)
ReS, _3

associated with arbitrary powers £ > 0 of fs, following version 3 of [138]. For instance, the well-known cyclic
and reflection properties of disk amplitudes hold separately along with each f4fz,

Agp(1,2,...,n) :AZ‘B(Q,E},...,n,l), (8.47)
Ag|B(1,2, co,m) = (—1)".,44‘3(71,71—1, o 2,1),

leaving at most 1(n—1)! independent permutations. However, the coefficients (8.46) of fffp at different
values of ¢ obey different additional relations, so we will focus on the individual components. To this effect,
following [329], we will refer to relations of the form

> coAyp(o) =0, (8.48)

o

with constant coefficients ¢, € Q as KK-like and study them separately at each £ > 0. For simple examples
of KK-like relations, we have the permutation symmetry AHB(L 2,3,4) = AHB(L 2,4,3) as well as the
six-term identity [163]

A1 5(1,2,3,4,5) + perm(2,4,5) = 0 (8.49)

universal to the coefficients of fafp. These KK-like relations of A p clearly differ from the KK relations
(8.43) of Ag| g such as the three-term identity Ags(1,2,3,4)+cyc(2,3,4) = 0 at four points or the four-term
identity Agp(1,2 1 345) = 0 at five points.

Note that the simplest examples of A |5 up to and including the order of o/ 10 do not require an f-alphabet
description and can be equivalently obtained from the coefficient of (2 or products (2C2x+1, (2C2k;+1(2ks+15
(2(35 in (8.32) and (8.33). Starting from the order of /! with the MZV basis choice of (8.33), the coefficients
of (2(ox+1 in the matrix F' generically receive admixtures of products M;, M;, ... with odd i; on top of the
expected PoMayy1 in (8.46). As illustrated by the coefficient F | ¢, = PaMy + 9[Ms, [M5, Ms]] in (8.33),
passing to the f-alphabet is necessary to isolate the matrix product ¢(F™)|p s = PoMg in (8.35). The
five-point KK-like relation (8.49) only holds if A9 is constructed from Py My 1 in (8.46), i.e. defined by
Aijg = ¢(A™) | 1,55, but fails in presence of extra terms ~ [Ms, [M5, M3]] that would arise from A |¢,¢,."*

54We would like to thank Ricardo Medina for email correspondence on this point.
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Note, however, that different MZV basis choices may push this issue to higher orders o/ >11, as evidenced

by the expansion (8.38) in which F'|¢,¢, = PaMy.

8.4.3. Berends—Giele idempotents and BRST-invariant permutations
In order to write down the explicit form of KK-like amplitude relations, we need to specify a way to
generate permutations with the correct properties. As discussed in [138], the relevant permutations achieving

this are related to the descent algebra of permutations via the so-called BRST-invariant permutations®®
Y|Py, Ps,..., P, depending on a number k of words P, ..., P
Yipr,.py = LEP) WEP) W...WE(P)), (8.50)

where £(P) is the Berends—Giele idempotent defined in terms of the right-action multiplication P o @ of
permutations by [138]

E(P):=Po&,, |P|=n, (8.51)
where®°
En = Z Ko-10 Ko = ﬂ (8.52)
o€5, o1(%3)

and d, denotes the descent number of the permutation . Moreover, they were shown to satisfy the shuffle
relations

E(RWS)=0, RS+#0. (8.53)

This implies that the number of linearly independent BRST-invariant permutations at n points is given by
n—1 b
#nn) = "] S Ri=net, (8:54)

where [ﬂ denotes the Stirling cycle numbers [333, 334] (traditionally called Stirling numbers of the first

kind) that count the number of ways to arrange p objects into ¢ cycles. For example, [2} = 24,50,35,10,1
for ¢ =1,2,3,4,5. For example permutations of the above definitions, see the Appendix I.

KK-like amplitude relations. The KK-like relations among the component amplitudes of (8.46) were observed
to satisfy the following decomposition according to the number of parts k in the partitions of n—1 legs [138]

Aosmypy,...p,) =0, k#1,
Aysipy,..p) =0, k#3, (8.55)
Ags(nip,,...p,) =0, k#1,3,5,...,2(+1, £>2.

In addition, it was demonstrated in [138] that the even cases when k = 2m encode the parity and cyclicity
relations (8.47). In this sense, the KK-like relations for even k are equivalent to (8.47).

For example, the case k = 3 for n = 5 with ;23 4,5 given in (I.3) leads to the 12-term relation after
using (8.47):

AO|B(17 25 3745 5) + AO\B(lv 25 37 55 4) + AO\B(la 2745 37 5) + A0|B(17 2’ 47 5’ 3)
+ AO\B(lv 25 57 35 4) + AO\B(la 27 55 47 3) - AO|B(17 35 27 45 5) - AO|B(17 35 27 55 4) (856)
- AO\B(la 3) 43 2) 5) - AO\B(la 33 5) 274) + AO|B(1345 23 3) 5) - AO|B(1345 33 2) 5) = 07

55The terminology of “BRST-invariant permutations” was coined in [138] by the analogy of M|Py,...,P, i0 (8.50) with
certain BRST invariants in the pure spinor computation of one-loop amplitudes, but that we are not claiming that BRST
transformations act on permutations.

561n fact, &, is given by the inverse permutations of the Eulerian or Solomon idempotent [330, 331, 332].
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which can be reduced to linear combinations of the KK relations (8.43).

In addition, given that the BRST-invariant permutations constitute a basis for permutations in the
descent algebra®’, any other KK-like relation can be written as a linear combination of M|p,...,P,- For
instance, using the decomposition

1
8

where a permutation o is written as W, for typographical convenience, it follows that the KK-like relation
(8.49) can be rewritten as

1 1
Wigsas + perm(2,4,5) = 3v1|2345 — 3 M1I315,2 + 5 114,235 + M5,4,32 + (4 < 5), (8.57)

1 1 1
3A1B(V1)2345) — §A1|B(71|345,2) + §A1|B(71\4,235) + §A1|B(71\5,4,3,2) + (4 5)=0, (8.58)

or, equivalently after using the reflection relation (8.47), 3A1 p(71)2345) + 3A1B(71)2354) = 0. Note the
crucial absence of vy p, .. p, With k =3 in the decomposition (8.57), which provides a consistency check of
(8.55). For another example, one can check that the following 720-term (or 360 after using (8.47)) linear
combination vanishes, A 5(71)2,3,4,5,67) = 0, in agreement with the second line of (8.55) with k = 5.

Basis dimensions. Using the counting (8.54) one can show that the number of linearly independent ampli-
tudes under the KK-like relations is given by [13§]

#(A1\3(172a"'5n)) = ngl )
1] 1 1
#(A€|B(1a2aan)):_n1 _+|:n3 :|++|:;2+1:|; 6225

with the implicit assumption that [ﬂ = 0 for ¢>p. The counting of independent permutations of the
amplitudes A; (1,2, ...,n) associated with fo fp yields [”51} =1,6,35,225,...at n =4,5,6,7,... and has
been studied in [329, 163].

A consistency check on the claim that the cyclicity and reflection symmetries (8.47) are encoded in the
even-k BRST-invariant permutations follows from the counting (8.54) as Z;}en #(71|p1,___7pk) = %(nfl)!.
To see this, we note the elementary identity S5 oL ("] = $(n—1)! of Stirling cycle numbers. It further-
more follows from (8.59) that those coefficients Ay p(1,...,n) with £ > 2 and n < 2/4-3 obey no additional
KK-like relations other than the cyclicity and reflection symmetry (8.47): the counting of (8.59) yields

Z_O(lid [";1] = 1(n—1)! independent permutations in these cases. For instance, when ¢ = 2 the number of
linearly independent permutations of Ay z(1,2,...,n) w.r.t. KK-like relations is %(nfl)! =360 forn =7

but 2519 = 1 (n—1)!—1 for n = 8. This last prediction has been confirmed by a brute-force search using [152].

8.4.4. BCJ and KK relations of Z-theory amplitudes

The BCJ and KK-like relations in specific sectors of the o’-expansion of string amplitudes can be traced
back to analogous relations for the disk integrals Z(P|Q) in (6.62). As before, the discussion hinges on the
f-alphabet description of the o’-expansion and the underlying motivic MZVs, and we employ the notation

3(PIQ)=6(Z™(PIQ)),  3x(Q)=¢(ZF (@)= > 3(P.nlQ) (8.60)

PeS,_1

for the ¢-image of motivic Z-theory amplitudes Z™(P|Q) = Z(P|Q) [¢,,...—¢y  to avoid cluttering.

57This claim follows from the conjectural relation between the BRST-invariant permutations and the inverse of the idempotent
basis [140] of the descent algebra. See [138] for more details.
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As shown in section 7.4, tree-level amplitudes of the NLSM of Goldstone bosons can be obtained from the
symmetrized versions Zx (Q) of the Z(P|Q)-integrals defined in (7.91). The color-ordering @ of the NLSM
amplitude (7.92) is encoded in the Parke-Taylor integrand PT(Q) of the symmetrized integral Z, (Q).
Hence, KK and BCJ relations of the NLSM are a simple consequence of partial-fraction and IBP relations
of Parke-Taylor integrals, see section 6.4.3.

This worldsheet derivation of amplitudes relations of the NLSM is actually not tied to the low-energy
limit in (7.92) since the KK and BCJ relations of Z(P|Q) w.r.t. the Parke-Taylor orderings @ are valid at
all orders in o'. In particular, KK and BCJ relations apply to every Q-independent combination of MZVs
in the o/-expansion of abelian Z-integrals. After peeling off the leading power of (ra/)"~2 exposed by the
sine functions in (7.95), we expect all combinations f4 f;, fi, ... with £ € Ny and odd letters i; to appear in
the o/-expansion of Zx(Q) at sufficiently large multiplicity |Q].5®

Any combination of f§ fi, fi, . .. in the o/-expansion of Z (Q) can be interpreted as an effective interaction
among scalars with one color degree of freedom that preserves the KK and BCJ relation of the NLSM. By
uniform transcendentality of disk integrals, the w'" subleading order of o’ features MZVs of weight w each
of which signals scalar interactions with 2w additional derivatives beyond the NLSM. The subleading order
~ Co(ma/ )72 of Z«(Q) for instance defines a four-derivative deformation of the NLSM that preserves its
amplitude relations and can also be described through the Lagrangian in section 3.3 of [335].

More generally, the f-alphabet images 3 (Q) of symmetrized (motivic) disk integrals in (8.60) can be
taken as generating functions of scalar effective-field-theory amplitudes subject to KK and BCJ relations,

3« (AW B,n ({A,B},n 0 VAB#0, (>0, i;€2N+1l. (8.61)

) ’fﬁfilfiQ»»» = 3x ) ‘fﬁfilfiQ... =

The same type of reasoning applies to the Parke—Taylor orderings @ of non-abelian Z-integrals and their ¢-
images 3(P|Q) in (8.60): each combination of MZVs in the o’-expansion corresponds to effective interactions
of bi-colored scalars that preserve the KK- and BCJ relations of bi-adjoint scalars in @),

3(P|Aw B,n = 3(P|{A,B},n =0 VYAB#D, (>0, i;e2N+l. (83.62)

>|f§fi1fi2“' )‘fgfilfiQ'“

For the amplitude relations that vary P at fixed ) in turn, the reasoning in section 8.4.1 implies that only
the fo — 0 sector of the o/-expansion preserves KK- and BCJ relations. These field-theory relations of
3(P|Q) at fixed @ then hold independently for the coefficients of any f;, fi, ... with odd i;,

3(AWw B,n|Q) ’filf@»»» = 3({A, B},n|Q) ’filfiz... =0 VAB#0, i;€2N+l. (8.63)

For the coefficient of f&f;, fi, ... in 3(P|Q) at £ > 1, we obtain bi-colored scalar amplitudes subject to the
KK-like relations of section 8.4.2 in P.

Based on a Berends—Giele recursion for the o’-expansion of Z-integrals, a proposal for the non-linear
equations of motion of the underlying non-abelian Z-theory can be found in [225] and section 8.6. Explicit
results up to and including the order of o/7 are publicly available from the website [336].

8.5. String corrections from the Drinfeld associator

We shall now review a recursive all-multiplicity method to determine the polynomial structure of the
o’-expansion of the disk integrals Fp? in (6.51). This methods generates all the MZVs from the Drinfeld
associator (see section 8.2.2) whose non-commutative variables eg,e; are identified with specific matrices
whose entries are linear in o’s;;. More specifically, the recursive step in passing from n—1 to n points [269],

(n—3)!
Foio= 3" [®(eo,e)], (F7], ) (8.64)

Jj=1

58Since the four-point o’-expansion (8.3) is expressible in terms of Riemann zeta values only, the onset of irreducible MZVs
€3,5,(3,7,(3,3,5, - - - at higher depth is relegated to Z« (Q) at multiplicities |Q| > 6.
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is based on (n—2)!x (n—2)! matrices e, e; whose derivation will be described below. The F?¢ are understood

to be the Fp® with P = 23...n—2 the canonical ordering and @ the i*" permutation o; of 2,3,...,n—2

in lexicographical ordering. The Drinfeld associator ® is understood to be expanded in terms of shuffle-

regularized MZVs as in (8.19). The soft limit on the right-hand side of (8.64) acts recursively in the sense
that Fo(23..n=3) ( 2) 2
o(23..n—2 L on— =nN—z,

F )‘k,ﬁlzo - { 0 : otherwise, (8.65)

which terminates with the three-point integral F? = 1. The relevance of the Drinfeld associator for string
amplitudes was firstly pointed out in [321], among other things by relating its coaction properties with
those of the Fp® in (8.39). Nevertheless, it is an open problem to deduce (8.39) from the results of this
section. The specific construction towards the o/-expansion of the Fp®@ was given in [269] and is based on
an expansion method for Selberg integrals from the mathematics literature [274]. Its description in terms
of twisted deRham theory and intersection numbers of twisted forms can be found in [337], where eq, e; are
identified as braid matrices.

8.5.1. Construction of the matrices eg, e1
The recursion (8.64) can be derived from the deformation

n—1 n—2
F7 = (2a/)"3 / dzodzs ... dzp—2 H B H | 200|722 %0m 07
r=2

17
0<22<23<...<2n_2<20 1<p<q

< Q

:g{ﬁkfsﬂ_’k ﬁ S S’""} (8.66)

2 z
k=2 =1 “I% =1 ne=mg1 <M

of the disk integrals F7 = Fbs ,_2°3"=2) in (6.51) by additional Mandelstam invariants so; and an
auxiliary puncture zy € (0,1) on the disk boundary. The permutation o acts on the labels of both s;; and
zi; enclosed in the curly brackets of the second line while leaving o(1) = 1 and o(n—1) = n—1 invariant.
One can recover (8.66) from a basis of disk integrals in the (n+41)-point open-string amplitudes (6.50) after
removing the integration over zg € (0,1) and the associated dzo/zo;-

The integer v = 1,2,...,n—2 in (8.66) labels different classes of integrands w? that were related by
the IBP identities from the Koba-Nielsen factor in the undeformed case (6.51). By the contributions
|20r| 729507 to the Koba-Nielsen factor in (8.66), the n—2 values of v together with the (n—3)! permutations
o of 2,3,...,n—2yield a total of (n—2)! different integrals F9. The components of this (n—2)!-vector will

be ordered as F' = (F7_o5, F7 s, ..., 13‘2", FY) with lexicographic ordering for the permutations o indexing
the (n—3)!-component subvectors FY, ..., F.7_,. The examples of (8.66) at n = 4 and 5 points are the two-
and six-component vectors
A ZO / / ’
F }n:4 = 20//0 dzy | 21|72 *12 | 25| T2 528 || T2 52 (ﬁ;i) ; (8.67)
X12(X13+X23)
R 20 z3 , 3 , , , X13(X12+X32)
Pl = (a) / dzs / dz | 2g] 22 T Loy 720500 || 20508 gy 20000 | KaaXow |
0 0 Jj=2 (X23+X24) X34
(X32+X34)X24
with the shorthand X;; = iﬂ as in section 6.3. Since the entries of the n-point vectors £ form IBP
ij

bases, their zp-derivatives are bound to yield homogeneous Knizhnik—Zamolodchikov (KZ) equations of the
following form
d éo €1 ~

—F<—+ : >F. (8.68)

dZo 20 1 —20

The entries of the (n—2)! x (n—2)! braid matrices ég, é; are linear in «'s;; with 0 < ¢ < j < n—1 as can be
seen from the zo-derivative of the deformed Koba—Nielsen factor in (8.66). The same factors of |z, =2 sor
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suppress the boundary terms z,_o = 2o from d;io—action on the integration limits for z,_o € (2,—3,20). The

explicit form of ép, é; follows from reducing the contributions )
to a basis of w?/zp and w9 /(1—2p).
In fact, the recursion (8.64) only requires the kinematic limit

-2 . .
=y 22w} of the Koba-Nielsen derivatives
- i

€y = €p $0;=0" €1 = él }SU]‘:O (869)

of the braid matrices ép, é1 in (8.68). The four- and five-point integrals (8.67) give rise to the following 2 x 2
and 6 x 6 examples:

€|,y =2o/( 0y ) , el , =2o/( 7223 523 ) : (8.70)
—S5123 0 S$13+823 512 512 —S512
0 —S5123 513 S12+823  —S13 513
€o _ 2(1/ 0 0 —S12 0 S12 0
n=>5 0 0 0 —S13 0 513 ’
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
el _ 20/ —S834 0 534 0 0 0
n=>5 0 —S924 0 S924 0 0
—834  S34  —S23—S24 —834 s234 0
S24  —S24 —824 —S23—s34 0 s234

The explicit form of the braid matrices eg,e; at n < 9 points is available in machine-readable form [328]
(where our conventions are matched after rescaling s;; — —2a’s;; in the dataset of the website), and a
graphical all-multiplicity description can be found in [337].

