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Double Copy from Homotopy Algebras

Leron Borsten, Hyungrok Kim, Branislav Jurco, Tommaso Macrelli, Christian Saemann,
and Martin Wolf*

We show that the BRST Lagrangian double copy construction of A" = 0 supergravity as the ‘square’ of Yang—Mills
theory finds a natural interpretation in terms of homotopy algebras. We significantly expand on our previous work
arguing the validity of the double copy at the loop level, and we give a detailed derivation of the double-copied
Lagrangian and BRST operator. Our constructions are very general and can be applied to a vast set of examples.

1. Introduction and Results

Recent years have witnessed a resurgence of the idea that gravity can, in some sense, be viewed as the product of two gauge theories,
‘gravity = gauge ® gauge’. (1.1)

This notion goes back at least to the 1960’s!""2] and was realised concretely at the level of tree-level scattering amplitudes via the
Kawai-Lewellen-Tye (KLT) relations of string theory®): closed string tree amplitudes can be written as sums over products of open
string tree amplitudes. The field theory limit of the KLT relations implies a relationship between tree-level Yang—Mills amplitudes and
those of N' = 0 supergravity, the universal massless sector of closed string theories consisting of Einstein-Hilbert gravity coupled to
a Kalb—-Ramond two-form and dilaton.

This paradigm was dramatically advanced with the advent of the Bern—Carrasco-Johansson (BC]J) colour-kinematics duality and the
double copy prescription.[“®] Firstly, it was conjectured!*] that gluon amplitudes can be recast so as to manifest a duality between their
colour and kinematical data. This was quickly established at the tree level,l”#] however it remains conjectural at the loop level. Then,
given a gluon amplitude in colour—kinematics-dual form, it can be ‘double-copied’ to yield a bona fide amplitude of N = 0 supergravity.

In our previous work,[®! we have shown that the double copy can be realised at the level of ‘off-mass-shell’ perturbative quantum
field theories. Specifically,

(i) the Yang-Mills Becchi-Rouet—Stora—Tyutin (BRST) Lagrangian can be made to manifest tree-level colour-kinematics duality for
the full BRST-extended Fock space and
ii) the Yang-Mills BRST Lagrangian itself double-copies to yield the perturbative N' = 0 supergravity BRST Lagrangian.
g grang p y p pergravity grang

L. Borsten, H. Kim, C. Saemann

Maxwell Institute for Mathematical Sciences
Department of Mathematics

Heriot—Watt University

Edinburgh EH14 4AS, United Kingdom

E-mail: l.borsten@hw.ac.uk; hk55@hw.ac.uk; c.saemann@hw.ac.uk
B. Jur¢o

Charles University Prague

Faculty of Mathematics and Physics

Mathematical Institute

Prague 186 75, Czech Republic

E-mail: branislav.jurco@gmail.com

T. Macrelli, M. Wolf

Department of Mathematics

University of Surrey

Guildford GU2 7XH, United Kingdom

E-mail: t.macrelli@surrey.ac.uk; m.wolf@surrey.ac.uk

The ORCID identification number(s) for the author(s) of this article can be found under https://doi.org/10.1002/prop.202100075

© 2021 The Authors. Fortschritte der Physik published by Wiley-VCH GmbH. This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/prop.202100075

Fortschr. Phys. 2021, 69, 2100075 2100075 (1 of 100) © 2021 The Authors. Fortschritte der Physik published by Wiley-VCH GmbH


http://www.fp-journal.org
mailto:l.borsten@hw.ac.uk
mailto:hk55@hw.ac.uk
mailto:c.saemann@hw.ac.uk
mailto:branislav.jurco@gmail.com
mailto:t.macrelli@surrey.ac.uk
mailto:m.wolf@surrey.ac.uk
https://doi.org/10.1002/prop.202100075
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fprop.202100075&domain=pdf&date_stamp=2021-08-21

A DVAN c E D (Fi::t's,ﬂ;;iit‘:e
SCIENCE NEWS o Payais

www.advancedsciencenews.com www.fp-journal.org

An immediate corollary is that the double copy of gluon amplitudes yields the amplitudes of N = 0 supergravity to all orders in
perturbation theory, at trees and loops.
Gouls of This Work:  In this work, we shall

(i) give a detailed exposition of the central ideas contained in [9]. As a warm-up we apply our methodology to the Lagrangian double
copy of the non-linear sigma model, which gives a special galileon theory to all orders in perturbation theory;

(ii) show that colour—kinematics duality and the BRST Lagrangian double copy can be elegantly articulated in terms of homotopy
algebras. In particular, the Batalin—Vilkovisky (BV) L -algebra of Yang—Mills theory admits a twisted factorisation, and this makes
the double copy construction manifest;

(iii) address some of the implications of this perspective for generalisations beyond Yang—Mills theory, colour—kinematics duality,
the double-copy, and scattering amplitudes.

Since one of our aims is to cater to both the scattering amplitudes and the homotopy algebra communities, our discussion will be
self-contained to a high level. We also provide separate introductory sections for both the double copy (Section 1.1) and homotopy
algebras (Section 1.2) in the following. The reader familiar with both of these areas may want to skip directly to the results presented
in Section 1.3, the outlook given in Section 1.4, or the reading guide provided in Section 1.5.

1.1. Double Copy

Squaring Gauge Theory: Heuristically, by (1.1) we mean that one can regard the tensor product of two gauge potentials as the field
content of a gravitational theory summarised by

‘A,®A =g,®B,8¢. (1.2)

Here, A, and A, are the gauge potentials of two distinct Yang-Mills theories with two colour or gauge Lie algebras g and §. After
stripping off the colour component, the tensor product of A, and A, yields a metric g, the Kalb-Ramond Abelian two-form gauge
potential B,, and a scalar field ¢ called the dilaton. The latter form the field content of N' = 0 supergravity, the common Neveu—

Schwarz-Neveu—-Schwarz sector of the &’ — 0 limit of closed string theories with classical action
N=0 . 1 1 4 1 - VK
SN=0 = /ddx./—g {—;R— L0,00"p — Le"#57H,, H } (1.3)

where 2x? = 1675G§l) is Einstein’s gravitational constant, R the scalar curvature, and H,,, the curvature of B,,,.
We can refine our interpretation of Equation (1.2) to on-shell states of scattering amplitudes, if we regard it as the tensor product
of the corresponding space-time little group representations,

R4-2 ® Rfl—Z ~ @(2) R4-2 @ /\2 Rd—Z ® R, (1 4)
A ® A = g, © By & o,
where R4 is the vector representation of SO(d — 2), O(z) R“2 denotes the trace-free symmetric product, and i,j = 1, ..., d — 2. In the

context of scattering amplitudes, this amounts to the decomposition of the tensor product of two transverse gluon polarisation tensors
into the polarisation tensors of the graviton (transverse-traceless), Kalb-Ramond two-form (transverse) and dilaton,’

_ _ 1 _ - 1 ~
€€, = <6(M6V) - ;nuve"eﬂ> +epé,t Enme”sﬂ . (1.5)

Given this identification of on-shell states, it is natural to wonder about a corresponding identification of scattering amplitudes of
N = 0 supergravity. The latter relation, however, has to be subtle. In particular, given that the Weinberg—Witten theorem(!%! forbids
composite gravitons under the assumption that there exists a Lorentz covariant conserved energy-momentum tensor, how should one
make sense of such a proposal? Moreover, what happens to the gauge groups and from where would the diffeomorphism invariance
of (1.3) arise?

The earliest non-trivial concrete realisation of (1.2) came from string theory in the guise of the aforementioned KLT relationsP!:
the tree-level scattering amplitudes of closed strings are sums of products of open string amplitudes. The intuition is clear as closed
string spectra are given by the tensor product of left and right moving open string spectra. The low energy effective field theory limits
of closed (open) strings are given by gravity (Yang-Mills) theories, so the graviton, Kalb-Ramond two-form and dilaton states arise as
the tensor product of the gluon states, and we should expect precisely the couplings of (1.3).

1 This expression is meant to be schematic. In particular, the trace piece corresponding to the dilaton must be supplemented by additional terms to
render it left- and right-transverse.

Fortschr. Phys. 2021, 69, 2100075 2100075 (2 of 100) © 2021 The Authors. Fortschritte der Physik published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.fp-journal.org

ADVANCED .
SCIENCE NEWS oFPhyses

www.advancedsciencenews.com www.fp-journal.org

The KLT relations were deduced directly from the tree-level string vertex operators, tying both them and their field theory descen-
dants intrinsically to the tree level. Nonetheless, early on, the ‘closed = open ® open’ picture was used to construct one-loop graviton
amplitudes,!!] indicating that such relations may extend beyond the semi-classical regime. The key technical development in this
regard was a shift to an ‘on-shell’ perspective that dispensed with the familiar Lagrangian starting point and relied instead on gauge-
invariant on-shell amplitude structures, such as recursion relations and unitarity cuts. For example, unitarity methods!'?8] were
employed to build d = 4, N' = 8 supergravity two-loop amplitudes from N = 4 supersymmetric Yang-Mills theory, by-passing the
usual Lagrangian and Feynman diagram prescription entirely.[') Such results motivated a search for a general all-loop amplitude fac-
torisation.

Colour—Kinematics Duality: Importantly, the on-shell methodology uncovered properties of amplitudes not readily visible in the
underlying Lagrangians. This includes the colour-kinematics duality of Yang—Mills theory.[**] Let us briefly summarise this duality
here; we will give the details in Section 2.2. For pedagogical introductions and further references see [20-24].

Firstly, one can write any gluon amplitude entirely in terms of trivalent graphs by ‘blowing’ up the four-point contact terms, see
Section 2 for details and notation. The resulting trivalent diagrams are thus not the Feynman diagrams of the original theory, but
of an equivalent theory. Having done so, the colour-kinematics duality conjecture states that there exists a reparametrisation of the
amplitude such that

(i) for any triple of graphs, (i,j, k) with colour factors c;, ¢;, and c;, which are built entirely from the structure constants f,,° of the
gauge Lie algebra, obeying a Jacobi identity ¢, +¢; + ¢, = 0, the corresponding kinematic factors, n;, n;, and n,, which are built
from the momenta and polarisation tensors, also obey the same Jacobi-type identity n; + n; + n, = 0 and

(ii) for any diagram, i, such that ¢; > —c; under the interchange of two legs then n, » —n,.

Kinematic factors n; satisfying the colour-kinematics duality conditions are referred to as the BC] numerators.

Whilst the colour factors satisfy Jacobi identities by definition, it is not at all obvious that the kinematic factors should obey the
same rules; it is certainly not evident form the Yang—Mills Lagrangian. A reorganisation admitting this surprising relationship between
colour and kinematic data exists for all n-point tree-level amplitudes, as has been demonstrated from a number of perspectives.!?5-%]
Although there is as yet no proof that the colour-kinematics duality will continue to hold for general loop amplitudes, there are many
highly non-trivial examples providing supportive evidence.3%3]

The kinematical Jacobi identities have important implications for the structure of the scattering amplitudes themselves, such as the
existence of BCJ relations amongst colour-ordered partial amplitudes, reducing the number of independent n-point partial amplitudes
down from (n — 2)! to (n — 3)!.1 The perhaps most important implication is the double copy of tree-level scattering amplitudes.

Double Copy: Consider the BCJ double copy prescription.[>¢! Concretely, take the two n-point L-loop Yang-Mills amplitudes, both
written in trivalent form with respective colour and kinematic factors (c;, n;) and (&;, f;), at least one of which has been successfully cast
in a colour—kinematics-duality respecting form, say (c;, n;). We can construct a corresponding gravitational theory amplitude by simply
replacing each colour factor in (c;, fi;) with the corresponding kinematic factor of (c;, n;), that is, (c;, €;) = (n;, fi;). We have removed
all reference to the gauge group and ‘doubled’ the kinematic terms. This addresses the first of our earlier questions: the gauge Lie
algebra is replaced by a ‘kinematic algebra’. The second question concerning diffeomorphisms is more subtle, but also rests on colour—
kinematics duality. For example, assuming colour-kinematics duality, the residual gauge invariance of the Yang-Mills amplitudes
implies the invariance of the double copy amplitude under residual diffeomorphisms.®] For two Yang-Mills theories, again with
possibly unrelated gauge Lie algebras, this double copy procedure generates all possible tree amplitudes of N = 0 supergravity, giving
precise meaning to the heuristic Equation (1.2), at least at the semi-classical level.

This prescription generalises to supersymmetric Yang—Mills theory with both unrelated supersymmetry and gauge algebras. For ex-
ample, we could take the (c;, n;) from N = 4 supersymmetric Yang-Mills amplitudes and the (&, ;) from purely bosonic Yang-Mills
theory and double-copy them to the amplitudes of N' = 4 supergravity.*®] Alternatively, if both factors are N = 4 supersymmetric
Yang-Mills theories, we produce the amplitudes of N = 8 supergravity.l’] This can be thought of as the (low energy limit of the)
dimensional reduction on a six-dimensional torus of the ‘type II = type I ® type I’ relation of d = 1 + 9 superstring theory. By varying
the left and right factors over all colour-kinematics duality compatible gauge theories, we generate all double-copy constructible grav-
itational theories. Whilst concrete constructions are complicated, there is nonetheless a rapidly multiplying zoology of double copy
constructible gravity theories.[6:30:38:40-4242-62]

The double copy is clearly conceptually provocative, suggesting a deep relationship between perturbative quantum Yang—Mills
theory and gravity. It is also computationally expedient, bringing seemingly intractable calculations within reach. This has advanced
our understanding of perturbative quantum gravity,3031:3441.63-68] revealing a number of unexpected features and calling into question
hitherto accepted arguments regarding divergences.

For instance, the early expectations(®®”°! regarding the onset of divergences were false in the case of the four-point graviton ampli-
tude of M = 8 supergravity, which was shown to be finite to four loops in [30]. This four-loop cancellation can be accounted for by
supersymmetry and E; ;, U-duality.l”'7% However, at seven loops any cancellations could not be ‘consequences of supersymmetry in
any conventional sense’l”?l and would be due to ‘enhanced cancellations’, where the terminology reflects the fact that they cannot be
explained by any standard symmetry argument?.

2 See [77] for possible explanations at three loops that nonetheless fail at four loops.
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The seven loop case has not yet been verified, but there is evidence for enhanced cancellations from theories with less supersym-
metry and, correspondingly, less protection against divergences. For example, the four-point amplitude of d = 4, N’ = 5 supergravity
has been shown to be finite to four loops, contrary to expectations from standard symmetry arguments.l>! This casts serious doubt
on the divergence of N' = 8 supergravity at seven loops.

Currently, the cutting edge is the N' = 8 four-point five-loop amplitude, which was performed using generalised colour—kinematics
duality and the double copy.l%”8] It was found to be finite, but the degree of finiteness was in agreement with the standard symmetry
arguments, a disappointing outcome for anyone looking for enhanced cancellation that might make for a seven-loop miracle. However,
this conclusion was reached in d = £ where the five-loop amplitude first diverges and there is a 9* R* counter-term.

Altogether, without a complete understanding of the amplitudes, including hidden features such as the double copy construction
and enhanced cancellations, such questions about divergences of amplitudes remain open in the absence of explicit calculations.

Why Do Colour—Kinematics Duality and The Double Copy Work: Given these remarkable results, we are compelled to ask why the
colour—kinematics duality and the double copy prescription work and whether they remain valid in the full quantum perturbation
theory. Although colour-kinematics duality and the double copy were arrived at through an on-shell lens, it may prove instructive to
step back to an off-shell, or Lagrangian, point of view. In our previous work,"®! we took the middle road, incorporating elements of the
on-shell picture to facilitate a fully off-shell BRST Lagrangian double copy.® This construction incorporated and generalised three key
ideas from the existing literature, which we briefly review here. We shall give a more detailed account of each in the main body of this
work.

(i) The tree-level colour-kinematics duality for physical gluon scattering amplitudes can be made manifest at the level of the Yang—
Mills Lagrangian through the introduction of an infinite tower of ‘identically zero terms’.[®3%) As we shall explain, this is not
special to the colour—kinematics duality of Yang—Mills theory and can be implemented for any theory admitting a generalised (or
even trivial) internal-kinematics duality. Here ‘internal’ stands for the (possibly trivial) Lie algebra of any internal symmetry, such
as colour or flavour symmetries. For example, we shall discuss the flavour—kinematics duality of the non-linear sigma model in
Section 3. Even Maxwell theory has a trivial U(1)-kinematics duality.