8.5.2. Uniform transcendentality

The factorization of ' in the braid matrices e, e; as exemplified by (8.70) persists to any multiplicity n.
On these grounds, the (n—2)! x (n—2)! matrix representations ®(eg,e1) of the Drinfeld associator enjoy
uniform transcendentality: the words e4 in eg, e; of length |A| = w are of the order (/) and accompanied
by MZVs I(0; A;1) of transcendental weight w in (8.19). It is then easy to show by induction that the
recursion (8.64) propagates uniform transcendentality from the (n—1)-point integrals F7|, ,—o on the
right-hand side to the n-point integrals F'?* on the left-hand side.

Together with the o/-independent SYM amplitudes A(...) in (6.50), we conclude that n-point open-
superstring amplitudes are uniformly transcendental. The KLT relations (7.58) together with the uniform
transcendentality of the KLT kernel in (7.56) imply that also type IT amplitudes are uniformly transcenden-
tal. However, the o’-dependence of the kinematic factors A(ppy2yymygs(--.) in (7.119) obstructs uniform
transcendentality of massless heterotic-string amplitudes (except for single-trace gauge amplitudes with no
or one graviton in (7.133) and (7.135) [137, 259]). Massless amplitudes of open or closed bosonic strings are
in general non-uniformly transcendental for the same reason [210, 211].

The factorization of o’ on the right-hand side of the KZ equation (8.68) can be viewed as a string-theory
analogue of the so-called e-form of differential equations of Feynman integrals [338, 339]: The dimensional-
regularization parameter € of Feynman integrals in Dy—2e spacetime dimensions with Dy € N serves as an
expansion variable similar to o/ in string amplitudes. Various families of Feynman integrals admit uniformly
transcendental bases under IBP relations [340, 341, 342], also see [343, 344] and [345, 346, 347] for white
papers and recent reviews. In a growing number of examples, uniform transcendentality can be manifested
by casting the differential equations of vectors I of Feynman integrals into e-form dI = e€AI, where the
matrix A of one forms no longer depends on € [338, 339].
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8.5.3. Regularized boundary values

Given the braid matrices eg,e; derived from the KZ equation (8.68) at so; = 0, we shall now review
the origin of the recursion (8.64) for the o’-expansion of disk integrals. The key idea is to use the relation
(8.21) between the regularized boundary values Cjy, C; of the solutions to a general KZ equation. For the
(n—2)!-component vector F' in (8.66), the regularized boundary value as zg — 0 is given by [269]

Co \SOJ_:O — (F° Vsj,n,lzo’ 0,0,...,0), (8.71)

(n—3)(n—3)!
where the (n—3)(n—3)! vanishing entries stem from the subvectors with v = 1,2,...,n—3. The (n—3)!
undeformed integrals F7|,  ,—o realize the soft limit k,_1 — 0 in (8.64) and can be understood from
a rescaling of the integration variables z; = ;7 that transforms the integration domain in (8.66) to

0<xo <3 <...<Zp_a <1l The appearance of lower-point disk integrals from the soft limit in (8.65) is
easiest to see from the following IBP rewriting of (6.51)

n—1 n—3k—1
Fo@3.n=2) — (9¢/)n—3 / dzodzs ... dzp_2 H |,zm|20/5?“1(7{5”27’711 H Z Sj—k} . (8.72)
0<z3<23<...<zn_2<1 l=<p<q 2=l 2y j=1 “k
If 0(n—2) # n—2, then the denominator of o{ 2:27::} involves non-adjacent variables z,(;,—2), zn—1 in
the integration domain of (8.72). One can set sjyny,l = 0 at the level of the integrand and reproduce
the zeros on the right-hand side of (8.65). If o(n—2) = n—2 in turn, the Koba—Nielsen integral over
|2:n_27n_1|_20‘/5"*1v“*2_1 results in a kinematic pole s 1 whose residue is obtained from setting z,_2 =1

n—2,n—
in the integrand. This residue is given by the (n—1)-point integral F?(3:+"=3) on the right-hand side of
(8.65), and the soft limit s;,,—1 = 0 suppresses the regular terms in s,_2 ,—1 beyond the residue.

The second regularized boundary value (8.21) obtained from the (n—2)! integrals in (8.66) reproduces
the undeformed n-point disk integrals in its first (n—3)! components [269]

Cil = (F7,...). (8.73)

50,=0
This can be intuitively understood from the fact that zg — 1 restores the original integration domain
0<zg<...<zp_2<1of F7, and we are setting so; = 0 in (8.73) to remove the deformation of the Koba—
Nielsen factor. However, the components in the ellipsis of (8.73) involve lower-multiplicity contributions
from the difference between the regions z,,_2 € (2,—3,20) and z,_2 € (2,—3,1): For some the components of
the integrands w? in (8.66) with v < n—3, the difference z,_2 € (20, 1) between the above regions contributes
to the o/-expansion even though it shrinks to zero size as zgp — 1. The detailed evaluation of these v < n—3
components of Cy is subtle and fortunately not needed to derive the recursion (8.64).

Note that the field-theory limit [®(eq, e1)];j = di; + O(a/?) of the associator in (8.64) together with the
three-point integral F® = 1 imply by induction in n that F7 = §;; + O(a/?), i.e. that the o/-expansions of
all the F'9 with j # 1 start at order o/2. This is one way of deriving the orthonormal field-theory limits
(6.52) of the Fp®.

In summary, the relation (8.21) between regularized boundary values and their representations (8.71),
(8.73) for the specific solution F' of the KZ equation in (8.66) implies the recursion (8.64) for n-point disk
integrals.

8.5.4. Connection with twisted deRham theory and outlook

The zp-deformed integrals (8.66) are special cases of more general Koba—Nielsen or Selberg integrals over
the disk boundary with an arbitrary number of integrated and unintegrated punctures [348, 209, 274]. They
obey KZ equations in multiple variables, and a recursion for the braid matrices in their differential operator
has been given in [190]. The discussion in the reference is tailored to specific fibration bases w.r.t. IBP, and
the transformation matrices to the bases (8.66) in the case of four unintegrated punctures can be found in
[337]. This is how the all-multiplicity results for braid matrices in [190] translate into the n-point instances
of eg, e1 in [337].
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The coaction properties (8.39) of the n-point disk integrals in string amplitudes generalize to the case
of more than three unintegrated punctures at (z;, z;, zx) — (0,1, 00), for instance to the family of Selberg
integrals (8.66) with an (n—2)! basis of integration contours. The «'-expansions of Selberg integrals with
an arbitrary number of integrated and unintegrated punctures were investigated in [349]. Their coactions in
the basis choice of the reference line up with the master formula (8.41) that initially arose from studies of
dimensionally regulated Feynman integrals [323, 324, 325, 326]. It is striking to see that the coaction formula
(8.41) manipulating contours y; and differential forms w; in twisted-(co-)homology bases is compatible with
that of the polylogarithms in the respective e- or o/-expansions. A mathematical proof for Lauricella
hypergeometric functions can be found in [327].

Selberg integrals with arbitrary numbers of integrated and unintegrated punctures on a disk boundary
have been generalized to genus one and investigated from a multitude of perspectives in the mathematics
[350, 351] and physics [352, 353, 354, 355, 356] literature. These references offer several lines of attack
to expand the configuration-space integrals of one-loop open-string amplitudes in o/. In particular, the
construction of [354] can be viewed as a direct genus-one analogue of the Drinfeld-associator method of this
section.

8.6. Berends—Giele recursion for disk integrals

In this section we review the construction [225] of a Berends—Giele formula to compute the o/-expansion
of Z(P|Q) disk integrals (6.62) recursively in the length |P|, or alternatively in the number of points of the
associated disk amplitude (6.105). Given the interpretation of Berends—Giele currents as coefficients in the
perturbiner solution of an equation of motion, this method adds support to the introduction of Z theory
[187, 225, 253]; the scalar theory whose amplitudes computed by the standard Berends—Giele method [27]
are given by the integrals Z(P|Q).

8.6.1. Extending the field-theory limit
The starting point behind the Berends—Giele method to evaluate disk integrals is the assumption that
the Berends—Giele method to evaluate their field-theory limit o/ — 0 as [224]

lim Z(P,n|Q,n) = lim spo(P|Q), (8.74)
a’—0 sp—0

can be lifted to arbitrary o’ orders

Z(P.n|Q.n) = lim spo™(P|Q) (8.75)

via the introduction of an o/-corrected Berends-Giele current® ¢®'(P|Q). In the field-theory limit case of
(8.74), the Berends—Giele current ¢(P|Q) is the coefficient of perturbiner solution ®(X) in (6.83) of the
equation of motion O0® = [®, ] of the bi-adjoint scalar theory as reviewed in section 6.4.4. Interpreting
#(P|Q) = lima—0 ¢*(P|Q), the required step to evaluate (8.75) is to obtain the a’-corrections to the
equation of motion of the bi-adjoint theory and to recursively generate o’-dependent Berends—Giele currents
from its perturbiner solution

O(X) =Y ¢¥(PIQ)t" @ iQekr X, P = mp2 gpir (8.76)
P,Q

with initial condition ¢“/(i| j) = di; in the single-particle case. The o/-corrected equation of motion found in
[225] is written in the following compact way

1 0 eom P ,
;02 = > (a2 / [T 1251729 (8.77)
p=2 i<j

59We adopt the notation ¢(P|Q) = #p|q@ Whenever convenient.
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By 1D,
y (Z (P12, Ppp—1..141] +perm(2,3,---,p*1))
(212223 - 21-1,0) (Zpp—12p—1,p—2 - - - Z142,141)

=1
eom / / Do, P P, P
= [®1, Dy] +20// |212| 72 912 | 295|722 623<[ 12, 23] + (21, 32])
212 232
eom 3
0] P Do, P P, P
+(20‘{/)2/ |Z |—2a 623H|Zj| —2a’ 617|Z | 2(16]4([ 123, 4]+[ 12, 43]+[ 1 432] (2<_>3))
Jalis 212723 2127243 243232

+...,

which is obtained directly from the local representation of the disk amplitude (6.8) under the following
mappings discussed at length in [225]. The unintegrated vertices in (6.8) are replaced as

(VPVQVn) — [®p, Pq], (8.78)

where ®p is a shorthand for various linear combinations of ¢®'(R|S) as explained below. The contributions
spelled out at the end of (8.77) descend from A(1,2,3) = (V1V4V3) as well as the four- and five-point
amplitudes in (6.13) and (6.18). The ellipsis refers to permutations of [®12.. ;, ®p.. 14+1] with p > 5 following
the form of disk amplitudes (6.8) at six points and beyond.

The mapping denoted by f “™ encodes a series of rules meant to compute the regularized integrals over
Z2,...,%p—1 appearing in (6.8) after fixing (z1,2,) = (0,1) and expanding the Koba-Nielsen factor in a
series of . The replacement s;; — 0;; in the Koba-Nielsen exponents will be defined in (8.88) below. The
technical details involving manipulations of shuffle-regularized polylogarithms can be found in [225] and lead
to rational combinations of MZVs at each order in the o/-expansion of (8.77).

Even though the origin of (8.77) from a Lagrangian is unsettled, we interpret it as the non-linear equation
of motion of Z-theory.

The shorthand ®p. The shorthand ®p in the equation of motion (8.77) denotes an expansion of several
factors of ¢ (A|B) according to the following rules. First, define

T8, n, T 5, = ¢” (A1]B1)¢” (A2|Bz) - - 0% (An|By) (8.79)

...........

for arbitrary words A; and B;. Next, define linear combinations

B1,B2,...,B, ,__ grdom
= TR a, © Tolhy BB (8.80)

where the map p on words is given in (C.3), and it is understood here to act on the labels i of the words

B;. 1t is straightforward to see that Tfll,’f;,’_'_'_'f: satisfies the recursion

Bi,B3,....Bn_1 o ,Bs,...Bn o
T =Ty sy 6% (An|Bn) = Tt 6™ (An|B1), (8.81)

which can be taken as its alternative definition. The simplest examples of (8.81) are,

TR0 = ¢%(A1|B1)o™ (As|Ba) — ¢ (A1]B2)¢™ (A2| Br) , (8.82)
TEU i = 6% (A1 Br)¢™ (A2| B2)¢™ (As|Bs) — ¢ (A1|B2)¢™ (As|B3)d™ (As| By)
— 6”'(A1|B2)¢™ (42| B1)¢™ (43| Bs) + ¢ (A1|Bs) ™ (A2| Bo)¢™ (43| B1) ,
TRve 0ot = 6%(A1|B1) 6™ (A2| B2)¢™ (A3| B3)¢™ (Au| By) — ¢~ (A1| Ba)d™ (As|B1) 6™ (As| B3)¢™ (As| Ba)
— 6% (A1]B2)0” (A2|Bs)¢™ (As| B1 )¢ (As| Ba) + ¢ (A1| B3) g™ (A2| B2) 6™ (A3|B1)¢* (Aa| Ba)
— ¢ (A1|B2)o™ (A2| Bs)d™ (As|Ba) ™ (Aa|B1) + ¢ (A1]B3)¢™ (A2| B2)o™ (As| Ba) o™ (A4| Br)
+ ¢ (A1 B3)d (A2|Ba) 6 (As| B2)¢* (Aa| B1) — ¢ (A1| B1)d™ (As| Bs)d™ (As|B2) 6 (As| By)
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By construction, the above satisfy the shuffle symmetries on the B; slots

TflAfﬁji;;fj)“J(Bj“ """ B _o, j=1,2,...,n-1, (8.83)

Where the shuffle product is understood to act on the labels i of B;. Surprisingly, the definition (8 81)

satisfy the same symmetries as the nested commutator [[ . [[Al, AQ], Ag] o, A n) such as TBl’B2 = Tfll ’fj
and T00p2 00 4 Toe s 4 ppr i = o,
Finally, the shorthand ®p for a word P = pips...p, is defined as
Pp =Ty (8.84)

P124tP2 n

that is, the word P captures the ordering of the labels ¢ of the words A;, while the labels of words B; are
in the canonical order. For example, ®5 = Tf; as well as

B1,B
$y1 = TA21A12 , (8.85)
_ mB1,B2,B3
Doz = TA21A37A1 )
_ mB1,B2,B3,Bs
Py213 = TA4,A27A17A3 )

In this way, the equation of motion (8.77) leads to a recursion for the Berends-Giele currents ¢ (P|Q) that
can be used to obtain the a’-expansion of the Z(P|Q) integrals using the Berends—Giele formula (8.75).

The equation of motion up to o' order. Applying the integration rules discussed in [225] to (8.77) one
obtains expansions such as

eom o 9 D 1 1 F(l — 2(1/612)1—‘(1 — 2(1/823)
20/ 2a’ 912 200023 _—  _ _— -1
@ / |Zl2| |223| Z12 812 F(l - 20/812 - 20/(923)
= —(20)*Ca023 — (20/)(3023(D12+0a3) (8.86)
— (20/)*C4003 (07, + 1012023 + 035) + (')

and thereby the following equation of motion including o/-corrections

%D(I) — (@1, Ps] + ((20/)2(2812 +(20')3C3012(012 + 823)) [, By (8.87)
_ ((2a’)2§2823 + (2a')3g3a23(012 + 823)) (@15, B3]
+ (202G + (20')3¢s )1
- ((20/ Co + (2')3C3 (201 + D31 + 3035 + Oaz + 2343)) D13, Das]
[
[

—2(20)%C3 (012 + Oa3) [P123, Pa] + (20/)?(3(30u2 + Oas) [P132, Pd]
2(20")C3 (031 + 921 [P1, Pusa] + (20")°C3(30s1 + Da1) [@1, Pas]

+ (2a/)3C3([‘I)12, Ds34] — 2[P12, Psas] + 2[P123, Psa] + 2[P13, Proa] — [P132, P54

021 + 2031 + 2030 + 2040 + 043
[
[

— 2[®134, Ps2] — 3[ P14, Psoz] + 2[P14, Ps32] — 2[P142, Ps3] + 3[P14s, @52]) + (9(0/4) ;
where
aijq)p = (kAz -I{/’Aj)(I)P. (888)

For a simple example of a practical calculation using these definitions, the low-energy expansion of disk
integrals up to o’ at any multiplicity is determined from s,¢*(A|B) in (8.75) as follows (here Php =
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¢*(A|B), and the initial conditions are gbf“; = 0i5)

SA¢%|B = Z (‘lﬁl\Bl‘lﬁZ\Bz - ¢%1\Bz¢%2\31) (8.89)

A Ag=A
B Bo=B

/2 ’ ’ ’ ’ ’ ’
PG Y [(har k) (6515 Ok, 8% — S ke 32Ok 5
Ay Ay Az=A
B1ByB3=B

a/ a/ a/ a/ a/ Ot,
+ ¢A1\33¢A2\31¢A3\Bz - ¢A1\33¢A2\32¢A3\B1)
! ! ! ! ! !
+ (ka, - k/’As)(¢il|Bz¢i2|Bl¢i3|Bg = G118, P Az B P As | By
/ ’ / / / !
+ A, 1B, Do B DA By — ¢%1\BS¢%2\BZ¢33\31)}
+20)2G Y 0% 5 Pha 152 O s B a8y — a1, O3 Bk 5 O
2 A1|B17 A2|B2¥ A3|Bs¥ A4| B3 A1|B1PA3|BaPA3| B3P A4 By
B alRiRils
+ ¢a/ ¢a/ ¢a/ ¢a/ o ¢a/ ¢a/ ¢a/ ¢a/
Al‘Bl Az‘Bg AS‘BQ A4‘B4 Al‘Bl AZ‘B4 AB‘B2 A4|BS
/ ’ / ’ ’ ’ ! !
+ d)il‘BQd)iz‘Bl ¢i3‘33¢i4‘34 - d)il‘BQd)iz‘Bl ¢ig‘B4¢i4|B3
/ ’ / / / ’ 7 7
= O 1B PAs | By Phg | By PAs By T Py B2 Phs | By DAy By DA | B
’ / ’ ’ ’ ’ ! !
- ¢i1‘33¢i2‘31¢i3‘34¢%4‘32 + ¢i1‘Bg¢i2‘BQ¢ig‘B4¢i4|Bl
/ / ’ ’ ’ ’ 7 7
+ ¢%1‘Bg¢i2‘34¢%3‘31 ¢%4‘BQ - ¢%1‘Bg¢%2‘34¢13‘32¢i4|B1
’ / ’ ’ ’ / ! !
+ O 1B PAs | By DAy | B PAs B — DAy | BaPAs| By Phg | By DA | By

’ ’ ’ ’ ’ ’ ’ ’ /3
*¢31\B4¢%2\33¢%3\31¢%4\32JF¢%1\B4¢32\33¢ig\32¢i4|31 +O0(a”).

For example, one can show from the above recursion that

Z(13524/32451) = — + (20/)2@(‘& 455 1) +O(?). (8.90)

5135135 5135 513

From the above example, it is not hard to imagine that these calculations, despite systematic, are long
and tedious to perform by hand. A FORM program that computes the a’-expansion of integrals of arbitrary
multiplicity up to o’ " can be found in the git repository [336].

8.6.2. Planar binary trees and o’ -corrections

From the discussion above, the o/-expansion of string disk integrals is determined by the Berends—Giele
formula (8.75) whose currents ¢ (P|Q) are recursively generated by the equations of motion (8.77) of the
non-abelian Z-theory [225].

As discussed in [157], one can promote this setup to the theory of free Lie algebras by assuming the
existence of a/-corrections to the binary-tree expansion (4.125) as b*(P) by defining

¢*'(PIQ) := (b*(P),Q), (8.91)

where (A, B) = d4 p denotes the scalar product of words defined in (C.11). Using the explicit expressions

of ¢a/(P|Q) up to o " order one can show that the Lie-polynomial form of the binary tree expansion with
o’-corrections becomes

spb”(P) = Y [b¥(X),b"(Y)] (8.92)
+ (200 Y kx kv [pY(X), [07(2), 65 (V))]
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—(20")C Y ky k[0 (X), 07 ()], 07(2)]

+ (276G Y (B0, (), 67(2)])
XYZW=P

— (202G Y (X)), Y (), (V)] + O()
XYZW=P

It is important to emphasize that the symmetries of the “domain” P and “integrand” @ are different, in
particular ¢ (P|Q) # ¢*(Q|P), unlike its field-theory version (6.86). The integrand Q satisfies shuffle
symmetry as ¢® (P|Rw S) = (b*(P),Rw S) = 0V R,S # 0 because b*(P) is a Lie polynomial, as a
consequence of Ree’s theorem 3.1 (iv) in [143]. The shuffle symmetries of the domain P are spoiled by the
monodromy properties of the disk integrals.

The Lie polynomial (8.92) begs for a combinatorial understanding via free-Lie-algebra methods in com-
bination with the properties of MZVs following from the Drinfeld associator, whose logarithm is known to
be a Lie series.

8.7. Closed strings as single-valued open strings

In this section, we review the relation between open- and closed-string o/-expansions through the single-
valued map of MZVs (see section 8.2.3). In most parts of this section, we shall set o = % for open-string
quantities and o/ = 2 for closed strings in order to implement the rescaling of o/ — 4/ in (7.58) or (7.86).

On the one hand, one can already reduce (integrated) closed-string tree-level amplitudes to open-string
computations by means of the KLT formula (7.58) or (7.62). On the other hand, the KLT formula does not
manifest if some of the MZVs in open-string o’-expansions (8.37) cancel in between the amplitude factors
and the sine functions. As will be reviewed below, the single-valued map reduces closed-string o/-expansions
to those of open strings while exposing all the dropouts of MZVs (including powers of { at low weights and
certain indecomposable MZVs such as (3.5).

Some of the selection rules on MZVs can already be illustrated from the o/-expansions (8.3) and (8.4)
of four-point open- and closed-string amplitudes. It is easy to see at the level of the exponents of (8.3) and
(8.4) that the expansions of the disk and sphere integrals are related by

(F(lslg)r(1823>) F(l*Slg)F(l*SQQ,)F(1+512+523)

_ , 8.93
F(1—812—823) F(1+812)F(1+823)F(1—812—823) ( )

where the single-valued map is applied order by order in o’ and acts trivially on the s;;. According to
(8.26), sv annihilates even zeta values (ox while doubling the odd ones (ox+1. Note that we have eliminated
S13 = —S12—8923 in (8.4) to expose the independent variables. From the perspective of the four-point KLT
formula (7.54), the trigonometric expansion of the KLT kernel S,/ in terms of even zeta values via (8.42)

cancels all the (o) in the o'-expansion of A(1,2,3,4) or W and leads to the relation (8.93). In
the rest of this section, we will study the n-point generalization of this observation from several perspectives
and describe the cancellation of certain indecomposable MZVs at higher depth from closed-string amplitudes

in terms of the single-valued map.

8.7.1. From the KLT formula to the single-valued map

The selection rules on MZVs in n-point closed-string amplitudes were firstly identified by combining the
KLT relations with the structure (8.37) of the open-string o/-expansion and exploiting conjectural properties
of the M,,, P, matrices [271]. The construction in the reference starts from the general form (7.83) of the
KLT relations with a symmetric choice of bases By, Ba — (1, P,n—1,n) of permutations. With the expansion
(6.50) of open-string amplitudes A(...) in terms of SYM tree amplitudes A(...), we obtain

Mfllosed _ Z A(l,P, niLn)GPQA(l,Q,nfl,n) , (894)
P,QeSn—3
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GPQ — Z (FYP am_ (1, A,n—1,n|1, B,n—1,n)Fp?.
A,BeS,_3

The next step is to insert the o/-expansion (8.37) for both (n—3)! x (n—3)! matrices of disk integrals (F*)F 4
and Fp@ as well as the observation [271]

PYm'P=m™", M, m ™ =m My (8.95)
for P = Z;’;O (5 Py, in order to move all the P,, M, matrices to the right of m;,l. We have suppressed the
permutations indexing the (n—3)! x (n—3)! matrices m_' and m~! which are simply the KLT kernels of

string and field theory for the symmetric choice of bases By, B2 — (1, P,n—1,n) in (7.83), for instance

sin(ms12) sin(msas)

msin(m(s12+523))

512523
S12 + S23

mgH(1,2,3,4[1,2,3,4) = o omTN(1,2,3,401,2,3,4) = (8.96)

at four points. By passing to motivic MZVs and applying the isomorphism ¢ to the f-alphabet, (8.95) leads
to the following simplified form of (8.94) [271],

$(G™) = *12 >, Z Ma, . May Mo, My, My, .. Mo, (far fas -+ far W fon fon - o)

€2aNYT 52N+1
:m_lz Z Mi1Mi2"'Mir Z(fij"'fiinlLufij+1f7:j+2"'fi7“)’ (897)
r=041,i2,...,i, €2N+1 j=0

where the sums over words in odd a;, b; have been rearranged to expose the coefficients of a given matrix
product in the last line. At this point, one can recognize the form (8.27) of the single-valued map in the
f-alphabet and obtain [322]

GMIN) = — 3T AL P, n-1)S(PIQ)s

P,Q,RES, _3

X Z S sv(fifin - fi)(Mi, M, . M; )" A(L, Ryn—1,n) (8.98)
r=0141,...,i» E2N+1
S Z A(1, P,n,n—1)S(P|Q)1 [sv ¢(F‘“)]QR/I(1,R, n—1,n)
P,Q,RES,_3

upon insertion into (8.94) and changing bases of left-moving SYM amplitudes to A(1, P,n,n—1).%0 In
passing to the last line, we have identified the series over words in sv(f;;) as the single-valued map of ¢(F™)
n (8.37), where sv(fz) = 0 removes all contributions from the Pay.

8.7.2. Closed-string amplitudes as a field-theory double copy
Since the ¢-map retains the complete information on the MZVs in its preimage, we can rewrite (8.98)
as an amplitude relation [322]

Mfllosed = — Z A(l,P,TL,?’L—l)S(P|Q)1 svfi(l,Q,n—l,n) ) (899)

P7Qesn—3

60This has been done via

> AL Pn-1,n)m (1L, Pn—1,n|Q)1=— >  A(lLPnn-1)S(P|Q).

PeS,_3 PeSy_3
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where the single-valued image of the entire open-superstring amplitude (6.50) can be presented in one of
the following forms:

svA(1, P,n—1,n) = Z (svF)pQAQ1,Q,n—1,n)

QESnh_3
— Z Z ¢ [sv(fir fin - fi)] Z (M, M, ... M; ) p9A(1,Q,n—1,n)
7=0141,...,3,€E2N+1 QESn—3
(8.100)
= Z (14 2¢sMs + 2(5 M5 + 2¢3 M3 + 207 M7 + 2(3(s{ M3, M5} + 2(o Mg + 3¢5 M3
QESnh—_3

+ 202 M2 + 2C3Cr{ M3, My} 4 2¢10 My + C2Cs(M2Ms + 2M3Ms Ms + MsM2)
+2(2C35 — 230 + (3G + 9C2o) [Ms, [Ma, Ms)] + ... ) ,9A(1,Q,n—1,n)

with weight or o’-orders > 12 in the ellipsis. The matrix anticommutators {M,, My} = M, My+M, M, along
with (3¢5 and (3(7 are the remnant of applying the single-valued map to the contributions from (35 and
(3,7, where the relevant terms of (8.33) are mapped to

sv (CsCsMsMs + %§3,5[M5, M3]) = 4(3Cs M5 M3 — 2(3(5[Ms, M3] = 2(3¢s{ M3, M5} (8.101)

sV (C3C7M7M3 + 11—4(C3,7 + 3¢2)[ M7, M3]) = 4(3Cr M7 M3 — 2(3(7[M7, M3] = 2(3¢7{ M3, M7},

see (8.25) for sv (35 and sv (3 7. While (35, (3,7 and in fact all higher-depth MZVs with at most two odd
letters f,fp in their f-alphabet image drop out from closed-string amplitudes, the «’-expansion (8.100)
retains (335 as the simplest conjecturally irreducible higher-depth MZV in the image of the single-valued
map.

Even though the derivation started out from the string-theory KLT formula (7.83), we brought the
closed-string amplitude into the form (8.99) of a field-theory KLT formula with the o/-independent kernel
S(P|@)1 in (4.160). At tree level, the closed superstring is said to be a field-theory double copy of SYM
with the single-valued open superstring. A similar type of field-theory double copy was found for the open
superstring in (6.69) with the scalar Z-integrals in the place of the sv A: both double-copy formulae (6.69)
and (8.99) for open and closed superstrings involve SYM trees as a field-theory building block and carry the
entire o’-dependence in a string-theoretic double-copy constituent Z or sv A.

Permutation invariance of the field-theory KLT formula hinges on the BCJ relations of the double-copy
constituents which are certainly satisfied for the SYM amplitudes A(...) on the left of the KLT matrix in
(8.99). The single-valued open-superstring amplitudes in turn obey BCJ relations [137] by the reasoning in
section 8.4.1 — the matrix products at each order in the o’-expansion of (8.100) preserve the BCJ relations
of the SYM amplitudes.

8.7.3. Sphere integrals as single-valued disk integrals

The relation between closed and single-valued open superstrings as well as the associated KLT relation
(8.99) can be rewritten at the level of Parke-Taylor-type sphere integrals J(P|Q) defined in (7.61). This
can be seen by inserting the single-valued map of (6.69),

svA(P)=— > svZ(P[1,Q,n,n-1)S(Q|R)1A(1, R,n—1,n), (8.102)
Q,RGSnfg

into (8.99) and comparing with the representation (7.70) of M4, The coefficients of the (n—3)!? inde-

pendent bilinears A(1, P, n,nfl)g(l, Q,n—1,n) have to agree in both representations of M&¢d and we
conclude that [137]
sv Z(P|Q) = J(P|Q). (8.103)
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In comparing the definitions (6.62) and (7.61) of the disk and sphere integrals, the single-valued map is
seen to effectively trade a disk integration over the domain D(P) in (3.77) for a sphere integration with an
insertion of the antiholomorphic Parke-Taylor factor PT(P). This is natural from the connection between
disk orderings and Parke—Taylor factors via Betti-deRham duality [357, 358], relating simple poles of PT(P)
in Z;—%; to inequalities z; < z; characterizing the integration domain D(P).

Instead of relying on the o/-expansion (8.37) of open-superstring amplitudes and the properties (8.95) of
the matrices P,,, M,,, one can prove (8.103) at all multiplicities and orders in o/ via single-valued integration
[278]. A simple “physicists’ proof” on the basis of the Betti-deRham duality between D(P) and PT(P) as
well as standard transcendentality conjectures on MZVs can be found in [359], and the reader is referred to
[280, 223] for a mathematically rigorous proof. Moreover, the fact that the expansion coefficients of J(P|Q)
are single-valued MZVs can be explained from the study of single-valued correlation functions [360].

As an important plausibility check of (8.103), we note that both sides obey BCJ relations in both P and
Q. First, IBP relations among Parke—Taylor factors readily imply the BCJ relations of Z and J in @ and
those of J in P. Second, the sv-action %sin(ﬂ'x) — x on the trigonometric factors of section 7.3 maps the
monodromy relations of Z in P into BCJ relations, see section 8.4 and [137].

8.7.4. The web of field-theory double copies for string amplitudes
Single-trace amplitudes A" of gauge multiplets in heterotic string theories have been expressed in terms
of SYM trees and the sphere integrals J in (7.133). By the relation (8.103) between sphere and single-valued
disk integrals, one can identify [137],
APet(P) = sv A(P), (8.104)

i.e. single-trace amplitudes of the gauge multiplet in type I and heterotic string theories are related by the
single-valued map. Moreover, the field-theory double copy (7.119) together with (8.102) and (8.103) imply
that all massless tree amplitudes for the heterotic string reduce to single-valued type I amplitudes [211],

Mbet — Z Apryzivmter (1, P,n,n—1)S(P|Q)1sv A(1,Q,n—1,n), (8.105)
P,QeSn_3

where the amplitudes A(ppy24ymtge of the (DF)?+YM+¢? field theory [262] (see section 7.5.3) are rational
functions of «/. Just like the expression (8.99) for type II amplitudes, (8.105) double-copies single-valued
open superstrings with a field theory (with A(pr)24va4es in the place of SYM amplitudes in case of the
heterotic string).

Similar double-copy formulae apply to bosonic strings: removing the bi-adjoint scalars from the (DF)? +
YM + ¢ theory leaves a simpler field theory (DF)? + YM of massless and massive vectors [262] which casts
n-point tree-level amplitudes AP and MP® of open and closed bosonic strings into the compact form [211]

AVS(R) =~ Y Awrpiym(l, Pon,n-1)S(PIQ)1 Z(R|1,Q,n—1,n), (8.106)
P,QeS,_3
bos __ A bos
M == " Appeiya(l, Pn,n—1)S(P|Q)y sv A (1,Q,n—1,n).
P7Qesn—3

Moreover, the gravity sector of heterotic-string amplitudes admits an alternative form [211]

M| == > A(1L,Pn,n-1)S(P|Q)1sv.A"(1,Q,n—1,n), (8.107)

grav
P7Qesn—3

where the supersymmetries arise from the opposite double-copy constituent as compared to (8.105) — from
the SYM field-theory amplitudes A instead of single-valued superstring disk amplitudes.