(ii) The tree-level colour-kinematics duality manifesting action can itself be double-copied.l® By construction, the tree-level ampli-
tudes of the double copy Lagrangian will match exactly those obtained by the double copy of the tree-level colour-kinematics-dual
amplitudes themselves. In the Lagrangian double copy the (polynomials of) colour structure constants are replaced by a second
copy of the corresponding differential operators, which can be regarded as ‘kinematic structure constants’. For self-dual Yang—
Mills theory it has been shown that there is a corresponding ‘kinematic algebra’ of area preserving diffeomorphisms!®1-3] with
further generalisations given in [84, 85]. Note that complementary to the Lagrangian double copy is the idea that gravitational
actions* can be written in a form that factorises order-by-order.[636-]

(iii) There is an off-shell field theory ‘product’ of BRST quantised gauge theories, including the ghost fields, that generates the BRST
complex of the double copy theory.”'~?*! Applying the Lagrangian double copy and truncating out the dilaton and Kalb-Ramond
sector, it has been explicitly shown to give Einstein—Hilbert gravity to cubic order (where colour-kinematics duality is trivially
satisfied).l”*] The necessity of the inclusion of BRST ghosts in the context of ‘closed = open ® open’ in string theory was stressed
some time ago by Siegel.[*>°! For our purposes, the key observation is that the linear BRST transformations of the resulting
gravity theory follow from those of the gauge theory factors.[”>%] A related perspective on the double copy of symmetries has
recently been used to derive all-order diffeomorphisms and extended Bondi-Metzner—Sachs symmetries in the self-dual sector!®’!
(see e.g. [98-104] for the construction of all hidden symmetries in self-dual Yang-Mills theory and gravity). Combined with
sufficient global symmetry, this picture can then be used to identify the gravity theory uniquely,!>>>%9193105-199] revealing some
interesting properties of double copy theories such as the appearance of the Freudenthal-Rosenfeld-Tits magic square and its
generalisation, the magic pyramid.'%1%] Remarkably, this perspective may be used as a guide to identifying new theories that
have no perturbative limit to start with, such as the twin superconformal theories of [110].

In our previous work,[?) each of these ideas was generalised or reformulated to show that the BRST Lagrangian double copy holds
to all orders, and here, we shall describe their homotopy algebras underpinnings.

Other Aspects of The Double Copy:  Let us also mention some of the other generalisations and applications of the double copy. At the
classical level, one can apply a double-copy-type construction for classical solutions to generate non-perturbative Kerr—Schild solutions
in theories of gravity, such as black holes, or bi-adjoint scalar solutions from gauge theory solutions.[!'1-124 This classical double-copy
can be used to relate other features of gauge and gravity theories(!271?’] and may also be implemented perturbatively.[!?®! There is an
elegant formulation of this idea connecting Yang—Mills field strengths to the Weyl tensor, which has expanded the space of amenable
solutions.['?-133] The field theory product!®!l can also be used to elucidate the classical solution double-copy!’** and to construct,
for example, supersymmetric (single/multi-centre) black hole solutions in V' = 2 supergravity,'*13¢ in the weak-field limit.

Alternatively, one can bend amplitudes and the double copy to the problem of classical black hole scattering, strongly motivated by
the advent of gravity-wave astronomy.['¥’-15%] Another interesting approach is to seek a geometric and/or world-sheet understanding
of these relations through string theory!”#2>151-154] or ambitwistor strings and the scattering equations.!'>-163]

3 See also [79] for recent work on a plain Lagrangian double copy.
4 Specifically those gravity theories that derive from the double copy.
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1.2. Homotopy Algebras and Quantum Field Theory

In physics, we describe infinitesimal symmetries by Lie algebras and their action on field configurations by Lie algebroids. In the case
of gauge symmetry, the latter are more familiar in their dual realisation, known as the Chevalley-FEilenberg picture. The Chevalley—
Eilenberg differential encoding the Lie algebra of gauge symmetries as well as its action is called the BRST operator.

L, -Algebras and the BV Formalism: The classical observables of a field theory are given by field configurations that satisfy the
equations of motion. We can — and sometimes® must — incorporate the equations of motion into the BRST picture, extending the
BRST operator to the Batalin-Vilkovisky (BV) operator.[1%-171] This Chevalley-Eilenberg differential, however, no longer describes a
mere Lie algebra, but a homotopy generalisation thereof, known as L_ -algebra or strong homotopy Lie algebra. These algebras first
emerged in string field theory!!”? taking inspiration from the definition of A_ -algebras,'7>7*] and were further developed in [175—
177]. Note that in the same sense as L -algebras generalise Lie algebras, A -algebras generalise associative algebras.

To be somewhat more explicit, an L_-algebra is a generalisation of a differential graded Lie algebra in which the Jacobi identity, as
well as its nested forms, is satisfied only up to homotopies. This means that besides the differential y, and the binary products p,,
there are also products of higher arity y; such that, for example,

W (C1, (02, 03)) + 1,03, 1y (01, 63)) £ 1y (05, M (F5, €1))

= w(u3(21, 02 03)) £ 1311 (61), €2, C3) 2 1u3(C1, 11 (03), €3) £ 1381, &5 1 (75))

(1.6)

where the signs depend on the precise Z-grading of the arguments. The right-hand side is the Jacobiator, measuring the failure of
the Jacobi identity to hold, and importantly, it is given by a homotopy. For y; = 0 for i > 3, we recover a differential graded Lie algebra
and a (graded) Lie algebra if also u; = 0. We collected more details on L -algebras in Appendix A.3.

Classically, any BV quantisable field theory is fully described by an L_-algebra,!?317%] see [180-194] for earlier and partial accounts.
The Maurer—Cartan theory of L_ -algebras, which in itself is a vast generalisation of Chern-Simons theory for Lie algebras, encom-
passes the action, the field equations, and all symmetries of general observables, such as gauge and Noether symmetries. Most inter-
estingly, Maurer—Cartan theory also describes the (tree-level) scattering amplitudes of the field theory in question.

In this sense, the L -framework provides a very natural and unifying description of Lagrangians and scattering amplitudes of a
field theory, resolving the question about what should be regarded as fundamental:

(i) The mathematically appropriate notion of equivalence between L_-algebras is given by quasi-isomorphisms, and classically
equivalent field theories correspond to L -algebras which are quasi-isomorphic; see Sections 4.3, Appendix A.3 for details.

(ii) Every L_-algebra is quasi-isomorphic to an L_-algebra in which the differential y, vanishes identically,'*>'°®! and such L_-
algebras are known as minimal models. A minimal model and its higher products describe precisely the tree-level scattering
amplitudes of the corresponding field theory,['731719197] and we explain this in Section 4.3. Notice that minimal models are
related to a Feynman diagram expansion in general, following earlier suggestions,!' and this was used in [199] to derive Wick’s
theorem and Feynman rules for finite-dimensional integrals.

(iii) The notion of an L_-algebra can be generalised to that of a quantum L_-algebra,!172200201] which corresponds to a solution to the
quantum master equation in the BV formalism, see Section 4.2. Ultimately, such an quantum homotopy algebra encapsulates
the quantum aspects of the corresponding field theory. In particular, quantum L_ -algebras also come with a (quantum) minimal
model,[2°!] and their higher products describe precisely the full scattering amplitudes of the corresponding field theory,[202203] a5
we shall review in Section 4.3. For aspects regarding renormalisation in this context, see e.g. [204, 205] and in particular.[206-207]

(iv) Since both classical and quantum minimal models can be computed recursively by the homological perturbation lemma, 208201
see Section 4.3 for details, we obtain Berends—Giele-type recursion relations for amplitudes in any BV quantisable field theory
both at the tree and loop levels.[202203210211] See also [212] for related discussions of the S-matrix in the L_-language,[?'>14]
for the tree-level perturbiner expansion,!?'®! for an L_ -interpretation of tree-level on-shell recursion relations, and [216] for the
construction of a homotopy BV algebra® description of the BC] relations and BCJ colour-kinematics duality at the tree level.

Because homotopy algebras are the key algebraic structure underlying string field theory, it is perhaps not very surprising that
they also play an important role in analysing string and field theories. They are vital in approaches to non-perturbatively completing
string theory to M-theory, and we refer the interested reader to the recent review!?!®! (and references therein) which gives a condensed
overview about the various applications of homotopy algebras in physics as well as a basic introduction into higher structures.

Homotopy Algebras and Factorisations: Besides the strong homotopy Lie algebras, or L_ -algebras, there are other homotopy algebras
that are important for our purposes. In particular, we will make use of strong homotopy associative algebras, or A -algebras and strong
homotopy commutative algebras, or C -algebras (see e.g. [219] and references therein). A good example to demonstrate their use is
colour-stripping of Yang—Mills theory.

> For example, in the case of open BRST complexes such as the ones arising in (unadjusted) higher gauge theories.
6 See e.g. [217] for the definition of homotopy BV algebras.
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The L -algebra of Yang—Mills theory ™ can be obtained as the anti-symmetrisation of an underlying A_ -algebra 2A™.[202] Ag
explained there, this A -algebra allows for an interesting factorisation,

%(YM — mcol ® Q[kin , (17)

where %! is a gauge matrix algebra, regarded as an A__-algebra concentrated in degree zero which encodes the colour structure, and
A is concentrated in degrees 0, ..., 3 and encodes the colour-stripped interactions.

As we shall show in Section 6.2, this interpretation of colour-stripping’ can be improved by factorising the L_-algebra of Yang-Mills
theory ™ as

M = g@E™, (1.8)

where g is indeed the colour or gauge Lie algebra and €™ is the (unique) C,_ -algebra which fully describes the colour interactions. A
related application of C_ -algebras was given in [190].

At first glance, the latter factorisation seems suitable for the description of the double copy. On closer inspection, however, we ob-
serve that the factorisation of the Yang—Mills scattering amplitudes is really a factorisation into three parts: the colour part, the form
kinematics part and an underlying scalar field theory with cubic interactions, which acts as a ‘skeleton’ for the Feynman diagram ex-
pansion.

Since homotopy algebras underlie the string field theory actions and because the double copy prescription linking gauge theory
and gravity amplitudes is motivated by ‘closed = open ® open’ string duality, it is not surprising that homotopy algebras provide a
good framework for understanding this duality.

1.3. Results and Discussion

In this paper, we provide an explicit account of the BRST Lagrangian double copy!®! and its articulation in terms of homotopy algebras.
Here we summarise the key results and features of the BRST Lagrangian double copy, its implications for scattering amplitudes and
BCJ numerators, and the ‘homotopy double copy’. We also list some collateral results on the relation between homotopy algebras and
field theories.

BRST Lagrangian Double Copy: Our central result is that the Yang—Mills BRST Lagrangian double-copies to give the perturbative
N = 0 supergravity BRST Lagrangian to all orders. The logic of the underlying argument, and the key sub-results entering into it, are
summarised here (cf. Figure 1):

(i) The tree-level Yang—Mills scattering amplitudes with external states from the extended BRST Hilbert space including the physical
transverse gluons, the unphysical forward/backward polarised gluons, and (anti)ghost states, can be made to satisfy colour—
kinematics duality. See Section 8.4.

(ii) This extended tree-level BRST colour-kinematics duality can be made manifest in the Yang-Mills BRST Lagrangian. Unlike the
colour—kinematics duality for physical gluons, this requires the addition of non-vanishing vertices to the Yang-Mills BRST La-
grangian. However, they may be introduced exclusively through the gauge-fixing fermion and so preserve perturbative quantum
equivalence. See Section 8.4.

(iii) The extended tree-level BRST colour—kinematics duality manifesting Yang-Mills BRST Lagrangian can be ‘strictified’ to possess
purely cubic interactions in an extended colour—kinematics duality preserving manner through the introduction of an infinite
tower of auxiliary fields. See Section 8.3.

(iv) The strict (i.e. cubic) Yang-Mills Lagrangian which manifests tree-level BRST colour-kinematics duality can be double copied to
give a putative perturbative N' = 0 supergravity BRST Lagrangian. Similarly, the Yang-Mills BRST operator is double copied to
give a putative N' = 0 supergravity BRST operator. See Section 9.4.

(v) By construction, the physical tree-level N' = 0 supergravity amplitudes of the double copy Lagrangian match those of N =0
supergravity.

(vi) The double copy BRST charge is valid on-shell due to tree-level BRST colour—kinematics duality, and the linear double copy BRST
charge implies that the double copy amplitudes satisfy the BRST Ward identities. This implies perturbative quantum equivalence
to N = 0 supergravity. See Section 9.5.

Some comments are in order here. Firstly, we work perturbatively. This implies that, as in [6, 80], the BRST colour—kinematics
duality manifesting action of [9] requires an infinite tower of vertices and hence the strictified action contains an infinite tower of
auxiliary fields. The intuition is clear: perturbative gravity has all order interactions and these are generated by the double copy of the

7 Note that colour-stripping is not automatically possible, even if all fields take values in the adjoint representation: it requires that the colour co-
efficients in the interaction terms consist exclusively of (contractions of) the Lie algebra structure constants f,. For example, the non-Abelian

Dirac—Born-Infeld action fails this criterion, even though all fields are adjoint, since its interactions also involve the coefficient d;, := tr({e,, e, }e,).
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Figure 1. Diagrammatic description of the double copy.

vertices enforcing BRST colour-kinematics duality. The n > 3 point interactions of gravity ensure diffeomorphism invariance, and
in the BRST framework this follows from the BRST colour—kinematics duality. Note, however, that perturbatively, i.e. at any finite
n-point, L-loop order we only require a finite number of auxiliary fields and terms in the actions.

Scattering Amplitudes and Bern—Carrasco—Johansson Numerators: An immediate corollary of this argument is that the Yang—Mills
scattering amplitudes double copy into amplitudes of N = 0 supergravity to all orders, tree and loop. The former are computed
directly from the tree-level BRST colour-kinematics duality manifesting Lagrangian, which can be used to construct ‘almost BCJ
numerators’ that double-copy correctly. Note that to any finite n-point, L-loop order, deriving this Yang—Mills Lagrangian is a purely
algebraic exercise, i.e. there is no need to solve for functional colour—kinematics duality relations.

To be more precise:

(@)

At n points and L loops, one constructs the tree-level BRST colour—kinematics duality manifesting Yang—Mills Lagrangian up
to the necessary finite order in auxiliary fields. Being exclusively tree-level, this is a purely algebraic operation. Nonetheless, the
number of required auxiliary fields grows quickly, as one needs the largest trivalent tree® that can be glued into a cubic n-point
and L-loop diagram, i.e. at one loop and n points one needs n + 2 point vertices. Already at four points and two loops one needs
up to eight points, which requires about 150 auxiliary fields. We should stress, this is the worst case scenario. It is likely that one
can do better by incorporating on-shell methods, in particular generalised unitarity. Also, the process can be automated using
computer algebra programmes.

Equipped with such an action, the ‘almost BC] numerators’ are given by the sums the numerators of all Feynman diagrams
with the same topology (i.e. one ignores the distinction amongst the different fields that can sit on the internal lines), which by
definition have the same colour numerators and propagators.

The ‘almost’ qualifier indicates that the numerators so constructed will not necessarily satisfy perfect colour-kinematics duality
at the loop level. It might be that there are some hidden miracles and they do satisfy perfect colour—kinematics duality, but our
arguments do not ensure this, and we have not encountered any reason to think that this should happen generically.
Nonetheless, these ‘almost BC] numerators’ will double copy to yield the corresponding N = 0 supergravity numerators. This
gives a bona fide N = 0 supergravity n-point and L-loop amplitude integrand.

8

i.e. a tree with exclusively trivalent vertices.
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(v) From a pragmatic point of view, perfect colour—kinematics duality at the loop level is (very probably, i.e. barring the miracles
mentioned above) unnecessarily strong. It would be of practical importance to turn this statement into a precise set of loop
integrand ‘almost colour-kinematics duality’ conditions independent of the underlying BRST Lagrangian argument. We intend
to address this in future work. The most powerful ‘almost colour—kinematics duality’ conjecture motivated by our construction
(i-e. the conjecture with the weakest condition for loop-level double copy) is that loop integrands with enough internal lines cut
to be tree must satisfy perfect colour-kinematics duality.

Double Copy from Homotopy Algebras: Our central result is that the L -algebra of the strict Yang—Mills Lagrangian which man-
ifests tree-level BRST colour—kinematics duality factorises into a colour factor, a kinematic vector space, and a scalar theory factor.
Schematically,

M = g KRin ®, Scal, (1.9)

where g is the colour part, &in the kinematic part, ©cal the scalar part. The tensor product between the kinematic and scalar factors
is twisted with twist datum z; see Section 6.3 for details. One can think of this twisting as a form of semi-direct tensor product, and
it generates a kinematic algebra acting on the scalar factor.

Given the factorisation, to double copy is to replace the colour factor with another copy of the twisted kinematic factor. This yields
the L -algebra V=0 of perturbatively BRST quantised N = 0 supergravity, up to a quasi-isomorphism compatible with quantisation.
The action, scattering amplitudes and all other features are encoded in the L_-algebra.” Perturbatively, it is the complete quantum
gravity theory up to the point of renormalisation. Alternatively, one can replace kinematics with colour to give the cubic biadjoint
scalar field theory. The scalar factor is common to all three theories.

Schematically,

Biadjoint scalar field theory <« Yang-Mills theory — N = 0 supergravity

3®g® Seal 4 ® Kin ®, Scal Kin®, Kin @, Scal (1.10)

Let us expand on the key elements entering this picture. Our starting point is the observation that BV quantised Yang—Mills theory
corresponds to an L, -algebra, denoted &M, which upon gauge-fixing yields a BRST L -algebra, denoted 21 . The BV operator Q)
is uniquely determined by the higher products of (Y, i.e. it is the dual Chevalley-Eilenberg differential, cf. Section 4.2. The BRST
operator Q¥ then follows from its gauge-fixing.

As we saw above, a crucial step in the double copy is the reformulation of scattering amplitudes in terms of cubic interaction vertices.
This is particularly natural from the point of view of homotopy algebras, where this is a well-known process known as strictification or
rectification. The statement of the strictification theorem for homotopy algebras is that any homotopy algebra is quasi-isomorphic to
a strict homotopy algebra with higher products that have either one or two inputs and one output, see Appendix A.4. Field theories
with exclusively cubic interaction vertices then simply correspond to strict homotopy algebras. Moreover, quasi-isomorphisms are the
proper homotopy algebraic articulation of physical equivalence, since they are isomorphisms on the cohomology and thus preserve
the space of physical states while allowing for field redefinitions and for the integrating in and out of auxiliary fields.