A summary of the field-theory double-copy formulae (6.69), (8.99) and (8.104) to (8.107) for tree am-
plitudes in various string theories can be found in table 3. In all cases, the double copy refers to the KLT
formula with o/-independent kernel S(P|Q); and features a field-theory building block (SYM, (DF)? +YM
or (DF)? + YM + ¢?) without any transcendentality. The infinite tower of massive poles characteristic
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| string ® QFT [ SYM | (DF)*+YM ] (DF)* 4+ YM + ¢° |
Z-theory open superstring open bosonic string | comp. open bosonic string
sv(open superstring) closed superstring | heterotic (gravity) | heterotic (gauge & gravity)
sv(open bosonic string) || heterotic (gravity) | closed bosonic string | comp. closed bosonic string

Table 3: Double copy constructions of tree-level amplitudes in various string theories as presented in [211].

to string amplitudes occurs through the other double-copy constituent — either the universal basis of disk
integrals Z for open strings or single-valued open-string amplitudes in case of type II or heterotic strings.

Note that the compactified versions of open and closed bosonic strings in the rightmost column of table 3
refer to the geometric realization of the gauge sector of the heterotic string: the Kac-Moody currents J%(z)
in the vertex operators of the gauge multiplet in section 7.5.1 can be obtained from compactifying free
bosons 9, X’ (z) on a torus [97].

8.7.5. Twisted KLT relations

An interesting variant of the sphere integrals J(P|Q) in (7.61) arises in so-called chiral or twisted string
theories [361, 362, 363]. These theories are characterized by finite spectra due to a flipped level-matching
condition that can be informally identified with a relative sign flip of o’ between left- and right-moving
worldsheet degrees of freedom. In particular, the spectrum of twisted type II superstrings reduces to the
associated supergravity multiplets.

At the level of the sphere integrals in the tree-level amplitudes of twisted string theories, the sign flip
between left- and right movers applies to the antiholomorphic part of the Koba—Nielsen factor,

/
o

~ ) O/ n—3 d221 d222 e dQZn n E'L 2 Sij
J(P|Q) := <%) / ol(SL2.0)) 1} (Z—j> PT(Q)PT(P), (8.108)
crn-3 ¢

where the single-valued factors of |z;; |=@'sis in (7.61) from the correlators of conventional strings are replaced
by (%)O‘lsiﬂ'/ 2, Apart from these modifications of the Koba-Nielsen factors, the chiral correlators K,
among closed-string vertex operators can be freely interchanged between the type II versions of twisted and
conventional strings [363, 364]. Hence, the supergravity n-point function, computed from twisted type II
strings, takes the form of (7.70) with the modified sphere integrals .J(P|Q) in the place of J(P|Q). In order
to arrive at the field-theory KLT formula (4.159) for supergravity, the sphere integrals of the twisted strings

have to directly match the doubly-partial amplitudes m(P|Q),

~

J(P|Q) = m(P|Q). (8.109)

However, the sphere integrals (8.108) are ill-defined due of the multivalued factors of (%)O‘,SU/ 2 in the

~

integrand. Still, one can formally define J(P|Q) by a KLT formula, where the reversal of o/ along with the
antiholomorphic z;; leads to a sign-flipped version of standard Z-integrals

Z(P|Q) = Z(P|Q)

(8.110)

o’ —»—a'’
namely
JPIQ) =— S Z(,Pn-1,nA)S.(PIQ)1Z(1,Q,n,n—1|B). (8.111)
PaQESnfi‘}

Upon comparison with the requirement (8.109), the KLT formula for the twisted sphere integral needs to
reproduce the o/-independent doubly-partial amplitude,

m(AlB) =~ Y Z(1,Pn—1,nA)Sw (P|IQ1Z(1,Q,n,n—1|B). (8.112)
P7Qesn—3
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Hence, the conclusion is that a sign-flip in one of the Z-integrals in the conventional KLT formula (7.62) is
enough to cancel the entire tower of o/-corrections. In fact, (8.112) can be deduced from the twisted period
relations [236] as introduced into the physics literature in [189].

Another way of understanding the dropout of o/-corrections from (8.108) is to revisit the simplification
of the sphere integrals in section 8.7.1. The sign flip effectively reverses Msx+1 — —Mogy1 in one of the
F-factors in the matrix G? of sphere integrals in (8.94) and turns (8.97) into

¢(Gm) — m_lz Z ]\4'1]\41'2 ---Mir Z(—l)](fl] "'fi2fi1 Lufij+1fij+2 flr) (8113)
j=0

r=011,i2,...,i, €2N+1

By the alternating signs (—1)7 on the right-hand side, the coefficient of each non-trivial matrix product
M;, ... M;, with r # 0 cancels [363]. Hence, the matrix GF? in (8.94) is mapped to the KLT kernel in
passing to the twisted string, and we obtain supergravity amplitudes as expected.

One can also turn the logic around and impose that the expression for GF? in (8.94) reduces to

m YL, Pn-1,n1,Qn-1,n)= > (F) amy!(1,A,n—1,n|1, B,n—1,n)Fp® (8.114)
A,BES), _3

with Fp? = Fp@|_,___, asin (8.110). The coefficients of fy="">*"" or fori1 in (8.114) then imply the
properties (8.95) of the matrices Py, M.

Finally, we note an amusing variant of (8.112): instead of obtaining doubly-partial amplitudes m(P|Q)
by contracting Z(A|P)Z(B|Q) with the string-theory KLT kernel S (A|B)1, one can instead contract the
free indices P, @ with the field-theory kernel S(P|@);. In this way, one arrives at the inverse m,s of the

string-theory KLT kernel [235]

ma(AlB)=— > Z(A]1, P,n—1,n)S(P|Q)1Z(B|1,Q,n,n-1). (8.115)
P,QES,_3

Note that the heterotic and bosonic versions of twisted strings provide a worldsheet realization of the
(DF)? + YM and (DF)? + YM + ¢3 theories [365]: up to the sign flip o/ — —a’ between left- and right-
movers, the Parke-Taylor expansion (7.115) of bosonic correlators takes the identical form in twisted string
theories. The massive modes in the (DF)? + YM and (DF)? + YM + ¢ theories arise from asymmetric
double copies of vertex operators for an open-string tachyon and the first mass level of compactified open
bosonic strings. Similarly, the spectrum of heterotic twisted strings contains a colorless spin-two multiplet
from a double copy of tachyons with the first mass level of the open superstring.

The generalizations of the correlators K,,, 2% to massive states also take a universal form for conven-
tional and twisted strings up to o/ — —a’. This was exploited in [366] to pioneer field-theory double-copy
structures in tree-level amplitudes involving massive open- and closed-superstring states based on tools from
the heterotic twisted string.

9. Conclusion and outlook

This work aims to give a comprehensive review of string tree-level amplitudes in the pure spinor for-
malism. The manifestly spacetime supersymmetric worldsheet description of the pure spinor superstring
reviewed in section 3 introduces massless open-string excitations in the framework of ten-dimensional SYM,
see section 2. The OPEs of these superspace vertex operators give rise to the multiparticle formalism whose
rich combinatorial structure has been presented from different perspectives in section 4. The multiparticle
formalism connects conformal-field-theory techniques with recursive organizations of Feynman diagrams and
led to compact formulae for n-point tree amplitudes of SYM, see section 5.

The setup of the first sections is the key to find the decomposition (6.49) of n-point superstring disk
amplitudes into a basis of color-ordered SYM trees. This is the main result of this review whose derivation
and interplay with disk integrals and their field-theory limit is presented in section 6. The structure of
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the disk amplitude together with its corollaries for type II superstrings and heterotic strings have profound
implications on field-theory amplitudes reviewed in section 7 — the color-kinematics duality of gauge theories
and Goldstone bosons as well as double-copy descriptions of gravity, Born—Infeld and Einstein—Yang—Mills.
The last section 8 is dedicated to the low-energy expansion of superstring tree-level amplitudes and the
elegant mathematical structures of the multiple zeta values therein.

From the material in this review, both the moduli-space integrand for n-point string tree-level amplitudes
and the o/-expansion of the integrated expressions are available to any desired order. We have presented the
strong connectivity of both the integrands and the integrated results with the web of double-copies among
field-theory amplitudes and various areas of pure mathematics including combinatorics, number theory and
algebraic geometry. The detailed control over string tree amplitudes cross-fertilizes with ambitious questions
on string dualities (say through the multiple zeta values in multiparticle type IIB amplitudes) but also offers
new connections between perturbative string theories beyond any known duality (e.g. gauge amplitudes of
heterotic strings as single-valued type I amplitudes).

The diverse insights unlocked by the results on string tree-level amplitudes in this review motivate a
similar investigation of loop amplitudes, where already the last years witnessed progress on several frontiers.
We shall now give an overview of recent loop-level developments that generalize selected aspects of this
review beyond tree level. The subsequent path through the literature is far from complete and may quickly
become outdated after the time of writing this review. The reader is referred to [367] for an overview of
loop-level amplitude computations in the pure spinor formalism as of October 2022 and to the white paper
[77] for a status report on a broader selection of topics in string perturbation theory as of March 2022.

9.1. Loop amplitudes in the pure spinor formalism

By the manifest spacetime supersymmetry of the pure spinor formalism, it automatically incorporates
a variety of cancellations in loop amplitudes between internal bosons and fermions. In the pure spinor
prescription for loop-level string amplitudes, many of these cancellations can be traced back to the saturation
of fermionic zero modes. The loop-amplitude prescription in the “minimal” worldsheet variables of section 3
dates back to 2004 [2], followed by its extension to “non-minimal” variables in 2005 [3]. A central ingredient
in loop amplitudes of the pure spinor superstring is a composite b-ghost whose explicit form in the non-
minimal variables [3] involves poles in the pure spinor ghosts.

Just like at tree level, the loop amplitudes computed from these prescriptions automatically involve
kinematic factors in pure spinor superspace after integrating out the non-zero modes of the worldsheet
variables. Moreover, the pure spinor formalism is readily compatible with the chiral-splitting procedure
[5, 368] to express closed-string correlators at arbitrary genus as a holomorphic square of chiral amplitudes
that integrate to open-string amplitudes after specifying boundary conditions for the endpoints. In fact, the
so-called homology invariance of chiral amplitudes — their single-valuedness on higher-genus surfaces under
suitable shifts of the loop momenta — provided crucial input for recent loop-amplitude computations in the
pure spinor formalism.

The constraints from of zero-mode counting facilitated the derivation of non-renormalization theorems
in string theory [369, 370] and led to multiloop results on the ultraviolet structure of maximal supergravity
through a worldline version of the pure spinor formalism [174]. The computation of non-vanishing string
loop amplitudes with the pure spinor formalism was initiated with the one-loop four-point amplitude in 2004
[2] and the two-loop four-point amplitude in 2005 [91]. The bosonic components of the two-loop result were
later on confirmed [371] to reproduce the earlier two-loop four-point computation in the RNS formalism
[372].

The non-minimal pure spinor formalism has been used to compute one-loop five-point amplitudes [373],
the exactly normalized four-point amplitudes at one loop [110] and two loops [111] as well as the low-
energy limits of the three-loop four-point [86] and two-loop five-point [374] amplitudes. In all of these
cases, the b-ghosts only contribute through their zero modes. However, the non-zero modes of the b-
ghost and the complexity of its multiparticle correlators currently cause a bottleneck in performing higher-
order computations directly from the prescription. Still, consistency conditions on loop amplitudes and in
particular the multiparticle formalism of section 4 often allowed to circumvent the most daunting challenges
from the b-ghost and led to many recent advances on higher-point amplitudes.
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The multiparticle formalism spawned simplified expressions for one-loop open- and closed-string ampli-
tudes in an integral basis at five points [168] and at six points [375]. The latter reference also reconciles the
hexagon gauge anomaly of individual worldsheet diagrams in type I theories [376, 377] with BRST cohomol-
ogy techniques and derives the anomaly kinematic factor [378] from an explicit amplitude representation.
Based on additional input from locality, chiral splitting and the associated homology invariance, a systematic
procedure to derive one-loop correlators is described in [379, 380, 171]. The resulting chiral amplitudes enjoy
a double-copy structure [381] similar to the KLT-type formula for the open-superstring correlator (6.73) at
genus zero. However, the coefficients of holomorphic Eisenstein series in (n > 8)-point correlators have so
far resisted a computation from this method.

Similarly, two-loop five-point amplitudes were constructed beyond their low-energy limit by a confluence
of BRST invariance, locality and chiral-splitting techniques [172]. Their parity-even bosonic components
were later on verified from a first-principles computation in the RNS formalism [382]. Finally, an exact-in-o’
expression for the three-loop four-point amplitude was proposed in [383] based on input from the field-theory
limit, ambitwistor strings and modular invariance. It would be interesting to analyze this three-loop result
from a pure spinor perspective.

The combined power of the multiparticle formalism, BRST invariance and locality has also been used
to directly propose loop integrands for ten-dimensional SYM, see [169] for one-loop integrands up to six
points and [170] for two-loop five points. The five-point results at one and two loops readily manifested
the color-kinematics duality and induced the corresponding loop integrands for type II supergravity in pure
spinor superspace via double copy as in [384]. Based on the tropical-geometry methods of [385], these five-
point field-theory amplitudes were independently derived from the o — 0 limit of the corresponding string
amplitudes at one loop [169] and at two loops [172].

However, the present pure spinor methods leave open questions on the loop-level realization of the color-
kinematics duality and double copy at n > 6 points. The first superspace construction of one-loop six-point
SYM numerators in [169] violated certain kinematic Jacobi identities. These violations disappear®! in passing
to the linearized variant of Feynman propagators [387] that typically arise from ambitwistor strings [388].
The resulting supergravity integrands on linearized propagators are available in KLT- and cubic-diagram
form [389, 387] obtained from the forward limits of (4.159) and (7.67). A solution of all the one-loop
kinematic Jacobi identities on quadratic propagators was offered in [390] by taking the field-theory limit of
the corresponding string amplitudes in different color orderings. However, the conventional cubic-diagram
double copy [228] of these color-kinematics dual SYM numerators conflicts with BRST invariance, so it is
an open problem to construct supergravity loop integrands on quadratic propagators at n > 6 points.

Both the above subtleties in finding string-theory realizations of the gravitational double copy and the
non-zero mode contributions of the b-ghosts kick in at the one-loop six-point level. One may speculate about
a connection between the two kinds of challenges, for instance whether an incorporation of the b-ghost into
the multiparticle formalism is the missing puzzle piece for n-point one-loop string amplitudes with manifest
double-copy structure in the field-theory limit. This scenario is supported by the role of the b-ghost for a
kinematic algebra and its connection with tree-level multiparticle superfields identified in [391]. Also higher-
loop string amplitudes call for further investigations of the b-ghost since its poles in the pure spinor ghosts
necessitate regularization techniques such as [392, 393] at genus g > 3.

9.2. Worldsheet integrals in loop-level string amplitudes

A central line of tree-level results in this review is driven by the Parke—Taylor bases of disk integrals Z in
(6.62) and sphere integrals J in (7.61). First, their integration-by-parts relations and (n—3)! bases fruitfully
resonate with the BRST properties and BCJ relations of the accompanying kinematic factors in pure spinor
superspace. Second, their logarithmic singularities (including the absence of double poles) ensure that the
o’-expansion is uniformly transcendental and in fact realizes field-theory amplitude relations along with
infinite families of multiple zeta values. These properties of Parke-Taylor integrals at tree level motivate
the goal of constructing similar kinds of integral bases at higher genus.

61The violations of kinematic Jacobi identities in the one-loop six-point results of [169] also disappear in MHV helicity
configurations upon dimensional reduction to D = 4 [386].
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At genus one, generating functions Z, of open-string integrals in different string theories furnish con-
jectural (n—1)!-element bases with uniformly transcendental o/-expansions [352, 353]. At suitable orders in
the bookkeeping variables 12,73, ..., N, one can read off the combinations of theta functions for one-loop
correlators of the pure spinor superstring that share the logarithmic singularities of the Parke—Taylor fac-
tors. More precisely, the function space to assemble the one-loop analogues of the tree-level correlators /C,,
in (6.73) is controlled by the loop momenta of the chiral-splitting procedure [5, 368] and the coefficients
g%® (2, 1) of the Kronecker-Eisenstein series [394],

9/1 (Oa 7)91 (Z—|—77, T) _ 1
61 (Za T)el (775 T) n

+ 0t gW(z, ). (9-1)
k=1

After integration over the loop momenta, the moduli-space integrand of open- and closed-string amplitudes
is expressed in terms of doubly-periodic versions f(*)(z,7) of the Kronecker-Eisenstein coefficients g(*)(z, 7)
which also manifest the modular properties in the closed-string case.

In the same way as Parke—Taylor factors share the BCJ relations of gauge-theory tree amplitudes, the
combinations of g(k)(zij, 7) and loop momenta seen in one-loop correlators [381, 171] are observed to obey
the same identities as the BRST-invariant kinematic factors [380]. Up to and including seven points, this
duality between kinematics and worldsheet functions is fully established in the references and underpins a
double-copy structure in the chiral amplitudes. Starting from eight points, the chiral amplitudes involve
holomorphic Eisenstein series G (7) = —g®)(0,7) with k > 4, and it is an open problem to accommodate
them into the duality between kinematics and worldsheet functions.

The loop-level analogue of the string-theory KLT relation of section 7.2.1 is uncharted terrain at the time
of writing. However, the tree-level monodromy relations whose vibrant interplay with KLT relations was
illustrated in section 7.3 were generalized to loop level, investigated from several perspectives [395, 396, 397,
398, 399] and extended to one-loop amplitude relations between mixed open-and-closed-string amplitudes
and pure open-string amplitudes [400]. It would be very interesting to relate properties of the Kronecker-
Eisenstein-type functions in the chiral correlators to one-loop monodromy relations as done for Parke—Taylor
factors and disk orderings through the relations (6.76), (6.77) and (7.77) of the Z(P|Q) integrals.

The dependence of integrated string loop amplitudes on o’ and the kinematic variables is more involved
than at tree level and features branch cuts in addition to the poles for the infinite tower of massive string
modes. At one loop for instance, the analytic continuations in the external momenta required by the integral
representations and compatible with the poles and branch cuts are discussed in [401, 402, 403]. Already
the o’-expansion of one-loop string amplitudes contains logarithms in Mandelstam invariants on top of the
Laurent series in s;;...; seen in the tree-level o’-expansions of section 8. The logarithms in one-loop four-
point closed-string amplitudes due to effective tree-level interactions D2*R™ were pioneered in [404, 405)
and computed to all orders in o’ in [406]. Two recent lines of attack to determine the non-analytic sector
of higher-point one-loop string amplitudes are based on one-loop matrix elements of tree-level effective
interactions [407] and an implementation of Witten’s ie prescription [408].

A prominent motivation for the computation and low-energy expansion of string loop amplitudes stems
from their implications for string dualities. In this context, the main interest is in the analytic contribu-
tions to the a’-expansion which reflect new interactions in the loop-level effective actions. For type IIB
superstrings, the SL(2,Z)-invariance w.r.t. the axio-dilaton field [409] must be realized in the coefficients of
all independent D?*R™ interactions. Perturbative string amplitudes carry important information on these
modular invariant functions of the string coupling. Four-point string amplitudes up to and including three
loops were successfully matched with SL(2, Z)-invariant coefficients of the R*, D*R* and DSR* interactions
[410, 411, 412, 413, 86, 414].

Pure spinor methods gave rise to compact representations of loop amplitudes also beyond four points.
Together with a low-energy expansion of the worldsheet integrals, the five-point amplitude computations at
one loop [168] and two loops [415] made a duality analysis of D?*R5 interactions tractable. Both references
confirmed the duality properties of supermultiplet components that violate the U(1) R-symmetry of type
IIB supergravity [416, 272, 417] and cannot arise in four-point string amplitudes [418]. Moreover, the loop-
level effective actions will involve new superinvariants starting with DSR® that are absent in the tree-level
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effective action [168, 415]. The classification of independent interactions and SL(2,Z)-invariant type IIB
couplings necessitates precise control over the tensor structure of multiparticle loop amplitudes as provided
by pure spinor superspace.

A frequently used strategy towards low-energy expansions of string loop amplitudes is to first integrate
over vertex insertion points prior to the complex-structure moduli 7 of the genus-g surface. In this way,
the o'-expansions generate infinite families of modular invariant functions of 7 w.r.t. Sp(2g,Z) on the
worldsheet (rather than the SL(2,Z) acting on the axio-dilaton field in case of type IIB). These functions
generalize the (single-valued) MZVs of section 8 to higher genus and were dubbed modular graph forms in
[419, 420] after earlier case studies in [421, 404, 405]. Already at genus one, modular graph forms stimulated
interdisciplinary research lines at the interface of string theory, algebraic geometry and number theory, see
e.g. [422] for an overview as of November 2020, [423] for lecture notes and [424] for the connection with
Brown'’s equivariant iterated Eisenstein integrals [425, 426]. The study of higher-genus modular graph forms
started with [427, 414, 428, 429, 430, 431] and suggests a generalization to modular graph tensors [432].

From a string-theory perspective, a major appeal of modular graph forms is to investigate the loop-
level generalization of the tree-level relation (8.103) between closed-string and single-valued open-string
integrals. In one-loop amplitudes of open superstrings, the iterated integrals over vertex-operator insertions
on a cylinder- or Mébius-strip boundary were shown in [394, 433] to yield elliptic MZVs [434] and elliptic
polylogarithms [435]. There is a variety of evidence [436, 419, 437, 438] that modular graph forms may
be viewed as single-valued elliptic MZVs. In particular, the closed-string counterparts [439, 440] of the
conjectural (n—1)! basis Z, of one-loop open-string integrals led to an explicit all-order proposal [441] how
to relate modular graph forms to single-valued elliptic MZVs in the respective o/-expansions. On the one
hand, this line of reasoning aims to extract the more challenging configuration-space integrals over punctured
tori from the simpler iterated integrals over cylinder- and Mobius-strip boundaries. On the other hand, this
research direction may reveal loop-level manifestations of a deeper relation between closed and open strings
beyond any known string duality.
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Appendix A. Gamma matrices

Pure spinor calculations in ten dimensions often involve the handling of gamma matrices. In this ap-
pendix we review some of the most common manipulations involving ten-dimensional gamma matrices (for
a computer implementation, see [442]). Most of this material can also be found in [443]. In particular,
the book [444] contains a variety of discussions in general dimensions and should be consulted for further
reading.

Appendiz A.1. The Clifford Algebra in R

Lorentzian signature. The 32 x 32 Dirac matrices I'™ in ten-dimensional Minkowski space R} with m =
0,...,9 satisfy the Clifford algebra
{I™, I} = 2n"" 13232 . (A1)
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The signature of the metric is the mostly plus (— + 4 ---4). In the Weyl representation of '™ only the
off-diagonal 16 x 16 blocks are non-vanishing, parameterized as

(8 )

in terms of chiral gamma 16 x 16 matrices ™ subject to
Yas (") s (™) = 28 (A.3)

Numerical representation. An explicit representation of the 16 x 16 gamma matrices (A.2) is given by

= (M0 s = (T _0)- (A4

18><g _18><8
i 0 O'i- . 0 o'i.
naf _ . aa % — | aa
(7) - <U£b 0 ) ) (’Y )aﬂ <0,£b 0 ) y
1 0 1 0
9ap _ 8x8 9 _ 8x8
() < 0 —18><8) ’ (7 )as < 0 —18X8) '
where o with i = 1,2,...,8 are 8 x 8 matrices (1 := 1ax2)
Tas =E®E®e, ol=1®0 ®e, (A.5)
ol =1 ®e, 0‘3(.120‘1@5@]1’
oo =0"®e®1, o8, =e@1®o’,
ol =e@1®d®, ot =191a1,

and o with i = 1,2, 3 are the Pauli matrices with € = io?

a0 (YD) (0. a0

While the gamma-matrix representations (A.4) are tailored to Minkowski-space R?| their Euclidean ana-
logues can be found in (B.3) below.

Charge conjugation and chirality matrices. The chirality matrix in ten spacetime dimensions is given by

r=rrt.. 1= (116“6 0 ) (A7)
0 —ligx16

which splits a 32-component Dirac spinor into two 16-component spinors of opposite chiralities

A<£> (A8)

called Weyl (A%) and anti-Weyl (\,). The charge conjugation matrix satisfying CT™ = —(I'")TC'is C = I'°.
Since it is off-diagonal, the Weyl and anti-Weyl are inequivalent representations in ten dimensions (unlike
in four).

Generalized Kronecker delta. It is convenient to define the generalized Kronecker delta as

a1az...an 1 ai cas QA
Bz = 0 By 5y (A.9)
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which is totally antisymmetric in both sets of indices, e.g. 622 = 1(§2,6% — 62 6%). Using the notation of

words, in D dimensions we have

1
2

)
064 = Fime:  pi=IPl a= Al pra<D. (A.10)
For example in D = 10 we have 6,0 = g&g}]". In particular, when D = 10 where §™ = 10, the identity

(A.10) gives the full contraction when P = Q = 0 as

10
g ma — ( ) =10, 45,120,210,252 forn =1,2,3,4,5. (A.11)

M n

Appendiz A.2. Fierz decompositions

Antisymmetric products of gamma matrices are defined by the n-forms

mima..my _ [mq . ma2

_ mn]
gl STy (A.12)
and they lead to four possible configurations of Weyl-spinor indices, namely (7)ag, (1), (7)o’ and

(7). The mixed combinations occur at ranks 2,4, 6,8, 10,

ml»..mg)aﬁ , (fymlmmlo)aﬁ , (A13)
. (A.14)

and are related by (anti)symmetry, i.e. the matrices in (A.14) can be rewritten in terms of the matrices in
(A.13), see below. Ranks 1,3,5,7,9 give rise to spinor indices of alike chiralities

mi m1m2m3) mi...Mm my...Mm7

(V" )ap, (v aps (¥ *lag, (v Jags (v ")aB 5 (A.15)
(,77”1)045, (,7m1m2m3)045 , (,ym1...m5)a5 , (,yml...m7)a,6’ , (,yml...mg)a,@

and their symmetry properties do not mix the two lines.
The symmetry properties of the four types of matrices with respect to their spinorial indices are

ml...m4)a5

) (7 ml...’ms)a,@ I (’lemmg)(lﬁ I (A16)
mmems) g, ('lemms)aﬁ ) ('lemm7)aﬂ ) ('lemmm)aﬂ )

symmetric: (7" )ag , (v

antisymmetric: (77172),7, (v

where for example (y7172),8 = —(y™1™2)8  and the symmetry properties of the matrices with all upper
spinorial indices is the same as those with all lower indices, i.e. (y71)®# = (y™1)8< etc.
The Fierz decompositions of spinor bilinears reads

1 1

a. B __ 1 mi - af mi...m3 af mi...ms
PX 16%1(1/17 X) + g5 (Yma.ma) " (9 X) + gggp Ymaams)* (9 X) (A.17)
,6 1 B mimse B mi...ma
YaX 16 85 (x) + 35 (Ymama)a” (Y™ 72X) + 207 (Y. Ja” (U7 X) -

For anticommuting spinors # and bosonic pure spinors A%, important special cases of (A.17) are?

e 1 mnpqr a
A )‘ﬂ = @(A’Y b )‘)’Ymézpqra

(A.18)

’7mnp

1
076" = a5 (01™"0)

62The first identity in (A.18) is sometimes incorrectly stated with a coefficient

To see why the latter

mnpqr

1920 rather than M
is correct, one has to pay attention to the epsilon term in the trace (A.25) and the self-duality (A.21) of v, s
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Appendiz A.3. Duality properties
In ten-dimensional Minkowski space R'Y, using the convention

€1..9 =1, ¥ =1, (A.19)
with (in particular, ¢™™2--mw0¢, e = —101)
€ny.mpo€ 0 = =106 0 (A.20)

the antisymmetric gamma matrices (n-forms) are related by the duality properties

1 1

(,yml...ms)aﬁ — g67nl...7n5nl...ng, ('Yn1...n5)o¢,6’ , (,yml...mg,)a,(i’ _ _geml...msnl...ns (,ynlmns)ozﬁ , (A21)
('lemmﬁ)ozﬂ _ ieml...msnl..Jm ('Yn ) B (,yml...ms)aﬁ _ _ieml...mgnl...m; ('Yn " )ozﬂ
4 1...M4 ) 4 1...M4 ;
(,yml...m7) 5= _l ml...m7n1...n3(,y ) 5 (,yml...m7)a,6’ _ ieml...m7n1...n3(,7 )aB
aB = ni..m3)af s = n1...M3 )
3| 1 3 3| 1 3
mi...mg\ 1 mi...mgning B mi...mg\Q 1 mi...mgnino o
(’7 )oz = _5 (7711712)& , (’Y ) B = 56 (7711712) B
(Y™ ™)ap = €M (0, )ag (ymaema )l = —emamam (n, )oB
(,y"h---mw)aﬂ _ €m1~~~m105§ , (,y’ﬂhmmm)aﬁ _ _e’fmmmm(sg )

A good exercise is to check them explicitly using the SO(1,9) parameterization in (A.4). In ten-dimensional
Euclidean space where €210 = €15 10 =1, the equations above are still valid after redefining the Levi—
Civita epsilon tensor € — 7e.

Appendiz A.4. Traces of gamma matrices
In ten dimensions there are no invariant tensors with k antisymmetrized vector indices except when
k = 10, so all the k-forms with even 2 < k < 8 are traceless,

(im0 kg =2,4,6,8. (A.22)
When k = 10 compatibility with the duality conditions (A.21) implies

(M) X = 1M T0 [ (50N = ]GO (A.23)
The trace relations for the 1,2,3,4 and 5 forms are given by [445]

Tr(Y™ Yy ) = (V™ )ap(ny)P* = 1657, (A.24)

Tr(y™ " Yiny) = (Y"72) 0 (Ynana )™ = —16 - 21677472
Tr(’7m1mm3’7n1...n3) = (lemmg)aﬁ(’yny--ns)ﬁa =—16- 3|57r;111n'r?3 ;
Tr(y™ ™, ng) = (V™) (s ng) g™ = 16 - 41670 m
Tr(y"™ "™ Y ms) = ('lemmS)aﬂ('Ynl n5)6a =16- 5!57731.::;;5”5 +16€™ 0 s (A.25)
where Tr(yMyN) = 735 (v™)P* or Tr(yM4N) = (vM) o (v)3* depending on the lengths of the multi-indices

M and N. We also note the vanishing of the traces with unequal lengths of M and N

Tr('ymlmmi'Vm...nj) =0, i#j. (A'26)
These identities can be conveniently summarized using word notation as®?
Tr('yP'yQ) = 16679 [p!ég + 5p’56PQ , |Pl=p, |1Q]=q. (A.27)
63The reversal Q in (A.27) is explained by noting [mn] = —[nm], [mnp] = —[pnm]. In general, [P] = { {]P;} ip= g,;mojj
- :p=2,3mo
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Appendiz A.5. Products of gamma matrices

The antisymmetrized products of gamma matrices form a basis in the space of bispinor indices, as
evidenced by the Fierz identities. In order to freely move between upstairs and downstairs indices with the
Euclidean metric, we consider the Clifford algebra after a Wick rotation, {I'™ T} = 26™". Since in the
pure spinor formalism it is convenient to consider a Weyl representation leading to off-diagonal 4™ matrices
as in (A.2), the Clifford algebra for the 32 x 32 matrices I'™ reduces to

™" =28m" (A.28)

in terms of 16 x 16 chiral gamma matrices. The explicit construction of such matrices can be found in
Appendix B.1.

We now want to convert products of gamma matrices into sums over antisymmetrized gammas in the
spinorial index basis. The starting point is the Clifford algebra (A.28) which implies

This formula can be used iteratively when more indices are present, but the amount of generated terms
grows quickly when doing so. General formulae and strategies to handle the combinatorics exist in the
literature. For instance, a general formula for the product Yy, .. m, 7™ "™ has been written in [446] using
a diagrammatic method, while in [447] an OPE-like algorithm was presented. A nice formula was given in
[443] with the combinatorics conveniently organized as (note that the convention here has 1/k!in [a; ... ax])

min(p,q)
p q by ¢ba b 1e
,Yalaz"'apfyblb}“bq - Z k' <k> <k> 5[[04135041371 o 5(1’;71&'+1,}/a1~.~111:»7k]bk+ bq] ’ (Ago)
k=0

where all the signs in the sum (prior to antisymmetrization) are uniformly positive due to the reverse ordering
chosen for some indices on the right-hand side. This formula can be further decluttered using a notation
based on words. If we adopt the convention where a lower case letter corresponding to the word denotes the

length of the word, |A| := a, we can rewrite (A.30) more compactly as (here we have 1/k!in [a; ... ax])
a\ (b
1= ) y!( )( )5[[57)(]””, (A.31)
XY=A y y
ZL/V::yB

where Y denotes the reversal of Y and we note the constraint y = z on the lengths of Y and Z due to
the generalized Kronecker delta. The combinatorial coefficients compensate the overall 1/(a!b!) due to the
antisymmetrizations over the A and B indices and the normalization of the generalized Kronecker delta
(A.9) such that in the expanded result all terms have a £1 coefficient, as follows from the iterated use of
(A.29). For example,

b
7a1a27b1b2 = 7a1a2b1b2 + 45[[a;7a1]b2] + 2521211)121 (A'32)
= 7a1a2b1b2 + 521 'Yalb2 _ 5227a1b1 + 522 ,Yazbl _ 5Zi,ya2bz + Sb1gb2 _ gb2 501

2 1 az - ay az - ay

Another example, which when fully expanded generates 136 terms in total, is given by

. - b - bib ;
’7a1a2a3a4a5’yblb2b3 = ’ya1a2a3a4a5b1b2b3 + 156[[11;’7a1a2a3a4]b2b3] + 606[[ san ’7a1a2a3]b3] + 606b1b2b3 . (ASS)

asaq lasasas ’7‘11‘12]

The different coefficients in front of each term correspond to the numbers of terms (with +1 coefficients)
that are generated once the explicit antisymmetrization takes place (note 136 = 1 + 15 + 60 + 60).
Related formulas for the commutator of gamma matrices can be found in [448].
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Appendiz A.6. Gamma matriz identities and pure spinors

A set of frequently used identities when manipulating pure spinor superspace expressions is listed below
(repeated indices are contracted):

Va8 Vs =0, (A.34)
mnp_mnp __
Yaip Yys) =05

Vs Vs T = 12070575y — VauV5s)
1 m mnp_mnp

1
YapVso = ~5VasVse = 57 Vas Voo

Vb = 48(6585 — 6065,
(

1
Yap Voo = ~I8V85VEe T 5Vas Vo

(V") (Ymn)s” = 88285 — 20005 + 45 Yy

(’y pq)aﬁ(’7mnpq)06 = 3156265 + ?(’7 )(16(/7777/!1)0'6 + g(’y pq)aé('ymnpq)aﬂ bl

(Y") o (Yanmpa )0 = —4865 5% + 28852 67 + 48y™ 450 .