While in general, there are many possible strictifications of a homotopy algebra, the double copy singles out a particular class,

namely those corresponding to manifestly BRST colour-kinematics-dual Lagrangians. Each such strict L -algebra ﬁ;ffs‘? is quasi-
isomorphic to ¥ . The non-trivial observation making the double copy manifest is the factorisation of Q;?fs';t:
M = g @ (Rin @, Seal) . (1.11)

Let us provide some further details on the identification (1.11):

(i) g 1is the familiar colour Lie algebra, i.e. an L -algebra with only y,, the Lie bracket, being non-trivial.
(i) Kin* is the kinematic algebra. It is a graded vector space of the Poincaré representations carried by all the fields of the theory,
including the strictification auxiliaries. Restricting to the familiar BRST fields A, ¢, ¢, and b, it is given by

g vt n a
Kin® = R[] & (MdEBIR) ® R[-1] & -, (1.12)
~—— ~——
=Kin_; N——— = Kiny
= Kin,

where we have labelled the basis vectors of the ghost ¢, the gauge potential A, the Nakanishi-Lautrup b, and anti-ghost ¢ Poincaré
modules suggestively by g, v#, n, and a. The ellipses denote the Poincaré modules of all the auxiliary fields required for the
strictification of the BRST colour-kinematics duality manifesting Lagrangian.

9 Strictly speaking, we also have to provide a path integral measure for the loop amplitudes; we always work with the one arising from canonically
quantising all fields.
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(iii) ©calisthe L -algebra of a cubic scalar field theory. Since it is cubic, this L -algebra has only two higher products, the unary and
the binary ones p, and p,. Explicitly, u, is simply the wave operator, the unique Lorentz invariant possibility, and u, encodes a
cubic scalar interaction, the skeleton of the strictified Yang—Mills interactions.

(iv) The map 7 is the twist datum of the tensor product, Kin® ®, Scal. Physically, it encodes the kinematic (differential operator)
factors of the Yang—Mills interactions. It is fully determined by the BRST colour—kinematics-dual form of the colour-stripped
action of Yang-Mills theory, and it induces the correct tensor product for factorising the L_-algebra of N = 0 supergravity.

For this factorisation of the L_-algebra to be sensible, the expected tensor products of homotopy algebras need to exist first. One
of our collateral results is that, as mentioned above, colour-stripping in Yang—Mills theory can be regarded as a factorisation of the
L -algebra of Yang—Mills theory into a colour or gauge Lie algebra and a kinematical C_ -algebra. Here, we have

b = g E1 (1.13)

where (S;ifs';t describes the colour-stripped part of manifestly colour-kinematic-dual, strictified Yang-Mills theory.

The double copy strongly suggests the further factorisation

CV = Rin™ @, Seal, (1.14)

BRST

and our notion of twisted tensor product of homotopy algebras is essentially constructed such that this factorisation is possible, see
Section 6.1. For example, the action of the differential m' : Kin" ®, Scal - Kin™ @, Scal on v @ p(x) € Kin* @, Scal looks
schematically like

mi (v ® p(x)) ~ v* @ e(x) +n® 0"¢(x). (1.15)

Given the full factorisation of the Yang—Mills L -algebra, the double copy prescription becomes manifest. Replace the colour factor
g with another copy of the kinematics factor &in® and twist the tensor product by 7:

double copy

N = g@ (Rin" @, Geal) ——— Kin'' ®, (Rin' ®, Seal) = 0, (1.16)
where QJB\{:S% * fully determines the double copy theory. The space of fields in this theory is determined by the tensor product of graded

vector spaces, which is an extension of the tensor product (1.2) that includes ghosts, anti-ghosts, Nakanishi-Lautrup fields and the
further auxiliary fields arising in the strictification. Since it is constructed from the higher products, the (gauge-fixed) BV differential
Q! also factorises and double copies into the (gauge-fixed) BV differential Qg‘\/fo.

We note that one can also replace kinematics with colour to produce the cubic biadjoint scalar theory, sometimes referred to as the
zeroth copy,

zeroth copy

M = @ (Rin" ®, Geal) ——— gOF® Seal = Lo (1.17)

BRST

In this case, the homotopy algebraic discussion becomes straightforward.
To summarise, the homotopy algebraic structure underlying the double copy is the factorisation of the L_-algebra R of a field
theory as

L= BB Scal, (1.18)

where B and B are two (graded) vector spaces, with the most prominent examples being

B B
Biadjoint scalar field theory g g
Yang-Mills theory g Kin
N = 0 supergravity Kin Kin

If the factorisation is suitable, which means that it is compatible with colour-kinematics duality, then the double copy is a mapping®
between L_-algebras of classical field theories obtained from substitutions of the factors 8 and $B. The advantage of this homotopy
double copy is that it is fully off-shell and goes beyond on-shell amplitudes. Furthermore, it suggests a lift to homotopy algebraic
structures in string field theory.

10 This is not a morphism of L, -algebras, which would imply a map between elements of the L, -algebras. A simple analogy is the mapping of vector
spaces from V to V. ® W for some fixed vector space W.
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Let us also list a few secondary results which we obtained collecting the necessary tools for our homotopy algebraic discussion of
the double copy.

(i) We demonstrate in Section 6.2 that the familiar colour-stripping of Yang—Mills scattering amplitudes corresponds to a factorisa-
tion of the L -algebra of Yang—Mills theory into a colour or gauge Lie algebra factor and a kinematical C -algebra. This factori-
sation extends to the level of actions.

(ii) A mathematical argument that we were not able to find in the literature is that the rather evident tensor product between certain
strict homotopy algebras guarantees the existence of a tensor product between the corresponding general homotopy algebras by
homotopy transfer via the homological perturbation lemma. The full argument is given in Section 6.1.

(iii) Finally, we show in Appendix A.3 that in the homotopy algebraic picture, finite gauge transformations can be regarded as curved
morphisms of L_-algebra.

1.4. Outlook

In this work, we focus on the case of Yang-Mills theory and V' = 0 supergravity. However, when making the replacement
g® (Rin ®, Gcal) — Kin ®; (Rin ®, Scal) (1.19)

there is no reason to restrict to (Rin, 7) & (Kin, 7). We could have taken (Kin, 7) from any BV Lagrangian field theory admitting a
factorisation Rin ®, Scal and enjoying a generalised notion of tree-level colour—kinematics duality. For example, taking the (Kin, 7)
of N = 4 super Yang—Mills theory, Rin ®. (Kin ®, Scal) would be the L_-algebra of pure N = 4 supergravity. In this example, both
theories have vanilla colour—kinematics duality, but this also need not be the case. For instance, the flavour—kinematics duality of the
non-linear sigma model is an example of (rather trivially) generalised colour-kinematics duality. One can even consider theories that
have no ‘colour’ factor at all, such as Maxwell theory. This is not a vacuous statement. For example, the trivial factorisation of Maxwell,
M = Qin ®, Gcal, can be enhanced by introducing graded antisymmetric higher products in Gcal that satisfy kinematic Jacobi
identities. Since Kin ®, Scal is a C_ -algebra, these higher products do not contribute to the Maxwell action, but if we then tensor
with a colour Lie algebra g we recover BRST colour-kinematics-dual Yang—Mills theory.
With these ingredients, there are numerous immediate generalisations. We only require

(i) tree-level colour-kinematics duality — there is growing zoology of such theories;
(ii) an underlying L_-algebra — this includes all BV quantisable Lagrangian field theories and so is very general;
(iii) that the L -algebra factorises in an appropriate manner — this is essentially the requirement that the gauge and space-time
symmetries do not mix.

The last condition restricts the apparent vast generality a bit. There are examples, such as the non-Abelian Dirac-Born—Infeld theory,
where colour structure constants arise whose compatibility with a factorisation is not apparent. In such cases further work is required,
before proceeding directly on the homotopy double copy. Up to this issue, our machinery is powerful enough to derive all order validity
of the double copy from the validity at the tree level. Let us summarise here some of the possibilities, indicating the outstanding
questions that must be addressed to realise this claim.

Supergravity: The first obvious generalisation is the inclusion of supersymmetry. For irreducible super Yang-Mills multiplets,
colour—kinematics duality for gluons ensures colour—kinematics duality for the entire multiplet. This can be shown using a super-
symmetric Ward identity argument, entirely analogous to the BRST Ward identity argument for BRST colour—kinematics duality given
in Section 8.1. The factorisation requirement is obviously satisfied, so in principle, there is no obstruction. For gauge theory factors
of N = 1 supersymmetric Yang—Mills theory and N = 0 Yang-Mills theory, which yields N' = 1 supergravity minimally coupled to a
single chiral multiplet, it is particularly straightforward, since there is a convenient superfield formalism as described in [91].

It is more subtle and interesting when both factors are supersymmetric and there is a Ramond—Ramond sector. Since the gaugi-
nos have no linear gauge (BRST) transformation, their product must be identified with field strengths that are to be regarded as the
fundamental fields. The intuition from string theory is clear — the Ramond-Ramond sector couples to the string world-sheet only
through the field strengths and never the bare potentials. Indeed, the type II supergravity Lagrangians can both be written without
any bare Ramond-Ramond potentials and the Lagrangian double copy in the Ramond-Ramond sector does indeed generate a La-
grangian that is formulated purely in terms of fundamental field strengths. Of course, it is perturbatively equivalent to the familiar
formulation in term of field strengths of potentials. Interestingly, this is automatically achieved via Sen’s mechanism for writing La-
grangians for self-dual field strengths??1!! but without necessarily imposing self-duality. We shall spell out the details in forthcoming
work.

With these basic ingredients accounted for, the door is then open to the plethora of double-copy constructible theories, such as
(almost, cf. [59]) all M > 2 ungauged supergravity theories, (super) Einstein—Yang-Mills—scalar theories!*’! and gauged supergravity

11 See also [221] where it is shown that this mechanism arises very directly from a, again, homotopy algebraic perspective.
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(with Poincaré background).*] Each comes with interesting features that must still be addressed in the BRST Lagrangian double
copy formalism, e.g. spontaneous symmetry breaking, but none that present an obvious obstruction.

Abelian Dirac—Born—Infeld Theory: The Abelian Dirac—Born-Infeld (DBI) scattering amplitudes have been double copy
constructed.!'>%165222] They follow from the product of the non-linear sigma model and (super) Yang-Mills amplitudes. Given that
we already have both the BRST manifestly colour-kinematics-dual formulations of the non-linear sigma model, Yang-Mills theory
and their L_-algebras, we can immediately apply the homotopy double copy to obtain the perturbative DBI BRST Lagrangian by
replacing the colour factor of Yang—Mills with the kinematics of the non-linear sigma model.

Conformal Gravity: More ambitiously, one can approach conformal gravity by including higher-dimensional operators in the Yang—
Mills theories.[223] Again, if colour—kinematics duality holds to all points, then it may be possible to turn the homotopy double copy
handle, although the higher dimensional operators will have to be treated carefully.

Closed String Theory: Given the KLT origins of the double copy, it is natural to seek an ‘open ® open = closed’ stringy extension.
Moreover, both open and closed string field theory are built on homotopy algebras,!1721%] and so the homotopy double copy is a natural
framework. Bosonic open string field theory comes strictified out of the box,[1°224] 50 in this sense it may seem to be ready to be double
copied. However, one must still pick a partition of the moduli space consistent with colour—kinematics duality so the double copy is
not a priori automatic. All choices will be quasi-isomorphic, but there seems to be no reason to suppose that every partition of the
moduli space gives rise to a strictification compatible with colour—kinematics duality. In this case, one would have a situation similar
to Yang-Mills theory, where only certain strictifications are compatible with colour-kinematics duality. Alternatively, it could be that
all quasi-isomorphic choices can be double copied and only on taking the field theory limit is this structure broken. Ambitiously, one
could consider the more general (or other) formulations of the open/closed string duality.

1.5. Reading Guide

As stated before, it is our intention to be highly self-contained in our presentation, in order to make the homotopy algebraic perspective
on the double copy accessible for readers unfamiliar with either homotopy algebras or the double copy (or both!). This reading guide
may provide some further help.

For readers unfamiliar with the double copy, good stating points are Section 2, with a concise review of the basics, and Section 3,
which spells out the details in the case of the related but much simpler double copy of the amplitudes of the non-linear sigma model
to those for the special galileon. The explicit details for the factorisation of homotopy algebras involved in the gauge-gravity double
copy are then presented in Section 7 at the level of free field theories and Section 9 at the level of the full actions. The latter section
also contains the proof that translates the double copy of amplitudes from tree to full quantum (i.e. loop) level.

Readers unfamiliar with the BV formalism and the BV formulation of standard field theories will benefit from the general discussion
in Section 4 as well as the concrete examples presented in Section 5. Some quantum field theoretic preliminaries that are crucial to
extending the double copy of amplitudes to loop level are reviewed or developed in Section 8.

For readers unfamiliar with homotopy algebras, we have collected the basic definitions and results in Appendix A. The link to field
theories is gently introduced in Section 3.3, using the example of the non-linear sigma model. The general picture and the link to the
BV formalism are then developed in Section 4; the correspondence between actions and L -algebras is explained in Section 4.2, while
the link between scattering amplitudes and L -algebras is presented in Section 4.3. Concrete examples of L -algebras for a number
of field theories relevant in the gauge—gravity double copy are then given in Section 5.

2. Double Copy Basics

2.1. Scattering Amplitude Generalities

We start with a brief review of gluon scattering amplitudes to set some notation and to be self-contained.

Gluon Scattering Amplitudes: Consider Yang—Mills theory with a semi-simple compact matrix Lie algebra g as gauge algebra. Be-
cause the Lie bracket in g describes naturally a cubic interaction vertex[—, —] : ¢ X ¢ — g, the possibility of relating colour to kinematics
relies on writing the amplitude in terms of trivalent diagrams only,

L
e ne ddp c;n;
,dn’L = (—1)” 3+3Lg 2+2LZ/H (zﬂ)dlSi di ) (2'1)

Here, o, | is the n-point L-loop gluon scattering amplitude, and g the Yang-Mills coupling constant. The sum is over all n-point L-
loop diagrams, labelled i, with only trivalent vertices (not the Feynman diagrams of the original theory). The colour numerator or colour
factor ¢; associated to a diagram i is composed of gauge algebra structure constants and can be read off directly from the trivalent
diagram. The kinematic numerator or kinematic factor n; associated to diagram i is a polynomial of Lorentz-invariant contractions of
polarisation vectors and momenta. The denominator d; associated to a diagram i is the product of the Feynman—"t Hooft propagators,
i.e. the product of the squared momenta of all internal lines of the diagram i. Finally, S; € N is the symmetry factor associated to a
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diagram i, defined in the same way as for Feynman diagrams, accounting for any over-counting due to the diagram symmetries. At
the tree level, i.e. for L = 0, (2.1) simplifies to

since there are (2n — 5)!! trivalent tree diagrams at » points.
This trivalent form exists because the four-point contact terms can always be ‘blown-up’ and absorbed into corresponding three-
point diagrams:

— -- + ot + - - (2.3)

Four-Point Tree-Level Gluon Scattering Amplitude from Trivalent Diagrams: ~Consider the simplest example of the four-point tree-level
scattering amplitude,

1 4 1 4 1 4 1 4

mﬁo ) >/VEV< ) K ) % ) \X | (24)
2 3 2 3 2 3 2 3

Explicitly, with all momenta incoming,

) fabefecdns o
Ll pans

S

be
. faedfe ng . 2CtNg
—lng = _ngT N

(2.53)

» faecfedbnu L aCuny
1g2 ” = lg2 s

u

—igz (csn§4) —Ct nt(4) — cung”) .

KK L

Fortschr. Phys. 2021, 69, 2100075 2100075 (12 of 100) © 2021 The Authors. Fortschritte der Physik published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.fp-journal.org

ADVANCED .
SCIENCE NEWS oFPhyses

www.advancedsciencenews.com www.fp-journal.org

Here, we have made use of the standard Mandelstam variables s := (p, + p,)%, t = (p; + p4)% and u = (p, + p;)* in the trivalent s-, t-,
and u-channel diagrams, respectively. Furthermore, upon setting p; := p; — p; where i,j, ... = 1,..., 4 label the different gluons, the
kinematic numerators are given by

=1
|

s = 4[(51 "D)E; — (€20 pr)Er + %(51 'fz)Plz] : [(53 D)€y — (€4~ P3)E3 + %(53 : 54)P34] ;

n = _4[(51 D)€y — (€4 Pr)EL + %(51 : 54)1’14] : [(52 “P3)€s — (€3 - p3)Es + %(52 : 53)1’23] , (2.5b)

=
|

w = 4[(52 D)€y — (€4~ Py)Es + %(52 '54)1’24] : [(51 “P3)es — (g3 - pr)es + %(51 '53)P13] ;

where ¢, is the polarisation vector of the i-th gluon and x - y := 7, x*x". We also have suggestively labelled the kinematic numerators

appearing in the four-point contact term in (2.5a) by n'*, ni4), and n'"). They are given by

)

N’ = (&1 &3)(6y - €4) — (€1 - €4)(&; - &),
N = (e )(es - £ + (61 €3)(E; - €4) S (2.50)
ny = (e e (e, - E3) (€1 £))(Eg  £5) -

Upon summing up (2.5a), the four-point tree-level scattering amplitude is a sum over the three trivalent diagrams,

cn  ¢cn c,n
d, . = —ig? SS+_’+”” 2.6a
40 g ( S : " (2.62)
with
n = n + s, n = n,— ¥, n =n,— unt? (2.6D)

Note that any n-point L-loop diagram with a four-point contact term is accompanied by three diagrams that are identical except that
the four-point contact term is replaced by the s-, t-, and u-channel trivalent diagrams, and the above argument can be applied. Of
course, this can be realised at the Lagrangian level by introducing an auxiliary field strictifying the action to be cubic.[®!

Remark 2.1. We may introduce the colour-stripped vertex F,,, in momentum space, intentionally written as ‘structure constants’
analogous to f;,,

n

ﬁHIMZHS(prZ,p?)) — 2= PISUMM‘FP% nlizus +pg}“12nl13ul , (2.7)
p3

so that

n, = 5/1415/242 quzpﬁpumeg}ef sy = ‘9}141‘954Fmpmﬁpumsgzgsh sy = 5;1‘16‘3% Flﬁ/’ﬂz F"”Mzsgzsf“ : (2.8)

This observation will become important in Section 2.3.

Generalised Gauge Transformations: We note that the three colour numerators satisfy the Jacobi identity,!2

¢, —¢,—c, = UL =0, (2.9)
so that a shift of the kinematic numerators by an arbitrary function a,

!/ / / ! !/ !/
ng— n-—sa, n e n+ta, n - n +uax, (2.10)

leaves the amplitude (2.6a) invariant. These shifts, corresponding to an additional freedom in the choice of the kinematic numerators,
were referred to as generalised gauge transformations in [4]. Of course, this applies to any triple of trivalent diagrams (i, ], k) that only

12 Here, square brackets indicate anti-symmetrisation of the enclosed indices.
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differ in a common four-point subdiagram with colour numerators satisfying a Jacobi identity of the form c; + ¢; + ¢, = 0, where the
generalised gauge transformation acting on the corresponding kinematic numerators is given by

n = nt+sa, N ntsa, ne g +sa, (2.17)

and s;, 5;, and s, are the Mandelstam variables of the common four-point subdiagram in which the three diagrams differ.

2.2. Colour—Kinematics Duality

Bern—Carrasco—Johansson Duality: The Bern—Carrasco—Johansson (BCJ) colour—kinematics duality conjecture now states the fol-
lowing.

Conjecture 2.2 (Bern—Carrasco—Johansson,I*°). There exists a choice of kinematic numerators of the trivalent diagrams entering the
scattering amplitude &, ; such that

(i) whenever a triple of trivalent diagrams (i, , k) has colour numerators obeying
c+ci+c =0 (2.12a)
due to the Jacobi identity, then the corresponding kinematic numerators obey precisely the same identity
n+n+n, = 0; (2.12b)
(i) ifin any individual diagram, ¢; = —c; under the interchange of two legs, then n, — —n; at the same time.

Three- and Four-Point Tree-Level Gluon Scattering Amplitudes:  Evidently, the tree-level three-point scattering amplitude (allowing
complex momenta), which consists of a single diagram, trivially satisfies the duality since under interchange of any two edges ¢ =
f — —c, since f* is totally anti-symmetric, and the same is true for n = £} e}’¢" F o, Since F, s totally anti-symmetric.

The tree-level four-point scattering amplitude was known to satisfy colour—kinematics-duality before the notion of this duality
had been articulated.?”>?%¢] Indeed, using momentum conservation Y, p; = 0 and transversality ¢, - p; = 0, (2.5b), (2.5¢), and (2.6b)

immediately imply that the kinematic numerators satisfy
’ / LA
n—n—n =0. (2.13)

This agrees with the colour Jacobi identity ¢, — ¢, — ¢, = 0. Note that this would have failed without the additional contributions from
the four-point contact term (2.5c). At higher points, one would also need the on-shell conditions p? = 0.

The fact that the kinematic identity holds without any intervention besides blowing up the four-point contact term is due to the
special kinematics of the four-point amplitude. At higher points, not all possible choices of n; will satisfy the required kinematic
identities. Already at five points it is non-trivial,l*] although there is a particularly nice representation of the colour-kinematics-dual
amplitude in this case.[??’]

General Tree-Level Gluon Scattering Amplitudes:  Thinking of the (2n — 5)!! colour ¢; and kinematic numerators n; as column vectors,
denoted by ¢ and n, we can trivially rewrite the n-point tree amplitude as

. 6ij
o = ¢'Dn with D; = E} (2.14)

o,

n,

The number of linearly independent (under the Jacobi identities) colour numerators c; is (n — 2)!, which, using the multi-peripheral
colour decomposition of [228], is seen to be the same as the number of linearly independent partial colour-stripped scattering ampli-
tudes A = A, (120, (34 -+ n)) under the Kleiss—Kuijf relations,”””) where {5, }'~* = S, , and A, ,(1 - n) is the colour-ordered n-gluon
tree amplitude.

Thus, we can choose a subset consisting of (n — 2)! linearly independent colour numerators, also called primaries, and put them

1

=(n—2
into a (n — 2)!-component column vector c,,. The rest are generated by the Ztéi ! ﬁq); 2 Cﬁk(n — 2)! linearly independent Jacobi
identities,
¢ = Je,, (2.15)
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where J is a (2n — 5)!! X (n — 2)! matrix encoding these relations. For example, at four points, in the conventions of (2.5a), we can
choose c,, ¢, as our primary colour numerators, and then

11
J=1|1 of (2.16)
0 1

In this form, colour-kinematics duality requires the existence of kinematic numerators satisfying
n=Jn,. (2.17)

We also have the (n — 2)! ostensibly linearly independent (prior to applying the BCJ relations) n-point partial amplitudes A, = A’
which may be written as

A= Pn, (2.18)

where P is an (n — 2)! X (2n — 5)!! matrix of propagators with signs determined by the permutations defining the components of A
relative to the colour order of the corresponding graphs.
If (2.16) can be realised then

A= PJn,. (2.19)

Note that, while this relation looks as if it immediately identifies the colour-kinematics duality respecting n in terms of the partial
scattering amplitudes, PJ is necessarily singular.

However, the required relations are purely algebraic, and we can solve for (n — 3)! elements of n,, in terms of (n — 3)! partial
amplitudes and the remaining (n — 2)! — (n — 3)! = (n — 3)!(n — 3) elements of n,. On substituting this solution back into (2.18), we
encounter a surprise: the dependence of the remaining (n — 3)!(n — 3) partial amplitudes on n_, drops out entirely, and we are left with a
new set of relations amongst the (n — 2)! partial scattering amplitudes. These are known as the BC] relations and were introduced in [4],
where they were shown to hold explicitly up to eight points. Assuming the colour—kinematics-duality, the (n — 2)! partial amplitudes
are in fact an overcomplete basis, which is reduced to (n — 3)! linearly independent partial amplitudes by the implied BC] relations.

Conversely, given the BCJ relations it is possible to explicitly construct a representation of the total amplitude such that colour—
kinematics duality holds.[?>?3% The n-point BC] relations were shown to hold in [7, 8] by considering the &' — 0 limit of string
theory monodromy relations, confirming the colour—kinematics duality conjecture at the tree level. The BCJ relations may also
be deduced from pure spinor cohomology.!l There are a number of powerful stringy perspectives on the BCJ relations, see
for example,[?151232233] including ' deformations respecting colour-kinematics duality.?3¥ A purely field theoretic derivation
was given in [235] using only Britto—Cachazo-Feng-Witten recursion.?’¢] They were also established in N = 4 super Yang-Mills
theory,?*”l which contains the Yang-Mills case, using the Roiban—Spradlin-Volovich-Witten connected formalism. Recently, it has
been shown,[* via a residue theorem, that the tree-amplitudes written in terms of intersection numbers!***% automatically satisfy
the colour-kinematics duality.

Colour—Kinematics Duality for Loops: Our discussion so far has been restricted to the tree level. The statement of the duality for
loops is the same as for trees, up to some minor subtleties. In particular, the kinematic numerators are functions of the loop momenta.
Moreover, the kinematic Jacobi-type identities are functional identities at the loop level. Hence, one cannot straightforwardly solve for
the kinematic numerators via a pseudo-inverse as in the tree-level case.

The four-point one-loop example in N' = 4 supersymmetric Yang-Mills theory is particularly simple, due to the simple structure of
one-loop amplitudes.[2402*1] See for example [20,21,23]. For Yang—Mills theory at one and two loops, see [242]. For detailed examples
at three loops, see for example [5, 243]. These simple cases make it clear that colour-kinematics duality can work at the loop level.
However, the proof of colour-kinematics duality at the tree level given in [25, 230] relied on the Kawai-Lewellen—Tye relations and
therefore does not extend to loop level. At the time of writing there is no proof that colour—kinematics duality will hold to all loops,
despite an impressive number of highly non-trivial concrete examples.[>31737:39:41:56,63-66,242,244-246]

2.3. Double Copy

Graviton Scattering Amplitudes: Expanding the Einstein-Hilbert action perturbatively around the Minkowski background g,, =
n,, + kh,,, we can construct graviton scattering amplitudes as pioneered by DeWitt.**’-**l The Feynman diagrams for gravitons
include n-point vertices for all n, and schematically we have

s = -1 / d'x /=g R ~ / d'x Y K"aon"2, (2.20)
n=0
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where 2x? = l6nGg) is Einstein’s gravitational constant.”®> However, just as for the four-point vertex in Yang-Mills theory, these can
all be absorbed into the kinematic numerators of the purely trivalent diagrams. For example, consider a purely trivalent diagram i,

L which is

N
contrlbutlng —, where N; is the kinematic numerator, to the amplitude integrand, and another diagram i), contributing
it

identical except that one trivalent four-point sub-diagram with propagator s has been contracted to a four-point vertex. Then, sdim =d,

and so,
Ni + N‘m N + SN’M Ni, 2.21
e T T4 T 221

i i 1 i

This argument is not affected by the inclusion of the Kalb-Ramond and dilaton sectors. Consequently, the N = 0 supergravity scat-
tering amplitudes structurally resemble closely the gluon scattering amplitudes (2.1),

q .
Z / H I:S 2” (2.22)

Double Copy: What is less immediately apparent is that the BCJ double copy prescription implies that, given colour-kinematics
duality, the N = 0 kinematic numerators, for factorisable external states, can always be written as a product: N; = n,f,. More precisely,
let us state the BC] double copy prescription for Yang-Mills theory!>®l: given any two n-point L-loop gluon scattering amplitudes,

dp, cn;
n33Ln22L 1
B = (T Z/H(Zﬂds 4,

n 2+2L

Z, = (=y(5)

(2.23)

- d?p, cfi
n33L n—2+2L
S e Z/H(Zzzds d

at least one of which respects colour—kinematics duality', let us assume it is &, ,, we may ‘double copy’ by replacing the colour
numerators by kinematic numerators which respect colour-kinematics duality, while sending g 5 , to generate a new scattering
amplitude,

n 2+2L

F,, = (-i)" 3+3L<

d
Z/H zﬂils n? ’ (2.24)

which is guaranteed to be a bona-fide scattering amplitude of N = 0 supergravity. This remarkable fact was conjectured in [4, 5]
and shown to be true in [6]. Note that this is an all-loop-order statement: if colour-kinematics duality holds to all loop orders, then
N = 0 supergravity is the double copy of Yang-Mills theory to all orders. The open question, in this context, is whether or not colour—
kinematics duality holds to arbitrary loop order.

We have discussed only pure Yang—Mills theory and N = 0 supergravity. However, as mentioned in Section 1.4, there is an ever-
growing zoo of colour—kinematics duality respecting and double copy constructible theories. There are also various counterexamples,
the most obvious being Yang-Mills theory coupled to adjoint fermions in a non-supersymmetric way.*’] Such a coupling is incom-
patible with the assumption of colour-kinematics duality, which implies that the fermion couplings obey a Fierz identity that ensures
supersymmetry. The latter is also evident from the double copy perspective: the product of gluon and fermion states yields gravitino
states, which must couple supersymmetrically.

2.4. Manifestly Colour-Kinematics-Dual Action

The decomposition of scattering amplitudes into diagrams with trivalent vertices raises the question if there is an action principle for
which these diagrams are the genuine Feynman diagrams. The homotopy algebraic perspective which we adopt in the rest of the paper
yields the general statement that for any BV quantisable field theory there is a physically equivalent action with only trivalent vertices,
cf. Section 8.3. We call the latter theory a strictification of the former, because the homotopy algebras underlying a field theory with
trivalent vertices is called strict'>. An example of a strictification of four-dimensional Yang-Mills theory is the first-order formulation
with an additional self-dual two-form.[?°] In the case of the double copy, however, manifest colour—kinematics duality requires a
different strictification, which we review below.

13 See Section 5.4 for more details on the perturbative analysis of the Einstein-Hilbert action.

4 The c; should not be explicitly evaluated under the integral (i.e. internal indices should not be summed when the corresponding momentum is
undetermined) in case they accidentally vanish before being replaced by the loop-momenta dependent kinematic numerators.

15 Mathematicians would also use the terms rectification and rectified.
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Reorganisation of General Tree-Level Scattering Amplitudes:  For each tree I' containing a higher-than-trivalent vertex with n external
vertices, consider its contribution o/ to a total scattering amplitude A. We split &/ into a sum over trivalent trees with the same
number of external vertices,

dpo= Y A, (2.25)

I €Tree; ,

where Tree; , is the set of trivalent trees with n external vertices. The value of each summand is to be determined later by the colour—
kinematics condition. Doing this for every tree involving a vertex which is higher than trivalent (the case where I' is already trivalent
is trivial), we have reorganised the tree-level amplitudes of our theory into a sum over trivalent diagrams:

> = Y A, (2.26)

T'eTree, I €Tree; ,

where

dl, = Y d[),. 227
I'ETree,

We require that our reorganisation be local: the way each n-ary vertex is resolved into a trivalent tree subdiagram is independent of
the rest of the diagram. It then suffices to specify, for each n-ary vertex with n > 4, how to split it into a sum over trivalent trees. That
is, for the tree diagram T, with n external legs and one internal n-ary vertex, i.e. the n-point contact contribution with a single n-ary
vertex, we specify its decomposition

NI
o 3 - 3 A s

I ETrees , T’ ETree; ,
where we have chosen a particular ansatz in order to satisfy the colour—kinematics identities:

(i) D(I")is a differential'® operator of degree 2(n — 3) which is the product of the inverse propagators [] corresponding to the n — 3
internal edges in I, i.e. the kinematic denominator. In particular, D =[] forn = 2and D = 1 for n = 3.

(ii) N(I") is a differential operator, corresponding in momentum space to a polynomial of the external momenta p, ..., p, and the
polarisation vectors ¢, ..., £,,.

Because only vertices of degree at most n contribute to the n-point amplitude, we can solve for these decompositions recursively.
Concretely, supposing that one knows the decomposition for all vertices of degrees at most n, then one simply writes an equation in
as many unknowns as there are for all possible ways to decompose the (n + 1)-ary vertex into trees, and solves for the colour—kinematics
duality equations (a system of linear equations) at n + 1 points. The initial case of the iteration is n = 2, where the decomposition of
trivalent vertices is trivial, and one must verify that the colour—kinematics identities hold for tree-level three-point functions.

A priori, at each level of the iteration, i.e. for any given n, there may be infinitely many solutions or no solutions; tree-level colour—
kinematics duality of the amplitudes of a field theory then amounts to the assertion that the latter is never the case.

Colour—Kinematics-Dual Yang—Mills Action: We now specialise to the case of Yang-Mills theory with the physical field being the
gauge field. For simplicity, we shall work in Feynman gauge.!” The Yang-Mills action only contains terms up to quartic order in
the field, but this does not mean that we cannot split the vanishing quintic and higher-order terms into sums that are attributed to
different trivalent trees; indeed, such a procedure is necessary to fulfil the colour-kinematics identities. For Yang—Mills theory, we can
be more precise about the ansatz:

c(I")n(”)

dy = Y ATy = Y D)

I ETrees , I €Tree; ,

(2.29)
where the denominator D(I") is as before, but the numerator has been split into the colour numerator ¢(I") and the kinematic nu-
merator n(I""). More explicitly,

(i) c(I) is a group theory factor, corresponding to contractions of n — 2 copies of the colour group structure constants corresponding
to the vertices of the trivalent diagram I'".

16 n fact, pseudo-differential for n = 2.

. . . . s . . - HpY
17" For a general linear Lorentz-covariant gauge, the kinematic numerator n will instead be a rational function containing terms such as pp—f.
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(ii) n(I") is a differential operator of degree n — 2, corresponding to the kinematic numerator; equivalently, in momentum space, a
polynomial expression of the external momenta and polarisation vectors, whose degree is homogeneously n — 2 in terms of the
momenta and k in terms of the polarisation vectors.

The exact form of this splitting was computed in [80], with the first few terms contained in.[6] In the former paper, the authors
present their result in terms of a (non-local) action with the Lagrangian

M =M+ Mt (2.30)

in which the n-th order term is

M _ Z O tr{ [A”GU)’ A”rr(z)] [ [A#otx)’A/‘om] e Alhr(n)]}
n - nI’ Dj .. D}

IETree;,

: (2.31)

n1 nn-3

where the permutation ¢ is determined by the tree-level diagram I and where O, is a sum of polynomials in the inverse Minkowski
metric #*¥ and n — 2 partial differential operators 9, acting on one of the n occurrences of the field A in the numerator.