OLO"Y’ITL

They can be derived by using that the gamma matrices form a complete basis for the spinorial indices, see
[449] for more examples.

Some of these identities are particularly useful when contracted with pure spinors. The first identity of
(A.34), for instance, implies

(M™)a(Mm)s = 0. (A.35)
To see this it suffices to contract 'yg“‘(ﬁfy%) = 0 with A*\7 and use the symmetry (A.16) of the one-form

V5, = 7y to obtain (M™)s(Mm)s = =(A™)s(Aym)g — MY M5s = —(A™)s(AMvm)s = 0 based on the
pure spinor constraint (3.26). An important corollary of (A.35) is

()"Ym)a(/\'ymnpqr)\) =0, (A36)

which can be proven by decomposing the five-form using (A.31) as (Ay™"P7"\) = (Ay™ AP \) 4 (Ay"PIN)6™"
— (AT X)L+ (AT N) 6P — (AyPI"X)§™™ and observing that all the three-forms contracted with two pure
spinors vanish by the antisymmetry (A.16). We can thus rewrite (AYm)a(AY™™PT"X) = (Aym)a (AP N)
which vanishes by (A.35).

Appendix B. The U(5) decomposition of SO(10)

In this appendix we will list some of the formulae relevant for the decomposition of various SO(10)
representations into their U(5) components. Some useful references are [450] and the appendices of [451,
452, 453).

Appendiz B.1. The Clifford algebra in R'°

For convenience, we will consider the Wick-rotated version SO(10) of the Lorentz group SO(1,9). The
ten-dimensional Clifford algebra in Euclidean signature

I "}y =25™", mn=1,2,...10 (B.1)

admits a recursive construction [454] starting from the 2 x 2 representation in terms of Pauli matrices

) (0 3) o).
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satisfying {o;,0,} = 28;; for 4,5 = 1,2,3. To assemble the explicit 2° x 2° gamma matrices ['™ in ten
dimensions we use the Kronecker product of Pauli sigma matrices as follows [455] (1 := 13x2; also see (A.4)
for the analogous numerical representation of I'™ for Minkowski spacetime R'?):

MNM=0neanelelel, =0 ®0111,
=00 101, IM=0,Q03000101,

I’ =0,003003001 01, MP=0Roeo00mel, (B.3)
M=0,®03803R03R 07, I?=0,003803R03% 02,
I[°=0,®03R03% 03 03, M= 019lelel.

The properties of the Kronecker product, (A ® B)(C ® D) = (AC ® BD) and (A® B)T = AT @ BT imply
that the Clifford algebra (B.1) is satisfied. Moreover, the symmetry properties of gamma matrices are

T, m=1,...,5
T = " (B.4)
4Ty, m=6,...,10,

while at the same time the gamma matrices are purely imaginary for m = 1,...,5 and real for m = 6,...,10,
as they are constructed with an odd or even number of 2. This means that the representation (B.3) is
hermitian

Il =I,. (B.5)

Charge conjugation and chirality matrices. Given the above symmetry property of I';,, the charge conjuga-
tion matrix C' satisfying
CT,, =-TTC (B.6)

is obtained by the product of all antisymmetric I'’s [456]
C:F1F2F3F4F5 = —02®01®02®01®02. (B?)

It is easy to see that C is antisymmetric, off-diagonal and satisfies C2 = 133x32. In addition, the chirality
matrix is given by

Ty =—il..Ty=00lelelel= (10 0 , (B.8)
0 —1liex1s

and has the same numerical value as in the Lorentzian version (A.7).

Appendiz B.2. Vectors and Lorentz generators

The generators M™" of the group SO(10) are antisymmetric M™" = —M™™ and satisfy the Lie-algebra
relations
[M™™ MPI) = §MPM™ — g"PM™T — §TIMTP 4 STIMTP (B.9)

The vector VP and spinor ¥ representations of SO(10) are defined by the following transformations®*

[M™ VP) = 5Py — gy (B.10)

64Note the consistency between (B.9) and (B.10) as the transformation (B.9) can be viewed as the two-form version of
(B.10) using [M™™ V" @ V] = [M™™, V" @ VS + V" ® [M™",V?] and setting MP? = VP ®@ V¢ — V1 ® VP. The sign
on the right-hand side of (B.11) may naively appear to conflict with the fact that the Lorentz algebra (B.9) is obeyed by
Gamma matrices in the normalization of M™" — ,%p mn_ However, repeated Lorentz transformations lead to Gamma
matrices in the opposite multiplication order [MP4, [M™" ¥]] = i(Fm"Fm)\If such that [[MP9, M™"], U] = i[Fm”, P =
—%(6P[mf‘"]q — 69lmPnP) W and the normalization on the right-hand side of (B.11) is determined by consistency with (B.9).
In case of the pure spinor ghost ¥ — A% and its Lorentz current M™"™ — N™™ a more detailed version of this calculation can
be found in (3.34), where (B.11) is implemented through the OPE (3.32).
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1

(M7 W] = ST (B.11)
To decompose the vectorial representation SO(10) — U(5) we shall split the ten components of the SO(10)
vector V™ with m = 1,...,10 into two vectors v®, v, labelled by an index a = 1,...,5 as
a 1 a yra+5 1 a -y ra+5
08 = — (VO +iVet?), Vg = —=(V*—=iV*®) a=1,...,5. (B.12)

V2 V2

Consequently, the components of tensors of SO(10) are split following the tensor products of the vector
decompositions (B.12) with the corresponding symmetry conditions. This implies, for example, that the
generators M™" split as follows:

mab % (Mab 4 aats) (et _ M(a+5)(b+5)) ’ (B.13)
— % (M _agalbs) _plats)b _ M(a+5)(b+5)) ’
mg — % (M“b iMe®+s) (et M(a+5)(b+5)) _

Moreover, the trace of my is given by

5 5
m=> mi=iy Mt (B.14)
a=1 a=1
From the above it follows that
[m® 0] = [Mab, ve] = 0, (B.15)
[Map, v°] = 51,% , [m“b, V] = 531)1) - 551}“ ,
[mbv C] = [mb’vc] = 531)17’
[m, v] = [m, ve] = ve .

To derive the above commutators, the decompositions (B.13) and (B.12) have been used to rewrite them in
SO(10) language, where (B.10) can be applied with its outcome cast back in U(5) variables using (B.12).
Similarly, the same strategy shows that the SO(10) Lie algebra (B.9) decomposes to U(5) as

[mab, Mea] = [m®, m®] = (B.16)
[1m0ap, m*] = _5cmb + 0ymi; + Gymg — dyme [maba mg = _5bmad + 0gMipd
[m®®, mg] = ¢+ qme, [my, mg] = —5bmd + damy

[, tas) = 211, . ] —

[ ] = [ ,m] =

This shows that m¢ are the generators of U(5) embedded in SO(10). Moreover m® and m,y, transform as
two-forms under U(5), and v,, v* transform in the defining representations 5 and 5 of U(5). The trace m
is the U(1) generator in the decomposition U(5) = SU(5) ® U(1). The U(1) charge gr of a representation
R is defined by [m, R] = grR and denoted by a subscript Ny, for an N-dimensional representation of
SU(5). We conclude that the vector V™ and the antisymmetric tensor M™™ transform as follows under the
SU(5) ® U(1) decomposition of SO(10),

V™ =0 Do, M’"”—)m“b@mab@mg@m, (B.17)
10 -5_,®5;, 45 -5 10_, $ 10, $ 240 ® 1.
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Decomposition of the Lorentz currents OPE. In the pure spinor formalism the SO(10) to U (5) decomposition
must be applied to the OPE between the Lorentz generators for the pure spinor variables,

mp \ng — ynP N™Y — yma NP ng \Nmp 577“15"17 _ 57711057“1
N™(2) NP9 (w) ~ 0 (w) =0 (w) =6 (w) +6 (w) _ 3( ) . (B.18)

z—w (z —w)?

Starting from the generators in (B.13) and (B.14), we perform the redefinitions

m a 1

n=-— ny =my — =0m, (B.19)

V5 5

which identify nf as the traceless generator of SU(5). Using the same strategy as above leads to the following
OPEs among the SU(5) ® U(1) decompositions

Nap(2)Nea(w) ~ regular, n®(2)n°Y(w) ~ regular, (B.20)

c nd d . c 2 sc sd
=07y + Oy — 756[11517]” B 35553 —6eo

nap(2)n (w) ~ n(z)ny(w) ~ regular,

z—w (z—w)?
o) o ST O
S S PO L LT L Y ot -

Redefining the U(1) charge to [n, R] = %R in view of (B.19) we see that (n,n{,n, ny,) transform as the

(19, 240,10_2,105) representations of SU(5) ® U(1).

Appendiz B.3. Spinors

To obtain the decomposition of the spinorial representation of SO(10) under SU(5) ® U(1) it will be
convenient to consider the linear combinations [450)

bt = % (T* +i0T°) | by = = (D% —4D*T?) | (B.21)

N | —

where a = 1,2,...,5. The Clifford algebra (B.1) implies the fermionic oscillator algebra
{ba, 0"} =60, {ba, b} = {0, 0"} = 0. (B.22)

This means that the matrices b, and b® can be interpreted as annihilation and creation operators. To exploit
this interpretation we define a vacuum |0) annihilated by all the b, operators, b, |0) := 0 (also (0|b* := 0)
and normalized as (0]0) = 1. States are created by acting with the creation operators b* on the vacuum, for

a maximum of 32 states. We will also define (1| = [))”. These operators also satisfy
bl =0, (b = b, , (B.23)
by = —b", ()" = ~ba,

for a = 1,...,5, as can be verified from (B.4) and (B.5). In this language, the charge conjugation and
chirality matrices in (B.7) and (B.8) become

C =

5 5
Jj=

(bj +0),  Tu=][®b; —bt)). (B.24)

1 j=1
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To connect this description with the U(5) decomposition of SO(10) above, we write the generators M™"
for the spinor representation as

1 1
M™" — 2T = o[0T, (B.25)

which satisfy the commutation relations (B.9). Therefore, from the expressions (B.13) and (B.14), the U(5)
Lorentz generators become

i = —5 (6, — b?) = =5 (0% — bab) = b, + 2 (B.26)

m® = —ppP, Map = —bgby, -

These expressions can be verified by plugging the spinorial representation (B.25) into the decompositions
(B.13) and using the inverse of (B.21). In this language, it is straightforward to verify the decompositions
(B.16) using [bpb®, bgb°] = [bpb®, bg]b® + babpd®, b¢] and [bg, bpb®] = {bg, bp }b* — bp{bg, b*}. Furthermore,

[mgabc] = —0yb", [mba ] = 0g bba (B'27)
(m®, b =0, [m®,be] = 606" — 50b%
[mab, bc] = 52[)17 - 55 a s [mab, ] = 0

[m, b] = —b°, [m, b] = be.

These relations identify mj as the generators of U(5) and m as the generator of U(1). Moreover (B.27)
implies that b¢ and b, transform in the 5_; and 51 representations of SU(5) ® U(1), respectively.

Pure spinors. Recall that a ten-dimensional pure spinor was defined by Cartan as a bosonic Weyl spinor A
satisfying the equation [104]
ATCT™A =0, (B.28)

where C' is the 32 x 32 charge conjugation matrix (B.7) and I';;A = —A. From (B.8) we obtain AT = (A 0)
for a 16 dimensional bosonic spinor A%, and this implies the familiar equation A® Z,L@/\B = 0. We will now
describe the pure spinor constraint using the creation and annihilation operators (B.21). To do this, first
we will need to characterize a Weyl spinor in this language.

Lemma 14. The 16 ® 16" states of ten-dimensional Weyl |\) and anti- Weyl |Q) spinors satisfying T'11 |A) =
—|A) and T'11 |Q) = |Q) are created by

1 1
IA) =X, [0) + §Aabbbb“ |0) + ZA“eabcdebebdbcbb 0) , (B.29)

1
— Wy Eabedeb®DPbDIDE |0) +

=75

o 3'w P2 abedeb°bbC |0) + web® |0) .

These expressions correspond to the following representation decompositions of SO(10) — U(5):

A= (AT, Aap, AY) Wa = (Wi, w?, wy), (B.30)
16 — (1,10,5), 16’ — (1,10,5).

Proof. The chirality matrix in terms of the creation and annihilation algebra is given by (B.8) such that

I'11]0) = —10) and {T'11,b*} = 0. This means that states with an even (odd) number of creation operators

acting on the vacuum have eigenvalue —1 (41) under I'1;. This explains the expressions (B.29). The number

of independent components of each U(5) representation in (B.30) follows easily from the fermionic nature

of the creation operators b® as #(b* ... b%) = (Z) (]
Note that the U(5) components of the Weyl and anti-Weyl spinors can be extracted as

1
A=\, Aab = (0] baby |\) | 2\ = Iea’wde (0| bybebabe |A)
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1 1
wy = ge“bcde (0] babpbebabe |w) ,  w™® = —geabcde (0] bebgbe [w) ,  wa = (0] by |w) . (B.31)

In order to obtain the number of degrees of freedom of a ten-dimensional pure spinor we will need the
following results
(0] Cb*bbb%b° |0) = €2bede  COb, = b°C, Cb* =b,C, (B.32)

which can be obtained from (B.8) and (B.22) together with the normalization (0/0) = 1. Using the Weyl
spinor decomposition (B.29) one can also show

(O[CH* |A) = A%, (B.33)
(0] Cbab%b° ) = 7%€abcde/\de :
(0] CH b bbb |A) = **eteNT
We are now ready to show
Proposition 22. A ten-dimensional pure spinor has eleven complex degrees of freedom.

Proof. Under the decomposition of SO(10) — U(5), the constraint (B.28) generates two sets of independent
equations (with i = 1,2,3,4,5 each)%°:

(A CH N =0, (B.34)
(A|Cb; |\) =0. (B.35)

The transpose relation (b*)7 = —b; in (B.22) implies (A\| = (0] A} +% (0] babpAap + 2—14 (0] bpbcbabe A*€apede. SO
the equation (B.34) becomes

1 1.
0= (A CH” |A) = AT (0] CVP |N) + 3N (0] bib;CVP |\) + g\ ihim (0] bbby, CHP |A)
1
=2 T\ — ZeabcdeAbCAde, (B.36)

where we used b,C = Cb® from (B.32) and (B.33). Hence, (B.36) implies that we can write the five
components A% in terms of the others
L abed
a — aobcde B
A —8/\+ € )\bc)\de s ( 37)

which solves the first equation (B.34). Moreover, the second equation (B.35) yields
(0[ Cby [0) = 2AAqp (B.38)

which is automatically satisfied when inserting the solution (B.37) due to an over-antisymmetrization of
five-dimensional indices. Therefore the pure spinor constraint in ten dimensions removes only the five
components (B.37) from the 16-component Weyl spinor, leaving a total of eleven degrees of freedom. ([

Spinorial transformations in U(5) language. In the fundamentals of the pure spinor formalism it is necessary
to know how the U(5) components of the pure spinor transform under the SO(10) rotations. To do this
we note the interpretation [450] O |v) = |Owv) for an arbitrary operator O that allows one to read off how
the different tensor components transform under O. Straightforward calculations using the operators (B.26)
imply that the right-hand side of the spinorial transformation (B.11), given by the action of %an = —-Mm"
decomposes as follows

1
Mab |)\> = )‘ab |O> + §Gabcde)‘ebdbC |0> ’

65The constraint (B.28) for both 't = b! + b1 and I'6 = —i(b! —b1) implies (A\| Cb1 |A) = 0 and (A\| Cb' |A\) = 0 from suitable

linear combinations.
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1
m® |\) = ATbeb? |0) + 5Acdbabbbdbc 0) , (B.39)

1 1
miy [A) = =50 [A) + A6 [0) + 5Xfecdeﬂ,bazﬂ‘ b°p?|0)
5

1 1
g [0) — = Xapb®b?|0) 4+ —= A%€qpeaeb®bIbCL° |0)
4 16
where we used that %ebnqu)\“bqubpb” |0y = %)\Cecdefbb“bfbebd |0) due to the restricted range 1 to 5 of the
indices. Note the factor of |\) instead of |0) in the first term of (B.39).
Using the projections to the U(5) components (B.31) these transformations imply

mab>\+ = )\ab 5 mab>\cd = 6abcde>\e 5 Tnab>\c = 07 (B40>
1
mNt =0, Mg = (8862 — 69YAT, M = ety
1 1 1
mgAt = —§5gx\+ , My Aed = 03 Aeh — 60 Adp — 55{;)\561, myA© = =6 A + 55;)’)\6,
1
mAT :—g)\Jr, m)\cd:f§/\cd, m/\‘::+g/\c.