Note that the expressions for the splitting of the higher-arity vertices are simply substituted into the ordinary Yang—Mills action,
even though the resulting expression is simply algebraically equal to the original Yang—Mills action (in particular, the higher-order
vertices vanish due to colour Jacobi identities), giving an impression reminiscent of the ‘ghosts of departed quantities’ of Newtonian
calculus.®!l However, there is nothing mysterious about this action; it simply expresses how higher-order vertices, most of which are
zero, are split apart and distributed into trivalent trees.

The order-by-order calculation of the splitting of the higher-degree Feynman vertices is, in principle, a straightforward exercise, and
there is nothing specific to Yang—Mills theory (apart from perhaps the ansatz of the numerator), provided that the tree-level colour—
kinematics identities in fact hold. In particular, one can readily compute such a splitting for gravity, except that there the ansatz is of
a different form,

Hr, = Y H(T) = n(r,)Z, (2.32)

'
I €Tree; , I €Tree; , D(F )

where the colour numerator is replaced by another copy of the kinematic numerator.

In dealing with scattering amplitudes, we can freely use the on-shell condition p? = 0 and the transversality condition ¢, - p; = 0 for
the external momenta p; and polarisation vectors ¢; when performing the above manipulations. Thus, the action is colour—kinematics-
dual only on shell.

3. Non-Linear Sigma Model and Special Galileons

Before delving into the details of the double copy of Yang-Mills theory to N = 0 supergravity, we first consider the simpler example
of the double copy of the non-linear sigma model on a Lie group to the special galileon.[?$5489222252] This example is considerably
simpler because we can ignore the technicalities due to gauge symmetry and Becchi-Rouet—Stora—Tyutin (BRST) quantisation.

In this simpler example, the non-linear sigma model enjoys a flavour—kinematics duality, the analogue of colour—kinematics dual-
ity in Yang—Mills theory. The roles of these two dualities differ slightly: whereas in Yang—Mills theory the colour-kinematics duality
ensures the existence of a BRST operator in the double copy, the flavour-kinematics duality in the non-linear sigma model ensures
(amongst other things) avoidance of the Ostrogradsky instability. This instability generically arises for Lagrangians involving deriva-
tives of higher order than two, in which the Hamiltonian is unbounded from below, cf. e.g. [253].

3.1. Review of the Essentials

Let us first recall some of the background material.

Non-Linear Sigma Model: Consider d-dimensional Minkowski space M := R with metric (y,,) = diag(-1,1,...,1) with
u,v,...=0,1,...,d — 1 and local coordinates x* together with a semi-simple compact matrix Lie group G. To define the non-linear
sigma model action, we are interested in maps g : M? — G, or rather their flat current

Ju=g70,8, (3.1)
which takes values in the Lie algebra g of G. We take e, as a basis of g with a,b, ... = 1,2, ...,dim(qg), [e,, &,] = f;, €, with [-, —] the
Lie bracket on g, and (e,, e,) = —tr(e,e,) = §,, with ‘tr’ the matrix trace. The action without a potential term is then given by

SNISM = 2 / dxtrfj '} = -3 / dx(g7'9,8).(g7"0"g)" . (3.2)
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and this special case is also called the principal chiral model.

Upon setting’® g := e? and ad,,(-) := [¢, =] for ¢ : M? — g, and using the formula
, - 1—e™ ¢ -
j, = etoel = 0 Z d)(0,9) (3.3)
n=l 0 !

which follows from the Baker—Campbell-Hausdorff formula, we may rewrite (3.2) as
SNLSM. /dd — )) 7 tr{a ¢ad2”(d”¢)} (3.4)

Because of the symmetry ¢ — —¢, corresponding to the symmetry g — g=! of (3.2), there are only Feynman vertices of even degree,
each of which contains exactly two derivatives.

Galileons:  As mentioned above, a generic Lagrangian involving derivatives of higher order than two runs into the Ostrogradsky
instability. We can avoid this if we carefully select an ansatz such that even though the action contains higher-derivative terms, the
corresponding equations of motion are at most of second order in the derivatives. For a scalar field theory, the most general such
ansatz is that of the galileon, 255251 see also [260] for a review.

The galileon theory is a theory of a scalar field ¢ which is invariant under the Galilean-type symmetry

d(x) — P(x)+c+ bﬂx“ , (3.5)

where ¢ is a constant and b, is a constant vector on M¢. In d space-time dimensions, there are d + 1 possible terms that satisfy the

u
Galilean-type symmetry. Specifically, the general action is of the form!2>?]

d+1 n-1 d
sGal = /dd Z @, 2% with LS = et hagh <H amt)hd))(H ”Mm)’ (3.6)
i=1 i=n

where e#1#4 is the usual Levi—Civita symbol. This action is parametrised by the d + 1 coefficients «;, among which «;, corresponding
to the tadpole S’f"ﬂ « ¢, should be set to zero, and a,, corresponding to the kinetic term QZG‘“ o« ¢[J¢ where [] = 9,0", should be
canonically normalised. Thus, one obtains a (d — 1)-dimensional moduli space of possible galileon theories in d space-time dimen-
sions.

There is a special point in this moduli space called the special galileon,!1°201:262]

1 d 1 ,
a, = ﬁ(zn—l)m and Uy = 0, (37)

where M is a mass scale. At this point, the scattering amplitudes become extremal in a specific sense. In particular, all amplitudes
with an odd number of external particles vanish, which is not the case for the generic galileon theory.['>) Operationally, it may be
defined as the galileon theory obtained by double-copying the scattering amplitudes of the non-linear sigma model.

3.2. Flavour-Kinematics Duality and Double Copy
We will transform the non-linear sigma model action (3.4) into that of the special galileon via the following steps:

(i) Put the non-linear sigma model action into a manifestly flavour—kinematics-dual form.
(ii) Introduce infinitely many auxiliary fields to render the action cubic (i.e. strictify) in a manner compatible with flavour-kinematics
duality.
(iif) We square the coefficients of the cubic action to obtain a raw double-copied action.
(iv) Upon integrating out the infinite tower of auxiliary fields of the double copy and a suitable field redefinition, we are guaranteed
to recover the special galileon action.

Unlike the case of Yang—Mills theory, we will not need a detailed argument to ensure the existence of a BRST operator.

18 We use here the exponential parametrisation g = e®. There are other possible parametrisations used in this context in the literature, such as the Cay-
ley parametrisation (see e.g. [254]). Our treatment below, however, does not depend on the choice of parametrisation as long as this parametrisation
is defined by an equivariant map g — G, where both g and G are equipped with adjoint actions.
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Manifestly Flavour—Kinematics-Dual Action: As explained in Section 2.4, once it is known that flavour—kinematics duality (and
hence double copy) holds at the tree level, it is automatic that one can write down a manifestly flavour-kinematics-dual form of the
action.

In particular, we may organise the infinitely many terms or the Lagrangian ZNSM .= 37 ' ZNISM of the non-linear sigma model
Lagrangian (3.4) into a manifestly flavour—kinematics-dual form as

gy =y Oznyrtf{[¢y¢][~-[¢,¢]~-,¢]}

TeTrees 5, Djm,m o DjZn,F,Zn—3

, (3.8)

and this expression needs to be read as follows. Firstly, O,,, - is a sum of polynomials in the inverse Minkowski metric #** and 2(2n — 2)

partial differential operators 9, acting on one of the 2n occurrences of the field ¢ in the numerator (and rendering the commutators

non-trivial). Secondly, the subscripts on the inverse wave operators similarly indicate which product of fields'® they act on. Finally, the

sum ranges over trivalent trees I' with 2n external legs, in which the flavour contraction is determined by the topology of the tree I'.
In particular, forn =1,

LM = Cr{p O} (3-9)

is the canonical kinetic term.

The Lagrangian (3.8) is the analogue of the manifestly colour—kinematics-dual Lagrangian (2.31) for Yang—Mills theory. The former
perhaps seems less strange than the latter, because unlike Yang—Mills theory, the non-linear sigma model already has an infinite
number of terms to begin with. The method of construction of the manifestly dual action, however, is exactly the same in both cases.

Strictification: The flavour-kinematics-dual action (3.8) has two defects: it is neither local nor cubic?’, and thus does not produce
exclusively cubic Feynman vertices. We can remedy both defects by introducing an infinite tower of auxiliary fields. We note that to
a fixed order in perturbation theory (with a bounded number of external legs and loops), the number of auxiliary fields that enter is
always finite, just as in ordinary Yang—Mills theory, cf. Observation 8.10 below.

In the case of the non-linear sigma model, we require two scalar auxiliary fields C' and C?, both in the adjoint representation, at the
quartic order; quintic and higher orders will each require multiple auxiliary fields, all of which are Lorentz tensors, but with varying
numbers of Lorentz indices, and take values in the adjoint representation. The strictified action is of the form

st = [ dixul 1909+ CLOCH +aClp 001+ POICHB, 0,01+ -} (310)

where the dimensionful coefficients a and f§ are tuned so as to give the correct four-point amplitude and to manifest flavour—kinematics
duality. Notice that the strictification is not arbitrary, but mostly determined by the form of the manifestly flavour-kinematics-dual
form of the action (3.8).

Double Copy: The next step is to engineer an action which reproduces the double copy of the flavour—kinematics-dual amplitudes
on the nose, and it is not hard to see that this consists essentially of the following:

(i) We take the tensor square of the field content (¢, C', C2, ...), so as to obtain an infinite quadrant of fields,

— . 1 o )
P =¢d®P CL’M = CM®¢ CL'M = Cﬂ®¢
. 1 &1 . 1 /12— 2
CR'M : ¢®Cﬂ C = CM®CV C = C}4®Cv

LR,uv LR,uv

(3.11)

2 . 2 21 . 2 1 22 .. 2 2
CR,u : ¢ ® C;t CLR,;IV '_ Cu ® Cv CLR,MV — Cy ® Cv

all of which except for ¢ ® ¢ are regarded as auxiliary.
(ii) The kinematical terms are given by (off-diagonal) wave operators.
(iii) The interaction vertices are simply the products of two of the interaction vertices of the non-linear sigma model.

The double-copied action is then

- - - - - - - - =22y d_ ~ VT =11y I
5% = / dx{(360¢+1C, 00" +18, 0" +1C, OCH" +-) +A7(Cl (00916 + Ty (0,810,

+a%(9,C")(9,C1") b+ o*(0,C17)(0,H) Cy* + @’ C"(0,0,8) Cy” + o* C1"(9,C1")0, b + -+ ) } : (3.12)

19 Corresponding to an internal propagator in the Feynman diagrams.
20 Or strict, in homotopy algebraic language; cf. Appendix A.4.
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where in the interests of brevity we have only shown the terms corresponding to the double copy of ¢ and C!. Note that we have
introduced a new mass scale A in the double copy, in the same way that the Planck scale enters during the double copy of Yang—Mills
theory to Einstein gravity.

The six interaction terms shown above, corresponding to the strictification of a quartic galileon interaction, illustrate the six possible
ways of double copying the flavour-stripped interaction vertex C;1¢ 0" ¢ namely, schematically,

Cl' ap ¢ Cl op ¢ Cl dp ¢ Cl' dp ¢ Cl ap ¢ Cl op ¢
® , ® , ® , ® , ® , ® . (3.13)
Cl' ap ¢ cl ¢ ¢ ap C' ¢ ap ¢ C! ¢ op C ¢ C' op

By construction, the action (3.12) reproduces the double copy of the amplitudes of the non-linear sigma model and its tree-level
amplitudes coincide with those of the special galileon.

Physical Equivalence: To compare against the usual action of the special galileon S, we can either integrate out the auxiliaries of
SPC or rewrite $°*! in manifestly flavour—kinematics-dual cubic terms, introducing a tower of auxiliary fields. We will give arguments
in both cases; the former involves a small suspension of disbelief, the latter does not have this gap, but is more indirect.

In the first version of the argument, we straightforwardly integrate out all auxiliary fields, i.. all fields except for ¢. One may worry
that the result is non-local. However, since the tree amplitudes are all local, the resulting terms will have to conspire to hide this
non-locality. Let us assume, and this is the slight gap in the argument, that this does not happen. That is, we obtain a local action she
of a single scalar field ¢ whose tree amplitudes agree with those of the special galileon.

The two actions 52 and $*%! certainly agree at the quadratic and the cubic levels (for which there are no vertices). They can differ
at the quartic level, but only up to terms that are not visible in the four-point tree-level amplitude, because the tree-level amplitudes
agree. That is, the difference has to be of the form

/ddxtr{ZD¢3+(9(J>5)}, (3.14)

where Z is some local cubic Lie algebra-valued functional of ¢. In this case, we can perform a field redefinition of either side of the
form

b d+oz (3.15)

with the coefficient 6 tuned such that SP°[¢ + 0.Z] agrees up to the quartic level with the action of the special galileon.

We can then iterate this argument at the quintic, sextic, etc. orders. The sceptical reader may still worry about whether this sequence
of field redefinitions converges, but this is irrelevant from the perspective of perturbative quantum field theory, since to any desired
order in perturbation theory, only finitely many interaction vertices contribute.

Note that for the computation of n-loop amplitudes at certain loop orders, the degree of the appearing vertices is bounded from
above, and we can conclude that from the perspective of perturbative quantum field theory, the two actions agree up to a local field
redefinition.

Notice that we started with an action with infinitely many terms which, after a suitable field redefinition, reduces to only finitely
many terms. This is reminiscent of how the infinitely many terms of perturbative gravity reduce to a single term of the Einstein—
Hilbert action. Furthermore, a Galilean-type symmetry has appeared that avoids the Ostrogradsky instability. Presumably, if one had
started from a generic theory of adjoint scalars without flavour-kinematics duality, or if one started with a strictification of the non-
linear sigma model that did not manifest flavour—kinematics duality, then our construction would have yielded a galileon-like theory
that, nevertheless, would not avoid the Ostrogradsky instability. The miracle of the Galilean-type symmetry is opaque in our formalism
(unlike the BRST symmetry in the gauged case), but it nevertheless occurs.

Upon path-integral quantisation, such field redefinitions produce a Jacobian in the form of local operators, which can be cancelled
by local counterterms. Hence, the double copied action and the action of the special Galilean define equivalent perturbative quantum
theories up to local counterterms.

We now give the alternative, gap-free but less direct argument. To ensure locality throughout, instead of integrating out aux-
iliary fields from SP¢, we will introduce auxiliaries into S, In the strictified action (3.10), the auxiliary fields can be formally
put on external legs, with well defined, local tree-level scattering amplitudes. The latter are particular collinear limits of ¢-only
amplitudes, i.e. tree-level scattering amplitudes whose external legs are exclusively copies of the field ¢. Similarly, the action of
the special galileon can be put into a manifestly flavour—kinematics-dual form, by which we mean the kinematic numerators fac-
torise into kinematic Jacobi identity respecting pieces. This form of the action can then be strictified introducing auxiliary fields.
In doing so, we must take care to introduce the special galileon auxiliary fields in a manner compatible with that of (3.10):
namely, the special galileon auxiliaries’ equations of motion are the double copies of the non-linear sigma model auxiliaries. Then
tree-level flavour-kinematics duality implies that the double copy relation holds not only between ¢-only amplitudes of SN'SM
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and ¢-only amplitudes of $°¢%, but also between SN'M amplitudes with external auxiliaries and S amplitudes with external
auxiliaries.

Thus, by construction, all tree-level amplitudes agree between SPC and $°¢?, including those with auxiliaries on external legs; both
are local, cubic actions. Now, the field-redefinition argument above applies to this pair of actions as follows. If SP€ and $°¢¥! differ,
then the difference must be of the form

3lg) - $“lg] = Y, Z19100, (3.16)

for some local functionals Z‘[@], where @; stands for an arbitrary field, physical or auxiliary. Upon a field redefinition in SP¢ of the
form

@ - 9, +60'Z1], (3.17)

(no summation implied) we can tune the coefficients 8’ so that SP¢ and S*¢! coincide at the cubic level. Of course, this comes at
the cost of potentially introducing quartic terms into SPC. But the argument continues to work nevertheless: since the quartic terms
possibly present in SP€ are not visible at four-point tree amplitudes, they must be proportional to []@;, which in turn can be absorbed
by a field redefinition, possibly producing quintic terms in SP°. Another field redefinition pushes the quintic terms to sextic ones, the
sextic ones to septic ones, and so on ad infinitum.

Again, the convergence of the field redefinitions is not of interest to us: to any desired order in perturbation theory, we only need
finitely many interaction vertices. Thus, the loop amplitudes of SP¢ and S$*¢%! agree to any desired order in perturbation theory, up to
local counterterms; they define equivalent perturbative quantum theories up to local counterterms.

Relation to Prior Work:  Let us briefly point out how our approach differs from the related prior work of Cheung—Shen.!®! Inspired
by a particular dimensional reduction of Yang-Mills theory in 2d + 1 space-time dimensions,[>®}] the non-linear sigma model is here
effectively embedded as a subsector into a theory of two vector-like fields and a scalar. The action of this larger theory is already
in flavour-kinematics duality manifesting form. The special galileon then appears as a particular subsector of the square of this
theory.