For example, [mA)qp 1= (0] babom [X) = —3Arg (0] babpb?b7 |0) = —1 Aqp, where [ mA)qp denotes the projection
of |mA) into its 10 component of SU(5).
After identifying the SU(5) ® U(1) Lorentz currents with a traceless ny as

1
(nvnga nab, Tlab) = <\/ﬁgvmz - 35gm7mab, mab) ) (B41>

we arrive at the following SO(10) — SU(5) ® U(1) decompositions

nabA+ - Aab 5 nab/\cd = 6abcdeAe 5 nab>\c = 07 (B42)
1
nabAJr =0 , nab/\cd _ 75£a53] At , nab>\c — §€abcde>\de ,
2 1
ngAt =0, Ny Aed = 0gAeb — 0o Aap — 35;)’/\“1 , ngA® = = A" + 55;)’/\6 ,
1
= Yo+ Mg = ———Aea NS = —5 e
2 2v/5 2v/5

These are the coeflicients of the single pole in the OPE N™" A% in (3.32).
To find the U(1) charges of the anti-Weyl spinor we compute

1 1 3
m|Q) = 4—8w+sabcdeb“bbbcbdbe 0y + ﬂw“bsabcdebcbdbe 0) = Swab™ [0) (B.43)

which implies, after projecting to the components via (B.31),

ab 1 ab
MWy = SWs mw® = Sw, MWe = —5Wa.- (B.44)

Appendix C. Combinatorics on words

In this appendix we list some of the most common maps on words used throughout this review. With
the exception of the letterification defined in [85], these definitions are standard and can be found in the
books [457, 143].

The left-to-right bracketing map ¢(A), also called the Dynkin bracket, is defined recursively by

0(123..n) :=£(123..n — )n —nl(123..n— 1), £(i)=1i, £(0)=0. (C.1)
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For example,

0(12) =12 — 21,
£(123) = 123 — 213 — 312 + 321.

In addition, the map p(A) is defined by
p(123...n):=p(123...n—1)n — p(23...n)1.
For example,

p(12) =12 — 21,
p(123) = 123 — 213 — 231 + 321

The shuffie product L is defined recursively by
wP=Pwh:=P, iPWjQ :=i(PwjQ)+j(QuiP),
where i and j are letters, P and @ are words while ) represents the empty word. For example,

1w2=12+21, 1W23=123+213+ 231,
12 1034 = 1234 + 1324 + 1342 + 3124 + 3142 + 3412

(C.2)

The deshuffle 6(P) = X @ Y of P (sometimes denoted as P = X WY) is the sum of all pairs of words
X,Y such that P is in the shuffle of X and Y. An efficient algorithm to obtain the words X and Y in

J(P)=X®Y is given by [143]
d(araz...ap) = 0(a1)d(az)...8(an), d(a;) =0®a;+a; 00, §0):=0x0,

where the product is defined as
(A® B)(R® S) :== (AR® BS).

For example,

()=0®1+120,
5(12) =6(1)0(2) = (I ®1+10)122+2®0)=0212+1®2+201+12®0,
0(123) =6(12)6(3) = (V@ 12+1®24+201+1200)(0 @3 +3®0)
=0®1234+1®23+2®13+12®34+3®12+13®2+23®1+123®0.

An alternative characterization of the deshuffle map is

S(P) =) (RXWY)X®Y,

XY
where (-, -) denotes the scalar product on words®®

1, fA=B

0, otherwise.

(A,B) :=04,B, da.B = {

In addition, the letterfication maps a word @) to a letter g,

Q—q.

66Not to be confused with the pure spinor zero-mode measure.
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The purpose of this map is to avoid deconcatenation of ¢ since a letter can not be deconcatenated. For
example, suppose that the word Q = 12 has been letterified to ¢ = 12 and that P = 3. Then deconcatenating
QP is different from deconcatenating ¢P. For example, one gets only one term >y _ P SxTy = 8413 =
S12T5 instead of the usual two (ZXY:QP SxTy = S1Ta3 + S12T3) if Q is not letterified.

In the proof of (4.132) we used a result that was already implicit in the proof of the shuffle symmetry of
Berends—Giele currents in the appendix A of [84]:

Lemma 15. For A and B non-empty words

AAWB)=0® (AWB)+ (AwB) @+ A B+BoA+ Y. S (PWR ®(QuWS), (C.13)
PQ=A RS=B

/ .
where Y denotes deconcatenation over non-empty words.

Proof. The deconcatenation coproduct A(P) = > yy_p X ® Y is a homomorphism with respect to the
shuffle product, A(Aw B) = A(A) W A(B) (see Proposition 1.9 of [143]). Noting that (P® Q)W (R® S) =
(PWR)®(QuwS) we get for A, B+

AAWB)=AA)WAB)= > > (PRQWERRS) (C.14)
PQ=A RS=B
— 0@ (AWB)+(AWB) 20+ A0 B+BoA+ > > (PWR)®(QWS),
PQ=A RS=B

where the first four terms in the second line come from separating off the empty words in the sums such
that the deconcatenation words in Z/ are not empty. (I

Appendiz C.1. The dual Lie polynomials
The dual Lie polynomials in £* are characterized by the dual basis ¢Q) satisfying

(iQ,L(iP)) = dq,p, (C.15)

where ¢(iP) is the Lyndon basis of Lie polynomials when 4 is the minimum letter of Q. Given a dual Lie
polynomial P* and a Lie polynomial P, their expansions in their respective bases are given by [458]

Pr =) (P (iQ))iQ (C.16)
Q

P=> (PiQ)iQ). (C.17)
Q

Using Ree’s theorem (4.134) it is easy to see that dual Lie polynomials are unchanged by proper shuffles
and therefore define equivalence classes P* + > R W .S ~ P*. For related work, see [459] and also [180].

Appendix D. Dynkin labels of SO(10)

In this appendix we will very briefly summarize the representation theory of SO(10) in the language of
Dynkin labels that was used in the main text. The practical calculations were done using [146]. For the
mathematical background, see [460, 461].

An irreducible representation of the Lie algebra of SO(10) is labelled by five indices (ajazasaqsas) charac-
terizing its highest-weight vector. For instance a scalar of SO(10) is represented by (00000), while a vector
is the (10000); see the table below for more examples. The dimension of the representation labelled by
(ay...as) is given by [462]

87091200dim(ajasasasas) = (1 + a1)(1 +a2)(1 4+ a3)(1 + aa)(1 +a5)(2 + a1 + a2)(2 + a2 + a3)
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Dynkin label SO(10) content
(00000) 0-form A
(10000) 1-form A™
(01000) 2-form Alm7]
(00100) 3-form A7l
(00011) 4-form Almnpd]
(00020) @ (00002) 5-form Al"mpar]
(00010) anti-Weyl spinor 1),
(00001) Weyl spinor ¢“
(0000n) AYTA®2 X% pure spinors
X (2 +as + a4)(2 + as +a5)(3 + a1 + a2 +a3)(3 + as + as +a4)(3 + as + as +a5)
X (3+a3—|—a4+a5)(4+a1 +a2+a3+a4)(4+a1+a2+a3+a5)
X (4d4+a2+as+as+as5)(5b+a1+as+asz+aq+a5)(5+ az + 2a3 + as + as)
X (6+a1 +as + 2(13 + aq +a5)(7+ ay + 2(12 + 2(13 —+ a4 +a5) . (Dl)

For example, dim(00000) = 1, dim(10000) = 10, and dim(00001) = 16. From the formula above it is easy
to be convinced that these calculations are better handled by computers, see [146, 462].

Many calculations in this review require to know the decomposition of product representations. A com-
mon example is the familiar fact that two vectors decompose into a symmetric and traceless, antisymmetric
and trace parts; V"W = L(VmWn + Vrwm — SV W) + L(VmWR - VW) + LMY - WL In terms
of the Dynkin labels, this is represented by

(10000) @ (10000) = (20000) & (01000) & (00000) (D.2)

where (20000) is the symmetric traceless and (01000) is the antisymmetric part. The dimensions match as
10 x 10 =544+ 45+ 1.

Of special importance for us is the pure spinor representation. A single pure spinor A% is a Weyl spinor
(00001), but a product of n pure spinors A“*\*2... A% is (0000n). The dimensions of the pure spinor
representation A" = (0000n) are 16,126,672, 2772, 9504, 28314, . .. for n = 1,2,3,4,5,6, . . .

Appendix E. Pure spinor superspace correlators

The result (3.94) of Lemma 2 guarantees that any pure spinor superspace expression with three pure
spinors and five thetas can be reduced to the unique scalar proportional to (A30°) with coefficients carrying
the tensorial structure whose normalization is uniquely fixed by the condition (3.79). Therefore one can
assemble a catalog of correlators using symmetry arguments alone. For instance, (in contrast to the rest
of this work, the antisymmetrization brackets [mims...my] enclosing k indices here include 1/k!, e.g.

(M™O) Ay O) (M 0)(054n0)) = 240755 (E.1)

. 288 .
(M) A1sO)AP*0) (07790 8)) = === (h ey,
Ao 0) (AY™T50) (A~PE0) (6 0)) = 12 nprstu 144 5[n T s][p(st(su] 5[;0515 u][néréé]
(Aymb) (Ay ) (XY ) (0v5gn0)) = 35 € fghm +7 mO[fT1 " 0g%h) — OmOfM 9%
72 v ul[nsr ss vlnsr, s u
- 7[77m[f77 5t 05 658 = mgpn*6ym ””52}%]} :
(777 0) (0yab) (V) (81 0)) = — o (O” — ™™
ol Yd Ve Vfgh = 7 defgh 1206 defgh/ >
mnpqr v 576 vim sn T 1152 men r| v
(™20 0) (\yseu8) (A 0) (07190 6)) = =~ 87280307 — —=—0(," 57 8% 87,5713
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1mnr 576vabc d sel 1152[abcdev
+ 1—206 r abcde (777 [ 6[56tnu][f696h] - Té[s 5t6u]6[f69]6h] )

- 1728
<()‘7mnp9)()"quse)()\’Ytuve)(e'ywke» == 35

+ 6 00 070y — O oI S a0]) — 00T [qéféfﬂ :

isj k] slmen a i) sk slmen a li ¢j. K][m n sP)
[5515@5“]51}} novlod — oliol oMol anstlo + ol ainMlma, ano?

r “s] u )

where 6% is the antisymmetrized combination of Kronecker deltas beginning with %5}" 505, see (A.9). To
justify the first line of (E.1), note that its right-hand side is the only tensor antisymmetric both in [msu] and
[fgh] and which is normalized to yield 2880 upon contraction (because 075 = 120, see (A.11)), therefore
respecting the normalization (3.80). The other identities are justified by similar means.

Basis of zero-mode correlators. Using the Fierz identities (A.18) appropriately, all pure spinor superspace
expressions can be written as a linear combination of the following three correlators [378, 463]

mnpqr s 1152 msn T 2304 msn Y
(o™ P X) (Xy*0) (077910) (073110)) = ——07F 007000107 — — 0785 0,97 0101 (E.2)
177”17‘ 1152abhcde 2304abcdes
+ 1206 . abcde|: 7 6f596j 6k6l 65 - 7 5f596h6j 6k6l:|

+ [mnpqr][fgh][ikl] + (fgh < jkl),

6917 R

(O™ \) Ay ™10) (0710)(09310)) = —— [5:5;5$5;5;55575; L 555,351}
3456mn7" v st sa sbch sc sd se s st sasb ccodge
e e [555f5u595j seadoc — 5f595u5h5j5k51}

+ [mnpgr][stul[fgh][jkl] + (fgh < jkl),
mnpqr sStuvxr 1 8mn T SU SV ST 8mn T SV ST
(™29 X) (Ay*tuve ) (041 970) (047F1 0)) = 2880{?58 87 6h 5867 6LSRGT — EDR 81.5%4878Y 555

t urfY g 9%

8abcdeuvz 8abcdevzh
=0207850,07,87 507 — =026105673507 570]

16 , 24 :
+ 7535,{)5;5?5;5;555{1 - 75;555;535;5;5;5;6}

+ 1—765;7%5”5195‘15%”5;5{1 - 2—745;’15;1&’5%?5%5;5;}

+ 24€mnpqrabcde |:

+ [mnpgr|[stuvz][fgh][jKI] + (fgh < jkI) ,

where the notation +[iy ...4x] ... instructs to antisymmetrize the indices 41, ..., including the normaliza-

tion 1/k!. In the correlations above we obtained the epsilon terms by considering the duality (A.21) of the

five-form gamma matrix, explaining their relative factors of the form (parity even) + %%elo(parity even).
Suppose one wants to compute the following pure spinor correlator

(A0 (A" 0) (AP 0) (07 910)) - (E.3)

Using the gamma-matrix identity y™A™P = ~™"P 4 n""~P — n™Py" we obtain a linear combinations of
correlators present in the catalog above:

(™ 0) (X" 0) (AP 0) (07 £9n0)) = (M 0) (A" *0) (AP 0) (0£gn0)) (E.4)
+2((" 00" (M 10) (AP 0) (B5416))
+2((A"0) (X" 0)1” (X160 (6v54n8))
+ 40" Ay 10)nP1 (Ay10) (8 141,0)) -
Proceeding in this way we can quickly calculate any zero-mode correlator, and a FORM implementation can
be found in [153].
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Practicalities of pure spinor superspace component expansions. By virtue of Fierz identities, all possible
pure spinor superspace expressions can be written in the basis (E.2) of three fundamental zero-mode corre-
lators: (AYPIN)(Ay[M0)(6~1210)(041310) with n = 1,3 or 5, where the notation ™ for an integer n means an
antisymmetric gamma matrix with n vectorial indices. The explicit form of this basis can be found in (E.2).
However, it is often more efficient to assemble beforehand a catalog of common correlators and use them
out of storage rather than performing the Fierz manipulations to go to the above basis. This avoids wasteful
manipulations that dramatically simplify in the end, such as computing the simple correlator (3.95) via

L) (AP 0)(07a8e0) (0rt6)) (E.5)

(9™0) (A7) A70) (Pavc)) = 55

which, as can be seen in the expression (E.2), leads to many intermediate terms.
Another approach is to evaluate the correlators of three lambdas and five thetas by brute-force in terms
of the tensor [464, 463]

. 1
<)\oz1 A2 \@3 901 962963964965> . Po1203;0162036405 _ m7%1517g252733537%g; + [5152535455] (E6)
where +[d; ... d5] instructs to antisymmetrize over the indices 41, ..., d5 including the normalization factor
1/5!57. Note that the right-hand side of (E.6) is found to be symmetric in (ajagas) after taking the
antisymmetrizations over d1,...,d05 and m,n,p into account. In addition, it is straightforward to see that
T“ﬁ7*51525354557%17552755372225 = 2880 recovers the normalization (3.80).
Evaluating pure spinor superspace expressions using this method follows from

<)\a)\ﬁ )‘7961 962 963 964965 fa576162536465 (6, X5 k)) = Taﬁ7;6162636465 fa5751625354(55 (6, X5 k) 5 (E7)

but this usually leads to the calculation of many gamma-matrix traces, often with many free indices. While
there are closed formulae for these traces in the Appendix A.1, doing these calculations on demand tends to
become a time-consuming task. Therefore, to avoid any spurious inefficiencies, the catalog approach is used
in the program [153]. As we have seen, pure spinor superspace expressions with many external particles can
be evaluated very efficiently using multiparticle superfields in the Harnad—Shnider gauge.

Appendix F. 0-expansion of SYM superfields

A convenient gauge choice to expand the superfields of ten-dimensional SYM in theta is the Harnad—
Shnider gauge [88],
gAlS — 0. (F.1)

At the linearized level, the gauge 6*A’, = 0 has been used in [90, 89] to obtain the f-expansions (2.17) of the
single-particle superfields K; to arbitrary order. Since the recursive definition of multiparticle Berends—Giele
currents AL in (4.95) quickly generates many terms, it would be expensive to follow the recursion up to
single-particle level and then expand the multiparticle superfields using the Harnad—Shnider gauge fixing
(F.1). Luckily it was shown in [84] that one can exploit the gauge-transformation properties of multiparticle
superfields to arrive at Berends—Giele currents satisfying the Harnad—Shnider gauge (F.1).

It is easy to see that Berends—Giele currents in Lorenz gauge do not satisfy the condition (F.1), i.e.
6>AL #£ 0. The idea is to find a non-linear gauge transformation L

AL = Ag — [Da, L] + [Ag, L] (F.2)

such that *AS = 0. Assuming that the superfields have been brought to this gauge, the derivation of their
f-expansions proceeds in a similar way as in their single-particle counterpart.

o101, by agds 0405
n

87For definiteness, the definition (E.6) has 60 terms starting with mvm v, Yp°© S Ymnp —

176



We start by contracting the non-linear equations of motion (2.11) with % while assuming the Harnad—
Shnider gauge §“A, = 0. The result [88]

(D+1)As = (07™)sAm DAm = (07mW), (F.3)
DWF = %(97’””)3an, DF™ = —(Wimynlg)

is most conveniently expressed in terms of the Euler operator

0
D:=0"Dy =0~ — F4
500 (F.4)
that weights the k' order in @ by a factor of k. One can therefore use (F.3) to reconstruct the entire
f-expansion of all SYM superfields from their zeroth orders K(8 = 0),

1 1
A _ Aple == - F.
[Aalk = k+1(97 JalAmle-1, [Am]k = 2(07m[W]e-1), (F.5)
1
. mny [m n)
(W = 72 0y Fnlicr s [ 7 (W ]i-17™0)
where the notation [. ..]; instructs to only keep terms of order (6)* of the enclosed superfields. The analogous

relations for the superfields at higher mass dimensions in (2.20) are

) 1(1 . k—1 , .