The way that Cheung-Shen construct the double copy is similar to ours, except that their action is already strictified with a finite
number of fields. We have seen that if we drop this restriction and allow ourselves an infinite tower of auxiliary fields, then it is not
necessary to add any new degrees of freedom (except auxiliary fields), and the double copy becomes exactly the special galileon upon
integrating out the auxiliary fields.

3.3. Formulation in Terms of Homotopy Algebras

The previous construction can be elegantly formulated using the language of homotopy algebras?!, and this reformulation serves
again as a simpler example of our perspective on the gauge-gravity double copy.

L, -Algebra of The Strictified Non-Linear Sigma Model: Feynman diagrams are constructed using n-point vertices that, with some
bias, can be regarded as taking n — 1 input fields and combining them into a new field. They also involve propagators, which are the
inverses of differential operators mapping a single input field into a new field. Both of these structures can be regarded as ‘higher
products’

M P R — 8 and 4, 1 X - (3.18)

of an L -algebra 8 with underlying graded vector space & = @,., &;. Here, &, is the vector space of all fields and &, is a second copy
of &, shifted by one in degree and identified with the space of BV anti-fields. This is the space in which the ‘right-hand side’ of the
equations of motion takes values. Usually one has further nontrivial vector subspaces &; with i < 1 describing gauge symmetries and
R, with i > 2 describing Noether symmetries; we will come to this later when discussing Yang—Mills theory.

In the case of the strictified non-linear sigma model, we have no gauge symmetry, merely chiral fields and exclusively trivalent
vertices. Therefore

QNLSM,st = QTLSM,St @ 2£\ILSM,St , (319)

21 Relevant definitions and results on homotopy algebras are collected in Sections 4.2, Appendix A, but we shall not need them yet in this section,
which is a gentle motivation of some of these definitions.
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, 2§LSM’St =~ E?LSM'“, and we have only

where £)"*"* is the space of all possible field configurations (including the auxiliary fields)
two non-vanishing maps

NLSM,st . QNLSM,st NLSM, st
Hy U - g

’

(3.20)
M;ILSM,st . SI{ILSM,st % Bll\ILSM,st N QEILSM,st .
For example,
w @) = O e M, Wb, ¢) = Oo"d) + (3:21)
N——
eQNLSM,st
2,c1+

where B%EM’“ and 22\ are the subspaces of £ in which the anti-fields ¢* and C'* take their values. We note that s, "**"*" is
graded anti-symmetric (i.e. symmetric when forgetting about the degree of the fields), and we have the usual polarisation identity

B Gy ) = (1 + by + ) — 1) — ) ) (3.22)

We also have an inner product (-, —) on V!5M:st of degree —3, which pairs elements in )"*""*' with elements in 2)***"*. The action
of the non-linear sigma model is then given by the homotopy Maurer—Cartan action for gN!SM-st,

%(a,ﬂi\lLSM,st(a» n %(a,M;ILSM,st(a’a» ) (3.23)

GNLSM,st _
where a is a generic element in ﬁ?LSM’St.

Factorisation:  Since every field (including the auxiliary fields) carries an adjoint representation of the flavour symmetry, we can
flavour-strip the fields in the theory in a similar way that one can colour-strip the fields in the case of Yang—Mills theory. In homotopy
algebraic language, this corresponds to a factorisation

QNLSM,st =g ® GNLSM,st =g ® GI{ILSM.st @ g ® G;ILSM,st , (3_24)
. ~ > . ~
=£I1\HSM,51 _ E;nsw[,;z

where € I{'LSM' o (SI;LSM’ * can be interpreted as the field space of a theory of an uncharged scalar field, together with a tower of auxiliary
NLSM, st

NLSM, st .
1 and U, factorise,

fields. Importantly, also the two maps u

Mi\ILSM,st — id®m11\ILSM,st and ”;ILSM,st - [_’ _]®m;\ILSM,st . (325)

NLSM, st

Because the map m,

is now graded symmetric (i.e. anti-symmetric after forgetting the fields’ degrees),

((@NLSMst pNISMLst pNLSM. st (3.26)
is not an L_ -algebra but a C__ -algebra.??

In the double copy of Yang—Mills theory, there is a kinematical factor that is treated on equal footing and interchanged with the
colour factor. We therefore should strip off this factor as well. In the non-linear sigma model, this corresponds to factorising the fields
into a single scalar field times the vector space of the Lorentz tensors on M? that the auxiliary fields form.

The graded vector space underlying EN"SM-st factorises as

CNHSMst = Rin ® Geal = Rin® Seal; & Kin ® Scal, (3.27)

7 o 7

— qscal _ qscal
_gl _21

where &cal; = Scal, is simply the space of a single scalar (anti)field, while

KRin= R & M @ M & (3.28)
M~ =~ Y~~~
¢ ct c?

22 Recall that the tensor product of a Lie algebra and a commutative algebra is a Lie algebra. We have just encountered an example of the corresponding
homotopy algebraic generalisation.
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The higher product m)"*** factorises trivially as

mll\ILSM,st = id® mll\ILSM,st ) (3.29)

NLSM, st

but the factorisation of m,

is harder. Notice that this higher product does two things:

(i) It implements the differential operator that appears as the kinematic numerator in the flavour—kinematics-dual form of the
amplitude.
(i) It multiplies the two fields pointwise, implementing locality.

We can disentangle the two functions by means of the twisted tensor product, whose precise definition will be given later in Section 6.3;
it suffices to say that it is custom-made to implement precisely the above separation. In terms of this twisted tensor product, we can
factorise

m;lLSM,st - mfin ®. ”Z@NII, (3.30)
where
e (b)) > didy (-31)

is simply the pointwise product of two scalar fields, and the twist datum = encodes the differential operators that appear as numerators
in flavour-kinematics duality. We further note that x$*" is symmetric in the fields (i.e. graded-anti-symmetric in the elements of

Scal) such that (Scal, uF", u£*") forms an L -algebra.
Double Copy:  Altogether, we have factorised the L -algebra of (the manifestly flavour-kinematics-dual formulation of) the non-

linear sigma model as
QNLSM,st =g ® gscal =g ® (ﬁm ®T @CQI) . (332)

In terms of this factorisation, the double copy prescription is straightforward to phrase. The field space and the action of the double-
copied form of the special galileon is given by the L -algebra

L = Qin®, (Rin @, Scal), (3.33)

where the double appearance of the twist datum 7 reflects the fact that the differential operators appearing in the numerator of the
flavour-kinematics-dual representation have been squared.

The validity of the factorisation (3.33) is not hard to see, in particular once one understands the link between higher products of
L -algebras and tree-level scattering amplitudes of the encoded field theories that we shall explain later in detail.

4, Field Theories, Batalin—-Vilkovisky Complexes, and Homotopy Algebras

In the following, we summarise how perturbative quantum field theory is naturally formulated in the language of homotopy algebras.
The bridge between field theories and homotopy algebras is provided by the Batalin—Vilkovisky (BV) formalism.!**”171] Qur discussion
follows the treatment in [178, 179]; see also [211] for a pedagogical summary and [203] for a detailed discussion of Feynman diagrams.
Basic definitions and results on homotopy algebras and homotopy Maurer—Cartan theory are collected in appendix A for convenience.
We start with the Becchi-Rouet-Stora-Tyutin (BRST) formalism for the archetypal example of Yang—Mills theory. This will also prepare
our discussion in Section 5.

4.1. Motivation

Yang—Mills Action: ~ As before, we consider d-dimensional Minkowski space M? := R"*~! with metric (y,,) = diag(—1,1, ..., 1) with
u,v,...=0,1,...,d—1 and local coordinates x*. Let g be a semi-simple compact matrix Lie algebra with basis e, with a,b,... =
1,2, ...,dim(g), [e,, e,] = [, €, with [, —] the Lie bracket on g, and (e, e,) = —tr(e,e,) = §,, with ‘tr’ the matrix trace.

The action for Yang-Mills theory in R.-gauge for some real constant ¢ in the BRST formalism reads as

S;’F\{AST = /ddx {_%FanFu“V _ Eaaﬂ(vuc)u + ghaba + buaﬂAZ } (413)
with
Fi o= 0,AY—0,A% +f"gAPA° and (V,0)" = 9,c" +gf,"Ac’, (4.1b)
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Table 1. Ghost numbers of the fields in Yang—Mills theory.

field @' A A b® e
ghost number |®']y, 1 0 0 -1

where g is the Yang—Mills coupling constant, A® are the components of the g-valued one-form gauge potential on M?, and ¢*, b?,
and ¢* are the components of g-valued functions corresponding to the ghost, the Nakanishi-Lautrup field, and the anti-ghost field,
respectively.

Z-Graded Vector Spaces: We note that the fields in the action (4.1a) are graded by their ghost number as detailed in Table 1. Therefore,
we should view them as coordinate functions on a Z-graded vector space B = @,_, B,. Elements of %, are said to be homogeneous of

degree k, and we shall use the notation |£|4 to denote the degree of a homogeneous element # € B.
The tensor product of two Z-graded vector spaces B and 28 is defined as

BRW = PBRW), with (BeBW), = PBVeBW, (42)

kez i+j=k

and the degree in B ® 2 is thus the sum of the degrees in B and 8.
We shall denote the dual of a Z-graded vector space B by 8,2 and we have

B = PEB), with (B), = (B)". (4.3)

kez

In particular, elements in 2, have the opposite degree of elements in (2B,)*.
Given a Z-graded vector space B, we can introduce the degree-shifted Z-graded vector space B[l for | € Z by

Bl = @EB), with (Bl), = By, . (4.4)

kez

For an ordinary vector space 28 = ,, for instance, B[1] consists of elements of degree —1 since only (B[1])_, = B, is non-trivial.
Note that (8B @ 28)[]] = B[] ® W = BV @ 2W[I] and (B[l])* = B*[-]] for all | € Z. For convenience, we introduce the notion of a shifi

isomorphism
c: B - B[ (4.5)

which lowers the degree of every element of B, that is, ¢ : B;, — (B[1]),_;-

We note that the action (4.1a) is built of polynomial functions and their derivatives. By the algebra of polynomial functions on a
Z-graded vector space B, we mean the Z-graded symmetric tensor algebra €= (2B) := (" B*. Basis elements of B* can be regarded
as the coordinate functions on 2. Explicitly, such a function looks like

f = f+Ef + 38+ € BB, (4.6)

where £ are basis elements of B* and f.f,,f, . ... are constants. We have £%&# = (=1)I"lu|&’lu £7£%_ Note that if % is a vector space of
some suitably smooth functions or, more generally, sections of some vector bundle, then the dual B*, being the space of distributions,
contains not only the ordinary dual coordinate functions but also all of their derivatives.

BRST Operator in Yang—Mills Theory: The reason for introducing ghosts in the first place is the gauge symmetry of Yang—Mills
theory, which in the BRST and BV formalisms is captured in a dual formulation as a differential on a differential graded commutative
algebra that is called the Chevalley—Eilenberg algebra. More specifically, this is the algebra of polynomial functions, and the differential
is a nilquadratic vector field Q : €*(B) — €= (V) of degree one, Q? = 0, known as the homological vector field. A Z-graded vector space
with such a homological vector field is called a Q-vector space.

The prime example of a Q-vector space is that of an ordinary vector space g with basis e, fora, b, ... = 1, ..., dim(g), regarded as the
Z-graded vector space g[1]. On g[1], we have coordinates £ only in degree one and thus, the most general vector field Q : €% (g[1]) —
€™ (g[1]) of degree one is of the form

e 0
b jga

Q = J&¢f, > Q= &L (4.7)

23 We will not discuss the analytical subtleties of this construction in the infinite-dimensional case, except to note that the dual spaces will be degree-
wise topological duals.
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for some constants f,,° = —f;,.°. The condition Q? = 0 is equivalent to the Jacobi identity for the f,,° so that Q induces a Lie bracket
les, €] = fu e, on g. The differential graded algebra (€=(g[1]), Q) is the Chevalley—Eilenberg algebra of the Lie algebra (g, [—, —]) to
which we alluded above. In order to translate between Q and [—, —], it is useful to define the contracted coordinate functions*

a=¢"®e, € (g1)' ®g (4.8)
of degree one in (g[1])* ® g. Consequently,

Qa = (Q¢") ®e,
S8 e,

-8 ®f, e,
4.9)

-3¢ ® ey el

L ®e, & ®e

= —%[a,a].

More general vector fields arise in the Chevalley—Eilenberg algebras of L_-algebras and L_-algebroids, cf. e.g. [178] for further
details. In the case of Yang-Mills theory, the homological vector field Q). describing the gauge symmetry acts according to

Qrsr b o Qs Qs Qs
¢ m —sghloe, e b, AL S (V' b s 0. (4.10)
These transformations are known as the BRST transformations and Q). as the BRST operator. One readily verifies that (Qt;)* = 0,

that is, Qpper is a differential. In addition, the action (4.1a) is Q). -closed, that is, QXN SIM =0, which ensures gauge choice
independence and unitarity of the physical S-matrix.
We shall denote the minimal field space® for gauge-fixed Yang-Mills theory by &

coordinate functions on 1Y [1]. Explicitly,

YM

rso but the ghost number is the degree of

QEII\{AST = 3;11\14510 & ggll\{AST,l & ggll\{lsT,z , 8?1\1451',0 = (gw(Md) ®g, ggll\iAST,l = (Ql(Md) ® %M(Md)) ®g, ggll\:slz = %w(Md) ®g

(4.11)

and ¢, A, b, and ¢ are coordinate functions on L. [1] = (L (1)1, Lver 1 [11= (LR Loxsr1[1] = (Lixsr[1])o, and

LM 1] = (™ [1]); and thus of degrees 1, 0, 0, and —1, respectively. Moreover, the action (4.1a) is a polynomial function

BRST, 2 BRST
Sirst € €= (Ripsr[1]) on R [1] of total ghost number zero, [Sic |z« @ 1) = 0. In the following, we shall write | — |, as a short-
hand for both | — |(g\éyﬁm),£ and | — I%m(gggﬂm).

The Q-vector space (2:M_ [1], Q3 ) describes the Lie algebra of gauge transformations as well as its action on the various fields,

which together form an action Lie algebroid. This becomes clear when comparing (4.10) to (4.9); the latter is the evident generalisation,
e.g. to the corresponding formulas for a differential graded Lie algebra.

We note that gauge-invariant objects are Q)M -closed and that gauge-trivial objects are Q] ¥ -exact. Therefore, physical observables
are in the cohomology of Qgpsr. The pair of fields (b, ©) is known as a trivial pair, as Q). links the two fields by an identity map. They
vanish in the Q¥_-cohomology and thus are not observable.

As in (4.8), it will turn out useful to define the contracted coordinates

a = / ' {(x) @ (0, ®5,) + ALY ® (e, 87 ®5,) +b(4) ® (¢, ®5,) + (¥ ® (¢, ®5,) } (4.12)

24 These are often used in the string field theory literature, albeit shifted such that a is of degree zero.
25 This graded vector space is, in fact, the space of sections of a graded vector bundle, and fields and their derivatives are sections of the corresponding
jet bundle; but these details would not enlighten our discussion any further so we suppress them.
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where e,, v#, and s, are basis vectors on g, T*M¢, and €* (M), respectively (and thus, we have an identification v# = dx*). It should
be noted that a is an element of (}Y. [1])* ® 2} of degree one, and it can be regarded as a superfield which contains all the fields
of different ghost numbers. The component fields can be recovered by projecting onto the respective ghost numbers. In the following,

we will write symbolically
a=00'Qe (4.12b)

for DeWitt indices I, ], ..., which contain Lorentz and gauge indices as well as space—time position. A contraction of DeWitt indices
involves sums over all discrete indices and evident integrals over the continuous ones.

4.2. Batalin—Vilkovisky Formalism and L_ -Algebras

The above example of Yang-Mills theory has demonstrated how Z-graded vector spaces and homological vector fields enter into
the description of a gauge field theory in the BRST formalism. In particular, gauge-invariant observables were contained in the
cohomology of Qgper. To fully characterise classical observables, however, we also need to impose the equations of motion. This
is the purpose of the more general Batalin—Vilkovisky (BV) formalism. As a byproduct, the BV formalism can cater for open
gauge symmetries which are gauge symmetries for which Qgrer is a differential only on-shell. The BV operator Qgy, which gen-
eralises the BRST operator Qpper, encodes the Chevalley-Eilenberg description of a cyclic L_-algebra (i.e. an L_-algebra with a
notion of inner product). The gauge-fixed form of this cyclic L_ -algebra will be crucial for our formulation of the double copy of
amplitudes.

BV Operator:  Let Rppsr[1] be a Z-graded vector space of fields of a general field theory. Then we have also a correspondence
between the fields and the coordinate functions on this space. In order to encode the field equations for all the fields in the action of
an operator Qgy, we ‘double’ this vector space such that we have for each field ®' of ghost number |®'|, an anti-field @ of ghost
number |®7 |y, = —1 — O], so that

68
= (=1)/®les _ZBRST | . 4
Q@] = (-1)F SD! : (4.13)

Here, the ellipsis denotes terms at least linear in the anti-fields. Formally, this doubling amounts to considering the cotangent space

L[] = T[-1)(8grsr[l]) & gy = T[=3]Rpgsr (4.14)
which yields a canonical symplectic form
w = DT ASD' (4.15)

of ghost number —1. This symplectic form w, in turn, induces a Poisson bracket, also known as the anti-bracket. It reads explicitly as?®

6F 6G i 6F 6G
EG) = (—1)®latFign SF 8G g el ren OF 6G 416
{FGh = (17 5D 50 (=T 50T 50! (+16)
and it is of ghost number one so that {F, G} = —(=1)(Fla*D(ClatD (G, F},

The classical Batalin—Vilkovisky action is now a function Sy, € €*(Ly[1]) of ghost number zero, which obeys the classical master
equation

{Sev, Sev} = 0, (4.17a)
which extends the original action S, of the field theory (without ghosts or trivial pairs)?

SBV|¢I+:0 =S, (4.17D)

26 The signs arise as follows. Hamiltonian vector fields Vj are given by V; — @ = §F for some function F. The Poisson bracket is then given by
{F, G} = Vg 2 V5 2w = Vg(G) from which the signs follow using the explicit form (4.15) of w. The signs are often absorbed using left- and right-
derivatives; however, for clarity we shall keep them explicitly.

27 Here, |q,;r=0 is the restriction to the subspace of BV field space where all anti-fields are zero.
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and whose Hamiltonian vector field extends the BRST differential,

(QBVCDI)LD}':O = Qprst®’ (4.17¢)
with
Qv = {Spv.—}- (4.18)

We note that Q2 = 0 and (4.17a) are equivalent.
The last two conditions fix the terms of Sy, which are constant and linear in the anti-fields to read as

Sy = So+ (=1) Dt Q@ + - (4.19)

General theorems now state that for each action and compatible BRST operator, there is a corresponding BV action and a BV operator,
of. [264].

In a general theory, we will usually have a physical field a of ghost number zero as well as ghosts ¢, together with higher ghosts
c_;, of each ghost number —k + 1 as coordinate functions on R, [1]. Higher ghosts are non-trivial only in theories with higher gauge
invariance. All fields come with the corresponding anti-fields a*, ¢j, and c*,. To accommodate gauge fixing, we will have to expand
the field space further by trivial pairs and corresponding anti-fields, as already encountered in the previous section.

The equations of motion generate an ideal ¥ in € (Lprsr[l]), and the functions on the solutions space are the quotient
B> (Lprsr[1])/F . Because of (4.18),

8S
+ _ _1\]o]| BV
Q@) = ()7 (4.20)

and the gauge-invariant functions on the solutions space are described by the Qp,-cohomology.
L, -Algebras:  Following (4.12), we define again a superfield

a=2aQe =P Qe+ ®e' (4.21)

of degree one in (R;[1])* ® &gy, where I runs over all fields, ghosts, ghosts for ghosts and the corresponding anti-fields, as well as
space—time and Lie algebra indices. As in (4.9), we may extend the action of Qg to elements in (2g[1])* ® Ry by left action and
write

1,

Qgva = {Syv,a} = —f(a) with f(a) = Zﬁui(a,...,a). (4.22a)

i>1

The p; now encode i-ary graded anti-symmetric linear maps y; : 85y X -+ X gy — Ly, which can be extracted by the formulas

@) = (1) 0al @ pyfe),
ot st (4.22b)
M:(a, o a) — (_1)IZJ=1 |aJ|gh+Z=2 |aJ|gh 21»':1 Iefk‘QBV all . aI’ ® ”i(e117 o, e[i) ,
see [178] for a much more detailed exposition.”® The condition QF, = 0 then amounts to the homotopy Jacobi identities
> D V(o5 s, Copry s C i) Cotiany o o) = O (4.23a)

h+h=l 6eSh(ii)

forall 7,,...,¢; € y. The sum is over all (i;; i) unshuffles o which consist of permutations ¢ of {1, ..., 1} so that the first i; and the
last i — i; images of o are ordered. Moreover, y(o; ¢, ..., ¢;) is the Koszul sign given by

LN N = x50, 8) oy Ao NE

i

(4.23b)

ofi) *

?8 Note that the 4 define, in fact, an Ly,-structure on € (Lgy[1]) ® Lpy-
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The pair (Rgy, #;) with products y; subject to (4.23) is called an L_, -algebra, cf. Appendix A.3. In our present setting, {5y is, in fact,
a cyclic L -algebra because of the presence of the symplectic form w. Specifically, if we consider the shift isomorphism (4.5), then @
induces the (indefinite) inner product?

(£,6,) = (=) ew(o(t,), o)) (4.24a)
of degree —3 in &, and of ghost number zero. It is cyclic in the sense that

O A e o e L RN N (4.24b)
which is a consequence of the vanishing of the Lie derivative of w along Q. This is equivalent to saying that the higher products y;,
with the first i — 1 arguments fixed, act as graded derivations on {—, —).

Correspondence Between Actions and L -Algebras:  Every cyclic L -algebra (R, y;) comes with a homotopy Maurer—Cartan action,
cf. appendix A. In particular, the functional

ShMC . ; (i+11)z (@, (@, ..., a)) (4.25)

for a € R, , reproduces the action for the physical fields. Using the superfield a defined in (4.21), we can write down a more general
homotopy Maurer—Cartan action

ShMC Z i _:1)! (a,u(a,...,a)), (4.26a)

i>1
where we define
(flz ® epfzj ® ej)/ = (—1)[ﬁ'\gh+tfz]\gh+lellsgv 15 gn fllfzf (e, ej) (4.26b)

for f', € €>(2gy[1]). This superfield version of the homotopy Maurer—Cartan action is, in fact, the full BV action Sgy. Put differ-
ently, (4.26a) satisfies the quantum master Equation (4.35) if and only if the ; in u] via (4.22b) satisfy the homotopy Jacobi identi-
ties (4.23). We shall refer to the action (4.26a) as the superfield homotopy Maurer—Cartan action of the L_-algebra (Lyy, #;).

In summary, the BV formalism provides an equivalence between classical field theories and cyclic L -algebras, where the BV
operator plays the role of the Chevalley-FEilenberg differential of the L -algebra. Clearly, the BV action corresponding to an L_ -algebra
Ry is physically only interesting if its degree-one part is non-trivial. To read off the L -algebra from a particular action functional, we
note that using (4.26b) we have

(@ u(a....2) = (@ @e ,u@" ®ep,...,a" ®ey)) = {(I, .., [)a"al -al(e; ,uiley,....ep)) (4.272)

L
i+1

with the sign {(I,, ..., I;) given by
L, o T) = (—1) Bl Bl ) (4.27b)
More explicitly,

I
(a,py(a))’ = (=) e alzall<ezzl Hi(er))
(4.28)
I I
(a, ”;(a, a))' = (_1)(|8 gn+1)la’2 g aIzallalz<eIS’ ”Z(ell' eIz)> ,

and we shall make use of these formulas later.

Remark 4.1. The exchange of the coordinate functions on field space with the actual fields can easily lead to confusion. Let us therefore
summarise the situation once more. Actual fields (usually sections of a bundle or connections and their generalisations) are elements
of a graded vector space gy. The L -algebra structure is defined on the vector space &g,. The symbols appearing in an action S
are, technically speaking, not fields but coordinate functions on the grade-shifted field space 8, [1], the same way that in differential
geometry one writes the metric in terms of the symbols x#, which are not points in space-time but rather real-valued coordinate
functions defined on space-time. Once we evaluate the action for particular fields, the coordinate functions are replaced by their
values. Similarly, the BV operator, the anti-bracket etc. all act on or take as arguments polynomial functions on £ [1], which are

29 We will, in the bulk of our paper, deviate from this sign convention in order to simplify the signs arising in our double copy formalism.
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given by polynomial expressions in the coordinate functions as well as their derivatives, which are also contained in (Rj,[1])*. To
simplify notation, the coordinate function for a field (e.g. in an action) will be denoted by the same symbol as the field (element of the
L -algebra), as commonly done in quantum field theory.

Remark 4.2. The integral defining the action S of a classical field theory is mathematically usually not well defined. At a classical level,
this does not matter because we are never interested in the value of S itself, and we can treat all integrals as formal expressions. For
definiteness, mathematicians often drop the action and work with the Lagrangian instead. This can easily be done in the L_ -algebra
picture, working with graded modules over the ring of functions instead of graded vector spaces.

At quantum level, however, the value of S for particular field configurations does play a role, and one needs to carefully restrict the
field space such that all integrals are indeed well-defined, cf. [210]. One suitable restriction offers itself for the perturbative treatment.
We split the field space into interacting fields, &,,,, which can simply be identified with Schwartz functions on Minkowski space
& (M9, and free fields ..., which can be identified with solutions to the free equations of motion (i.e. fields in the kernel of y,),
which are Schwartz type for any fixed time-slice of Minkowski space,

% = %int®%free with %int = ‘S(Md) and %ﬁ'ee = keré"(ﬂl) . (429)

The elements of ker ¢ (u,) are, of course, the states that label the asymptotic on-shell states in perturbation theory. On the other hand,
the fields in & (M%) are the propagating degrees of freedom found on internal lines in Feynman diagrams. The decomposition (4.29)
is very much in the spirit of the homological perturbation lemma, which can be used to construct the scattering amplitudes, as we
shall discuss below.

We note that the wave operator is invertible on & (M%) and the inverse is indeed the propagator h, as we shall discuss in more detail

below. This allows us to define the operators \/ﬁ and \/_15 on & (M%), which we continue to all of & by mapping elements of ker  (4,)

to zero. This fact will play an important role later.
Gauge Fixing: The next step in the BV formalism is the implementation of gauge fixing. This is achieved by a canonical transfor-
mation

(4.30)

f = 29
S @) 7] = S0l ar + 2]

50!

which is mediated by a choice of gauge-fixing fermion, the generating functional for the canonical transformation, which is a function
Y € €*(Lgy[1]) of ghost number —1. The action (4.30) is then gauge-fixed if its Hessian is invertible. This requires a careful choice
of W: the trivial choice ¥ = 0 leads back to the original action. When the classical BV action is only linear in the anti-fields, as is e.g. the
case for Yang—Mills theory and all the field theories we are dealing with, we may set the anti-fields in Sngv to zero after gauge-fixing,
without loss of generality since the BV operator reduces to a BRST operator.

Note that to construct the gauge-fixing fermion W of ghost number —1, we will have to introduce additional fields of negative ghost
number together with their anti-fields, such as e.g. the anti-ghost ¢ and the Nakanishi-Lautrup field b in the case of Yang—Mills theory.
If we do not change the Qg -cohomology, these new fields do not affect the observables. This can trivially be achieved if Qg maps
one field to another,

S0, ¢ Bo, b (4.31)

&b, b
cf. (4.10). We shall encounter a number of more involved examples in Section 5.

Quantum Master Equation and Quantum L_-Algebras: Besides the canonical symplectic form (4.15), we also have a canonical
second-order differential operator on € (f,[1]), called the Batalin—Vilkovisky Laplacian, and defined as

5°F

AF = (=1 |©'] g, +[Flgn
=1 5@?6@’

(4.32)

for F € € (Zgy[1]).
The BV Laplacian plays a key role in the path integral quantisation of a theory. In particular, the gauge fixing (4.30) is implemented
at the path-integral level as

Zy = / u(@', @) 6((1);r - %)e%sgﬁv[d'@n ) (4.33)
2BV

where p is a measure that is compatible with the symplectic form w, § is a functional delta distribution, % is a formal parameter, and
SSBV € 6> (Rgy[1)]) is a functional of ghost number zero with

Shgvln-o = Spy - (4.34)
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For Zy to be independent of the choice of gauge-fixing fermion ¥, SZBV must satisfy the quantum master equation!167130

AeTS = 0 e (S, S} - 2iAS!, = 0. (4.35)
Consequently, we obtain as generalisation of (4.18) the quantum BRST-BV operator

Qupv = {8l —} - 2ihA (4.36)

and the quantum master Equation (4.35) is equivalent to stv = 0. Note that contrary to the classical version, the quantum ver-
sion (4.36) is no longer a derivation. Solutions SZBV to (4.35) are called quantum Batalin—Vilkovisky actions. We may now solve (4.35)

order by order in 7 generalising the products y in (4.26a) to products y;, for L=0,1,2, ... to reflect the hi-dependence with y{,_ = u;
and y;,_ = 0. Consequently, we consider the ansatz

hL
quhMC = 4 4.37
;(L-f-l)( ”1L(a )) ( )
>0
for the superfield (4.21). The action (4.37) satisfies the quantum master Equation (4.35) if and only if the y;, satisfy the quantum
homotopy Jacobi identities!17%200.201]

Z Z (_1)i2)((‘7? 2¥ "'7fi)/’liz-t—l,Lz(I’lil,Ll(fa(l)’""fa(il))rfa(il-t—l)’""frr(i)) _il‘i+z,L—1(eIr epty, ...t =0 (4.38)
+i=i Gesh(i;)
Li+L,=L

for,,...,¢; € Ry, where the y;; are as in (4.22b) via the 4/, . Here ' := e;0/", where Y is the inverse of the symplectic form (4.15)

when written as @ = %631 A ;6. Furthermore, (4.22a) generalises to

hL
Qua = -, rH e a) (4.39)
130

The tuple (Rgy, #; 1, ) with the products y;; subject to (4.38) is called a quantum or loop L, -algebra. In the classical limit 72 — 0, the
higher products y;; for L > 0 become trivial, and we recover a cyclic L -algebra. Note that for scalar field theory, Yang-Mills theory,
and also Chern-Simons theory, the classical BV action also satisfies the quantum master equation and hence, in those cases, we may
set Sf’le = Sgy, in which case y;; = 0 for L > 0.

4.3. Scattering Amplitudes and L _-Algebras

Above, we saw that actions of field theories are encoded in cyclic L -algebras. The same holds for tree-level scattering amplitudes and
loop-level scattering amplitudes are encoded in quantum L -algebras, as we shall explain in this section.

Equivalence of Field Theories: Classically, two physical theories are equivalent, if they have an isomorphic space of observables.’!
Translated to the BV formalism, this implies that classically equivalent physical theories have isomorphic Qg -cohomology. Dually,
this implies that two physical theories are classically equivalent, if they have quasi-isomorphic L_ -algebras, which is also mathematically
the natural notion of equivalence for L_-algebras; see appendix A for more details.

Given two L_-algebras (Rgy, #;) and (yy, ji;) constructed from a BV action, a morphism ¢ : Ry, — R;, of L -algebras is a collection
of i-linear totally graded anti-symmetric maps ¢; : 85y X -+ X 5, — Ly of degree 1 — i subject to the conditions (A.27). We note
that the homotopy ]acobl identities (4 23) imply that /41 and ji, are differentials. Therefore, we may consider their cohomologies

= @D, H,, (8y) and H;, = @,z H' (¥5y). Wealso note that the identity (A.27) implies that ¢, is a cochain map, that

is, yloqﬁl = ¢,o0u; and thus descends toamap H; (2 ) - H; (SBV) on the cohomologies. Quasi-isomorphisms are those morphisms
for which ¢, induces an isomorphism on cohomology.

30" Specifically, one requires Zy, sy = Zy for an infinitesimal deformation 6% of ¥; the space of gauge-fixing fermions ¥ (whose Hessians may not
be invertible) is contractible, so Zy is globally independent of .

31 This is weaker than the statement that tree-level scattering amplitudes coincide. To define asymptotic in- and out-states in the same Hilbert space,
one needs the additional data of the symplectic form w. Two classical theories have the same tree-level scattering amplitudes if they are related by
a quasi-isomorphisms compatible with the cyclic structures. Again, see [178] for some more details.
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Under quasi-isomorphisms, the physical theory remains unchanged as is explained in appendix A, see also [178, 179, 196, 197, 211].
In particular, the BV actions Sy and Sy for 2, and 2j, are related as Sy = ¢* Syy, where we used the pullback ¢* : % (25,[1]) =
B (2py[1]) dual to the morphism ¢. Consequently, quasi-isomorphisms constitute the correct notion of equivalence??.

Because the Qg -cohomologies in ghost numbers different from zero (i.e. dual to L_-degree one) are not measurable, one may
wonder if the notion of a full quasi-isomorphism is not too restrictive. For perturbation theory, agreement in H}‘l (Rgy) is certainly
sufficient, and this can often be extended to an agreement in further cohomologies, cf. e.g. ([265], Appendix C). Moreover, some fields
in L -degree zero, such as e.g. anti-fields of anti-ghosts and Nakanishi-Lautrup fields, are often unphysical, and arise only as internal
fields in loop diagrams. Therefore their contributions to H,lﬁ (Rpy) can also be disregarded when identifying physical observables. At
a technical level, one can restrict these fields such that the kernel of the differential operator describing their linearised equations of
motion vanishes, cf. Remark 4.2.

Tree-Level Scattering Amplitudes: There is an L_-structure u; with vanishing differential 47 on the cohomology £;,, = H; (2gy)
of an L -algebra (R, i;) such that 5, and Ry, are quasi-isomorphic. This L -algebra ; is called the minimal model of 2y,
cf. appendix A. The minimal model corresponds to a field theory equivalent to the original field theory, but without any propagating
degrees of freedom. Its higher products therefore have to be the tree-level scattering amplitudes.[172178:210.215]

The relation between 2§y and £, can be understood as follows. We start from the underlying cochain complexes and the following
diagram:

P
hC(SBv,m) = (£3,.0).
e BV (4.40a)

Here, p is the obvious projection onto the cohomology, and e is a choice of embedding (involving choices, e.g. a choice of gauge for
gauge theories). The quasi-isomorphism also gives rise to a contracting homotopy h, which is a linear map of degree —1. The maps e
and h can be chosen such that

id = yyoh+hopy, +eop,
poe = id,
poh = hoe = hoh =0,
pou; = py0e =0.