(Wi = E{Z(W’q) [Frlpgli—1 — (0vm BZ{ (W7, [W ]k—l—l}}; (F.6)
1 k—1
[lepq] - _ ([Wm[p] 1 a qu 1]
k k{ k ’7 £ O k - }

N 1(1 Al f

[Wmn]kZE{Z(W‘]) Fonntpali-1+ Ovm)s D (W, Wilim1-1}
=0

E
i

+ 01008 3 (12D [ i+ 0 [ 1))
l

Il
=]

Using the notation Kp (X, ) := Kp(0)e*? X, the recursions (F.5) and (F.6) were shown in [84] to yield the
following multiparticle #-expansions,

1 1 1
AL (0) = 50T )acP + 3 (09m)a(07™ Xp) — o (07m) (O7""70)f,, (F.7)
1 1
il mnp mnp par g\gnlar
+ 55 (01m)a(07™PO) (X 0) + 7725 (O1m)a (07" 70) (0577 0)F
+ Z [AZY )5 +
XY=P

1
- mnp n.p
= (67™"70) (X} 70)

20 (0770, 0) (677 0) (X v0)

1
APO) =B + 017 35) OO +

L@y, (077, )P —

192 480
+ Z (Axy4+[AXY])+ -
Xy= P

WO =5 45 G )fin*%(%mn)a(?(ﬁlv"@)*i(97m) ()T

(070 OrangB) (XB™76) = <o (67,7 (97, °0) (B )T
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+ 3 (Ve s+ Vgt [W)Oé,y]s) bl
XY=P

mn mn m_n 1 m n m n
FEM(6) = 7" — (X"7"0) + 2 (67, e)fp”pq 25 (69,4 m0) (X770)

1
——(f [m9 n|p|qr 9 s 9 - 9 [m 9 n]pq NCN )
+ Z ( Xyl + [FRY ]3+[‘FXY]4+[‘FXY])+ Z [(FXYzls +---
XY=P XYZ=P
with terms of order #=° in the ellipsis. The non-linearities of the form Y vy _p[Kx v]; can be traced back

to the quadratic expressions in (F.6), e

[A3Y]s = (97m)a(97m”p9)(XX%z@)(XYVp@) : (F.8)

144
ARy s = 57 (077, ) (X7 0) (XY 776),

1
Wk vyls = *E(Wmn)a(XXVm@)(XYV"@),
[FE% ]2 = —(XxA0)(Xyy™0),

and further instances as to make the complete orders #=° available are spelled out in the appendix of [84].
It is easy to see that these non-linear terms vanish in the single-particle case, and one recovers the linearized
expansions (2.17) of [89, 90].

Analogous #-expansions for the superfields of higher mass dimensions start with

WE(X,0) = ek X (Xlgwf + i(@fynp m\np + Z (Xx~y™0 - (X & Y)] ) , (F.9)
XY=P
FpPUX,0) = b X (R — (o) + 37 (Xm0 - (X V)] +.0 )
XY=P

where the lowest two orders ~ 62,62 in the ellipsis along with generalizations to higher mass dimensions are
spelled out in the appendix of [84].

Appendix G. Redefinitions from the Lorenz gauge to the BCJ gauge

As shown in [85], multiparticle superfields in the BCJ gauge can be generated by starting from the
multiparticle superfields in the Lorenz gauge defined recursively in (4.33). In contrast to the hybrid gauge
discussed in section 4.1.6, the redefinitions are more involved and require the following iterated redefinition,

Kipg = Li(Kipq), (G.1)

where the operator L; is defined as the local version of the perturbiner (4.114)

. D Hipg : K=A,,
Li(Kipq) = Kol = 5 (H @ Ly (K)) opgp = 7 | FreHipa) + K =A™, (G-2)
’ 7o L K =we

where we used the notation (4.31) and H is defined below in (G.6). The action of L; (IA([RQ]) gives rise

to L(j+1)(IA([A7B]) on the right-hand side with |A|4+|B| < |P|+|Q|. Therefore this is a iteration over the
index j, and it eventually stops as each step involves splitting the nested brackets in [P, @]. The iteration
built into the redefinition (G.1) yields the infinite series of non-linear terms [177] present in the finite gauge
transformation of the corresponding perturbiner series.
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The examples (4.62) of redefinitions from the hybrid to BCJ gauge have the following Lorenz to BCJ
counterparts:

Lo = Al (G-3)

m

.28 = Affi.21.9 — ¥l 219
ARt o 5.y = Aoy pp.ap — (- k) (B s, A5 — B . A7)
+ (ks - k) (ﬁﬁml#ﬂfi? - ﬁ[[172]73]AT) — ks Hipr ) 3,41
Afts 21510 = Aff 250 = (k1 - ko) (B )0 43" = Ao, 04T
— (k2 kg)(ﬁ[[l’%“]/igl) = (k123 - k4)(ﬁ[[172]73]AT) - k$34ﬁ[[[1,2],3],4] )
Affip 231415 = Affag.a.a.5 — (ke k2)(g[[1,3],4]14f§75] + Hijy g5 Af 4 + Hipa,5A7 4
+ Hip 4,545 — (1 ¢ 2))
— (k12 - kg)(ﬁ{pg],q/iﬁs] + ﬁ[[172]75]14f§14] + ﬁ[[[1’2],4],5]/ig1 —([1,2] & 3))
— (kras - k) (B oy A7 + Hgn o, 51AT")
— (krasa - ks) (Hlyn 215,045 = Bga.2,3),0,5k 334
Al 2120 10.) = At 2. a5y — ot - k) (B sy A g + B nap Ay — (16 2))
— (ko - kg)(ﬁ[[l,Q],[4,5]]Agn — Hig s Agg])

— (K123 - k45)(g[[1,2]13]14ﬂ75])

+ (k- ko) (B 213,545 — Hi 29048 ) = ks Hin 21,090 - (G.4)
For an example of the redefinition (G.1) for more than one iteration of Lj, it is enough to consider the
superfield Amz,g 41,56 A long and tedious calculation yields [85]
Am2,34],56] = Am2,34],56] - k1753456H[[12,34],56] (G.5)
— (k1 - kQ)(A;nﬁ[[l,M],E)G] + /1{’5,34]161[1,56] + Ag,56]ﬁ[1,34]
1

~ ~ 1 ~ ~
- ik%4H[2,34]H[1,56] - §k5%6H[2,56]H[1,34] (1« 2))
— (1{312 . k34)(AgZH[12156] — (12 <~ 34))
— (k1234 - kse) ATs Hiiz 34

— (ks - k4)(/12"ﬁ[123,56] + ATy Hs 56 + AT 56 Hpo g
| 1
- §k124H[12,4]H[3,56] - §k456H[4,56]H[12,3] — (3¢ 4))

— (ks - kG)(Agnﬁ[[12,34],5] GRS 6)) .

The factors of 1/2 correspond to the appearance of quadratic terms of the redefining superfields H, p) in
the finite gauge transformation given by the infinite series (4.113).

In the above redefinitions H{p g is given by

~ ~ 1 A ~
H[AvB] = H[IA,B] - §(H ® H)é([A,B]) ) (G.6)
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N Iroe N
Bip sy = Hiap) — 5| (HAKE = (H @ ™)) AR — (A& B)|,
r! Ty _
Hy=Hy;=0,
where the Hi4 p) are defined as they were in (4.63) to (4.65), and H7? := k"H,. Furthermore, the maps

C and C’ in the subscripts of (G.6) are variants of the contact-term map C reviewed in section 4.1.1 and
introduced in [85],

Cli)=0,  C(A B]) =[C(A), Bl + [4,C(B)],, (G.7)
see (4.21) for the definition of the C' map on the right-hand side, and we use the notation
[P®Q,Bl,=[P,B]®Q. (G-8)

The definitions in (G.6) furthermore involve the map

C'([A,B]) = C([A,B]) — =(ka-kg)(A® B—B® A). (G.9)

1

2
In this way, iterative use of (G.6) will reduce any H (4,B) to combinations of A7, Mandelstam invariants and
the superfields H{4 p) defined in (4.63) to (4.65), for instance

Hii,21,3,14,50,60 = H111,21,31,[4,511,6) (G.10)
1
— 5 H1,2),3), 14,5 (k12345 - A6) + ZH[[1,2],3](1€123 - Ays) (k12345 - Ao)

1
2
1
= 5 (k- o) (Hip .0 Hiz, 50 = Hipo,a1,61 i 1a,5)
1
2

1
— = (k12 - k3) (Hp,2,6)Hpz,a.5)) — 5(’6123 < kas) (Hya5),6 Hip,2),3) -

Appendix H. The contact-term map is nilpotent

To show that the contact-term map in (4.21) is nilpotent®® we will first determine the action of the
adjoint C* on X3 A Xo A X3, where X; € L* are dual Lie polynomials (see Appendix C.1). From the
definition (4.155) we know that the adjoint of the contact-term map is the S bracket. For convenience we
can use

(X1 A Xa,C(T'1)) = (C*(X1 A Xa),Ty) (H.1)

for a Lie monomial I'; € £ and dual words X1, X2 € £*, and C*(X1 A X2) = 2{ X1, Xo} is the S bracket.
Recall that in (4.26) the contact-term map C' is extended to act on the antisymmetric product of Lie
polynomials £ A L as a graded derivation of grading +1 acting on Lie polynomials I'; of grading +1,

C(T1AT2)=C(T1) AT —T1 AC(T2). (H.2)
To compute C*(X;1 A X2 A X3) we use the definition
(C*(X1 AN X2 A X3),T1 ATg) = (X3 A Xo A X3,C(T1 AT2)) (H.3)
which exploits the fact that C(I'; A T'2) has grading +3. Using (H.2) we get
(C*"( X1 AN X2 AX3),T1 ATy = (X1 AXa A X3, C(T1) AT2) — (X1 A Xo A X3, T AC(T2)). (H.4)
Defining (A ® B,C ® D) = (A, C)(B, D) we obtain
(ANB,CAD)=2(A C)YB,D)—2(A, D)B,C). (H.5)

68We acknowledge illuminating discussions with Hadleigh Frost.
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To use this, we need to split the three-fold wedge product democratically into two factors:
1
X1 A Xz A Xo = < ((X1 AXa) A Xs+ X1 A (Xo A Xs) + (X3 A X1) A XQ) (H.6)

which exploits the cyclic symmetry of X; A X2 A X5 and the parenthesis indicates the split. Therefore (H.4)
becomes

(C*(X1 AN X2 A X35), 1 ATg) = %((Xl ANXo)AX3,C(T1) ATg) — (T & Ta) + cye(X1, Xo, X3)  (H.7)
= %((Xl AX2), C(T1))(X3,T2) — (I'1 > T'a) + cye( X1, Xo, X3)

%(C’*(Xl AX3),T1)(X3,T2) — (I'1 <> I'2) + cye(Xy, X2, X3)

%<C*(X1 A Xo) A X3, Ty ATg) + cye(Xq, Xo, X3),

where we used (H.5) in the second line, (X; A X5, T'5) = 0, and (H.5) again to identify the last line. Therefore

we conclude

1
C*(Xl AN XQ A Xg) = gC*(Xl A XQ) A Xg + CyC(Xl,XQ,Xg) (H8)

which resembles the action of the (nilpotent) homology operator 0 of [465] (see also [466]). Noting that
C* (X1 A X3) = 2{X1, X2} € L*, the right-hand side is in £* A L* and therefore C* can act again,

C* 0 C*(Xy A X A Xs) = (X0, Xa}, X} + eye(X2, X, Xg) =0 (1.9)
by virtue of the Jacobi identity of the S bracket [157]. Therefore C* o C* = 0 and we conclude
Proposition 23. The contact-term map is nilpotent

CoC=0. (H.10)
Proof. Using that C o C(T'1) € LA L A L we get
(X1 ANXaANX3,CoC(T)) =(C*"(X1 A X2 A X3),C(T)) =(C* o C*(X1 A X2 A X3),T1)=0. (H.11)

Therefore C?(I';) = 0 for any Lie polynomial I';. By induction if C?(I';) = C?(I'2) = 0 we also get
C?(T; AT3) = 0 as (H.2) implies

CoC(I'y ATy) = C*(I'y) ATy +T1 AC*(Ty), (H.12)

where we used that C(T';) has grading +2. O

Appendix I. BRST-invariant permutations at low multiplicities

To help understanding the definition of the Berends—Giele idempotent given in section 8.4.3, the first
few permutations of (8.51) read as follows

£(1) =W, ()
1
£(12) = §(W12 - Wa1),
£(123) = SWias — 2 Wigs — ~Wars — ~Wagt — ~Was + W
= 3 Wias = cWasz = cWais — cWast — 2 Waio + 5 Waan,
1 1 1 1 1
£(1234) = —Whazs — —=Wizuz — —=Wizoa — —=Wizas — —

4 12 12 12 12
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1 1 1
_ _W _
12 12 Bt 5

1 1 1 1 1 1
- EW3124 - EW3142 + EW3214 + EW3241 - EW3412 + EW3421

1 1 1
Waizq + EW2143 - EW2314 - Wasi3 + EW2431

1 1 1 1 1 1
- W —W —W —W — Wiaie — =W,
19 V4123 + g V4132 + 19 Va213 + 19 V4231 + 19 Vst — Wasa1,
where a permutation o is written as W, in order to avoid confusion with the rational coefficients. Using

these definitions and examples, it is easy to generate the first few permutations of (8.50). For instance, at
multiplicities three and four we have

1 1
M2z = Wizs + Wisa, mjas = 5Wi2s — 5 Wi, (1.2)
M1)2,3,4 = Wiasa + Wioaz + Wigoq + Wizao + Wigasz + Wiasa,
1 1 1 1 1 1
Y1|23,4 = §W1234 + §W1243 - §W1324 - §W1342 + §W1423 - §W1432 )
= Wit Ty — TWasas — T Wasae — 2 Wises - W
231 = 3Wazsa = £ Wizaz = cWisza — e Wisae — cWiaas + 3 Whase

where it suffices to list only the different partitions of labels as other permutations follow from relabeling
due to the total symmetry of (8.50) under exchanges of any pair of words P; <> P; and the functional form
of (8.51). Similarly, at multiplicity five the BRST invariant permutations are given by

Y112,3,4,5 = Wi(2wswaws) ; (1.3)
1 1 1 1 1 1
V1)23,4,5 = §W12345 + §W12354 + §W12435 + §W12453 + §W12534 + §W12543

1 1 1 1 1 1
- §W13245 - §W13254 - §W13425 - §W13452 - §W13524 - §W13542
+ L W- + L 1% L W, L 1% + L W- L W,

5 Wia2ss + 5 Wiazss — 5Wiases — 5 Wiassa + 5 Wiases — 5 Waasse

1 1 1 1 1 1
z ~ZW- — W — W W — W
+ 3 Wis234 + 5 V15243 — 5 Wiss2a — 5 Wis342 + 5 Wis423 — 5 Wisas2,

1 1 1 1 1 1
V1)234,5 = 5 Wi23as + 5Wiassa — ~Wioazs — ~Wioass + 5Wiassa — = Wiasas

3 3 6 6 3 6
! |1% ! W ! |1% ! W ! |1% ! W
GV 1s245 — gWis2sa — e Wasaas — e Wasds2 — pWassaa — W35z
! |1% ! W + = %% + ! 1% ! W + = W
G V14285 — g Wiazss 1+ g Wiasas + g Wiass2 — pWadsas oWV 14532
+ ! %% ! W ! |1% ! W ! W + = W
315234 — e Wis2a3 — o Wassaa — o Wassaz — o Wasazs + 5 Wisas2

1 1 1 1 1 1
V1|23,45 = ZW12345 - ZW12354 + ZW12435 + ZW12453 - ZW12534 - ZW12543

1 1 1 1 1 1
— —Wi3245 + —Wizass — ZW13425 - ZW13452 + —Wi3s24 + = Wiss42

1 1 1 1
T Ly Wi + 2w Ly,
4 14235 4 14253 4 14325 4 14352 4 14523 4 14532
Ly W isnas + S Wisaos + ~W  Wisazs + 2w
4 15234 4 15243 4 15324 4 15342 4 15423 4 15432
~lw Ly Ly Ly Wi+ =W
71\2345 - 4 12345 12 12354 12 12435 12 12453 12 12534 12 12543

1 1 1 1 1 1

_ = il _ = _ = il il
2 Wis245 + 2 Wi13254 e Wi3425 e Wi34s2 + e Wisso4 + 2 Wiss42
1

1 1 1 1
_ il il _ -
19 Wi4235 19 Wia253 + 9 Wia32s + 9 Wia3s2 T
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1 1 1 1 1 1
- W —W —W —W —W — W )
19 V15234 + 19 /V15243 + 19 V15324 + 19 V15342 + 19 V15423 — y Wisds2
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