(4.40b)

Mathematically, this is an abstract Hodge—Kodaira decomposition. The map h in L_ -degree two turns out to be the (Feynman—"t Hooft)
propagator of the physical theory in question,[2°6-2%8] gee also [269] and references therein.
We directly extend the diagram (4.40a) to the Chevalley—Eilenberg picture, where we have

E
H“C (€ (Lpy[11), Qpy.0) —»% (25,11, 0)
0

id = PooEg+Qpy,0°Ho+Ho°Qgv,0,

EgoPq = id. (4.41a)

EgoHg = HgoPg = HgoHg = 0,
EooQpv,0 = QBv,0°P0 = 0,

where Qyy  is the linear part of Qy,, which encodes the differential y,. The maps E,, P, and H, are defined by the ‘tensor trick’(2%!

as

Ly
Fo = Zﬂ(FO) for F, € {E,,Py,H,} (4.41b)
i1
with
(Eo)' = ()%, (Po) = (p")%, (Hy)' = ), 1% 0h 0 oe)?. (4.41¢)
k+l=i-1

We can now regard the non-linear part

6 = Qgy — Qavo (4.42)

32 Here, we are a bit cavalier about the inclusion of the cyclic structure; again, see [178] for some more details.
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of Qpy as a perturbation and use the homological perturbation lemma,2%29] which asserts that there is a contracting homotopy

E
HC (6(LpvIL). Qpv) <23 (€ (Lqy (1D, Q)

id = PoE+QpyoH+HoQgy,

EoP =id, (4.43a)
EoH = HoP = HoH =0,
EoQpv = QpyoE. QpvoP = PoQpy
in the deformed setting. In particular,
E = Eoo(id+50H0)’1, H = Hoo(id+5oH0)’1,
(4.43b)

P =P,—HoéoP,, Qp, = EodoP,,

and Qg,, is the Chevalley-Eilenberg differential encoding the higher products of the minimal model and thus its tree-level scattering
amplitudes. Note that here, the inverse operators are to be seen as geometric series.” The formula for Qg,, is then recursive, which
has interesting consequences.[20221]

Translated to the dual picture, the homological perturbation lemma yields the following formulas for the quasi-isomorphism ¢ :
(Rpy, ;) = (ggvrﬂf)[l%]:

$1(£7) = e(£7),

$o(¢7,83) = —(how)(®:(47), :(43))
; (4.44a)
o o 1 o o o o
Gl == Y Y w0
Jj=2 J: k1+"'+kj:ioeﬁ(kl,..,,kj,];i)
x(hom) (s, (22 2 ) b (Cr i Eo) )
and the products 4 : 8, X -+ X £, — L, are constructed recursively as
(7)) =0,
Hy(£7.85) = (Pory)(h:1(£7), $1(23))
; (4.44b)

WS, .. E7) = Zl' > Y w0

J=2 J: ket =i oeShky,... ki)

X(po '“J') <¢k1 <’/p2(1)’ e ’/pg(kl)>’ e ¢kj <f;(k1+»--+k],l+1)’ e ?’p;(i)>) ’

where £7, ..., 7 € £, Here, y and { are again the Koszul sign (4.23b) and the sign factor (A.31b), respectively.

Using the higher products of the minimal model, n-point tree-level scattering amplitudes of the free fields a3, ..., a° € H;lq (Rgy)
are then computed using formulal?'%! (see also [196, 197] for the case of string field theory)
A, o(al,...,a;) = ial, uy_,(a3,...,a,)) . (4.45)

n

33 Because we are interested in perturbation theory, we do not have to concern ourselves with convergence issues.
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Furthermore, in [210] it was shown that the recursion relations (4.44a) encode the famous Berends—Giele recursion relations!?’°! for
gluon scattering in Yang—Mills theory. For a related discussion of the S-matrix in the language of L_ -algebras, see also [212] as well
as!?15218] for an interpretation of tree-level on-shell recursion relations in terms of L_-algebras.

Loop-Level Scattering Amplitudes: In order to extend the above discussion to recursion relations for loop-level amplitudes, we
follow.[201:202211] Recall that in the transition from the classical to the quantum master equation, the classical BV operator is deformed
in powers of & according to

Ouv = {Spvo=} = Qv = (S~} ~2ihA with Sy, = Sy, +O(h). (4.46)
Consequently, the perturbation

6 = Qv — Qpvo = Qv — Qo (4.47)

between the full and linearised part of Q gy is now also deformed in powers of &. Starting again from the diagram (4.41a), we use the
homological perturbation lemma to obtain a contracting homotopy

E
HC (€(SpyI1D. Qpy) =2 (6 (Lhy 111, Qgpy)

id = PoE+QgpvoH+HoQgpy .

EoP =id, (4.48a)
EoH = HoP = HoH =0,
EoQqv = Qqpy°E. QgavoP = PoQgy.
where
E = Eyo(id+80oHy) ™", H = Hyo(id+8oH,)™",
(4.48b)

P =P,—HoédoP,, Q;BV = EofoP,.

Note that because 6 contains the second order differential operator A, none of the maps will be algebra morphisms in general; this is
just a consequence of the fact that Q7 defines a loop homotopy algebra.
Importantly, the differential Q° can be written as!20%:271]

Qrpy = Wiy, —)° —2ihA°, (4.49)

where {—, —}° and A° are the anti-bracket and the BV Laplacian on €*(8;[1]), respectively, and W(’I’BV is of the form (4.37) but with
H; _o = 0. Altogether, we obtain (2§, [1], Q) which corresponds to a quantum L -structure on H, (R8py) with a differential that
vanishes to zeroth order in A.

The quantum BV action W’ is the action that encodes all scattering amplitudes to arbitrary loop order in perturbation theory.**
In particular, for theories for which the classical BV action also satisfies the quantum master equation, which includes scalar field
theory, Yang-Mills theory, and Chern—Simons theory, L coincides with the loop expansion order and hence, the products y; _, | are
the L-loop integrands for the n-point scattering amplitude. Consequently, (4.45) generalises to

Ay (07, 00) = 1{a], 4y (95, ...,8,)) (4.50)
To construct the y; |, we note that (4.48) immediately implies
E=E —EodoH, (4.51)

which is a recursion relation for E. Hence, we can iterate this equation to obtain E recursively and substitute the result into Qpy =
EodoP, from (4.48) with P, given in (4.41c). We conclude, in analogy with (4.39), that

o o hL o o o
Qopya” = -Z TTHLE a0, (4.52)
=

3* One should not confuse the quantum BV action with the one-particle-irreducible effective action or the Wilsonian effective action, even though it
has the form of h-corrections to the classical action.
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from which the p{9 and thus the i, can be read off. We refer to [202, 211] for full details. It is not difficult to see that for 7 — 0, the
recursion relation (4.51) coincides with the recursion relation (4.44a) and (4.52) with that for the products (4.44b) for the minimal
model at the tree level.

5. Examples of Homotopy Algebras of Field Theories

In the following, we review the actions, the BV complexes and the dual L_-algebra structures of the field theories relevant to our
homotopy algebraic treatment of the double copy. We note that none of the theories we discuss in this section requires the BV
formalism for quantisation. As explained before, however, it does make the link to homotopy algebras evident and clarifies the freedom
we have in choosing gauges, an important aspect in our later discussion.

5.1. Biadjoint Scalar Field Theory

We start with the simplest relevant field theory, namely biadjoint scalar field theory with cubic interaction. This theory appeared in
the scattering amplitudes and double copy literature in various incarnations.[384%-508389,111,112,114,115,155,159,272-276]

In particular, let g and g be two semi-simple compact matrix Lie algebras. For (g ® §)-valued functions on Minkowski space M9, we
define a symmetric bracket and an inner product by linearly extending

(61 @81, ®8&e; = [61,8:], ®[E1,&,)];,
(5.1)
(61 @&, ®8&))e; = try(e18,)1ry(€,8;)
foralle,, egand &, € g.
BV Action and BV Operator: 'The BV action for biadjoint scalar field theory then reads as
ghiadi .— / d’x { %((P; O0)ges — %(@ (@, (P]g®§>g®ﬁ} , ¢-2)

where 4 is a coupling constant, [] = #"V9,0,, and ¢ is a scalar field taking values in ¢ ® g. We write ¢ € (g ® §) ® § where § is a
suitable function space discussed shortly. Introducing basis vectors e, and &, on g and g, respectively, we can rewrite this action in
component form

Sbiadi — /ddx { %%m D (paﬁ _ %ﬂbcﬁk(paﬁwbl}(pci} , (533)
where
trg(eaeb) = _6ab ’ trﬁ(éﬁéﬁ) = _51715 ’ fz;bc = _trg(ea[eb’ ec]g) ’ fzizBE = _trﬁ(éﬁ[ég’ éz]g) . (53b)

Besides the field ¢, we also have the anti-field ¢* and the BV operator (4.18) acts according to

an v an &y ad agr a_bb_ct
e B 0 and @™ B % - %fbc il (5.4)
L -Algebra: The BV operator (5.4) is the Chevalley-Eilenberg differential of an L_-algebra Bgi\a,dj which has the underlying cochain
complex®
v m o
* —> (g®FeF —> (geYPOF —> =
nbiadj - biadj
Lav,1 Lhv,2
with cyclic inner product
(p,0") = /ddx (,0‘“7‘<p;"i , (5.6)

35 Here, “’ denotes the trivial vector space.
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Table 2. The full set of BV fields for Yang—-Mills theory on M? with gauge Lie algebra g, including their ghost numbers, their L, -degrees, and their mass
dimensions. The mass dimension of the coupling constant g is 2 — 3.

Fields Anti-fields
Role [ = Ign [—le dim | = lgn I-le dim

c? ghost field 1 0 g -2 cta -2 3 g +2
A? H d +a d

" physical field 0 1 5~ 1 A =1 2 3 +1
b? Nakanishi-Lautrup field 0 1 g b*a -1 2 g
4 anti-ghost field -1 2 d cta 0 1 d

2 2
and the only non-trivial higher product is
bby 2 bb

((p ;@ ) = _Afin: ﬁjca CC (57)

At this point it is important to recall Remark 4.1 and that we always use the same symbol for a coordinate function on field space and
the corresponding elements of field space.

The field space § can roughly be thought of as the smooth functions of Minkowski space € (M?). More precisely, however, the
field space is the direct sum of interacting fields and solutions to the (colour-stripped) equations of motion, cf. Remark 4.2.

5.2. Yang—Mills Theory

A key player in the double copy is Yang-Mills theory on d-dimensional Minkowski space M? with a semi-simple compact matrix Lie
algebra g as gauge algebra. The gauge potential A is a one-form on M¢? taking values in g. Let V be the connection with respect to A.
Infinitesimal gauge transformations act according to

Al Al = AL+ (V,0)° forall ¢ € 7MY ®4. (5.8)

BV Action and BV Operator: The list of all the fields required in the BV formulation of Yang—Mills theory together with their
properties is found in Table 2, and the BV action is'*’]

SIM = / dd TEL M AT (VR + Ef “c%”cc—b“é;“}. (5.9)

auv

As in Section 4.1, all the fields are rescaled such that the Yang—Mills coupling constant g appears in all interaction vertices. Conse-
quently, the BV operator (4.18) acts as

Qpy Qgy
& _g *foc a Cb CC C+a

VMA+ gf a b +c
A Qv \vi a A+a Avad F aA+b c
Le (V0 AR S — &
(5.10)

b Q}_B)V 0, b = Onv -zt

=
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L,,-Algebra: The BV operator (5.10) is the Chevalley-Eilenberg differential of an L, -algebra which we shall denote by ). This
L -algebra has the underlying complex®®

a A+a

12 _ 3v8"' _85, 0O 123
Al eg — 0D o1ud) e g
ba b+a _8“.
coM)eg coMYeg
\/, (5.11a)
c® ;o —id o cto
M eg M eg M eg M eg
—— N———— N—— —
:'SYM ::gYM ::£YM — EYM
BV, 0 BV,1 BV,2 BV,3

We shall label the subspaces Sw, , to which the various fields belong by the corresponding subscripts, that is,

QM _ QWM QM _ @ QM

BV,0 BV,0,c’ ~BV,1 BV,1,¢ ’
e (A b,

QM _ @ QM QM _ QM

BV,2 BV,2,¢ 7 BV,3 3,ct
e (AT, b, 0)

(5.11b)

and the non-trivial actions of the differential 4, in 1} are

a M a YM
¢ —=0,0" € By 4
A}“l —(9,0" — 5; )A?

M
b |- —+ e @ &, (5.11¢)
cte b* P (At,bt,0)

Hy
+a _AH Ate YM
Al —0"AT € Revs e -

The non-vanishing higher products are

by M b YM
(¢, ¢’) & gfy,c’c" € gBv,o,c ’

b b Y™
(Az,c )~ —gﬂ)C“A”c” e QBV,LA’

(A ¢) > —gf, AT € 2

BV,2,At

(a2, 4 & Zgﬁc"(a"(Al:A;) + 247, A° ) e (5.11d)

1] BV,2,At

a +by M2 ab tc YM
(€, ¢™) = ghc’c™ € o, L

a A+b _ apAb A+cu YM
(Ay’Av ) = gﬁ?c AyA € BBV,},CJr 4

H3

(A2, AL AC) = BIgACALACS L e R

BV,2,At

and the general expressions follow from polarisation. One can check that (%Y, u;) forms an L_-algebra, and with the inner
products

(A AY) = /ddxAZA:", (b,b*) = /ddxb“b:, (c,ct)y = /ddxc“c:, (¢,cty = —/dde“E;, (5.12)

36 This complex has been rediscovered several times in the literature. For early references, see [186, 188]; more detailed historical references are found
in [178].
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it becomes a cyclic L -algebra. Note that the superfield homotopy Maurer—Cartan action (4.26a) reduces to the BV action (5.9) when
using these higher products and inner products together with (4.27).

Gauge Fixing: We have discussed the general gauge-fixing procedure in the BV formalism in Section 4.1. Here, to implement
R.-gauge for some real parameter £, we choose the gauge-fixing fermion

—/ddx6a<d”AZ + gw). (5.13)
Following (4.30) and (4.33), the Lagrangian of the resulting gauge-fixed BV action is

Sivel = / dd — 2P ™ = 0,04(V,0) + Sh,b" + b,0" A% + AT (V,0)" + Ef, “cFbet — b“r:;}, (5.14)

auv

and after putting to zero the anti-fields, we obtain

BRST

s / dix { — LF B~ £,0"(V,0)° + £b,b" + b0 A" } . (5.15)
This is precisely the action appearing in (4.1a).

5.3. Free Kalb—-Ramond Two-Form
The next theory which we would like to discuss is that of a free two-form gauge potential B € Q?(M?). It has a three-form curvature

given by

H,, =0,B, +0B, +0dB, QM (5.16)

VK Hovk vZkp K= v

and transforms under the infinitesimal gauge transformations as

B, = B, = B, +0,A, —0,A (5.17)

Hv v vitu

where A € Q'(M?) is the one-form gauge parameter. Note that the gauge parameters themselves transform under a higher gauge
symmetry,

A, — A, =A,+0,4, (5.18)

where 4 € €*(M?) is the (scalar) higher gauge parameter.

BV Action and BV Operator:  The full set of fields required for gauge fixing in the BV formalism is given by what is known as the
Batalin—Vilkovisky triangle,[1®] see also [178] for a recent review in the notation used here. The complete list of BV fields is given in
Table 3. Following the discussion of [168], the BV action reads as

Spy = /dd -LH, H" + 2B} 0"N = NY0" A~ Nla" + 27 + 6+y} , (5.19)
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Table 3. The full set of BV fields for the free Kalb—Ramond field, including their ghost numbers, their L -degrees, and their mass dimension. Besides the
physical field, the ghost field, and ghost—for-ghost field, we also introduced trivial pairs (a, A), (7, €), and (7, ) together with their anti-fields.

Fields Anti-fields
Role I = Ign |- le dim [ = lgn | = le dim
A ghost—for-ghost field 2 -1 g -3 At -3 4 g +3
d d
A, ghost field 1 0 57 2 Af -2 3 3 +2
y trivial pair partner of & 1 0 g -1 yt -2 3 g +1
. d d
B,, physical field 0 1 3~ 1 Bf, -1 2 3 +1
s d d
a, Nakanishi-Lautrup field 0 1 5 ay -1 2 3
€ trivial pair partner of y 0 1 g -1 et -1 2 g +1
_ ) d - d
A, anti-ghost field -1 2 3 /\: 0 1 3
7 trivial pair partner of 1 -1 2 g +1 a 0 1 g -1
il trivial pair partner of 7 -2 3 g +1 a* 1 0 g -1
where the factor of two has been introduced for later convenience. Consequently, the BV operator acts (4.18) as
PRy =N
Op Op
A, = 0,4, At = -20"B ,
u VH
y 2o, =
Qpy + [0 ] e
B, B 0,A,—0A,, B & loH,,,
Qp Qpy -
a, = 0, at B AT, (5-20)
u u u
Op Op
e B 7, et B 0,
_ Qg . O
Au '_)V @, Ay }_;/ 0,
"
Qp Opy -
y = 0, A=A
1%y, .
L,,-Algebra: The BV operator (5.20) is the Chevalley—Eilenberg differential of an L -algebra 2K¥, which has the underlying complex

20, By

+
B,

x . Ay Al
0. , " .
coMmd) s alud) s 2ud) —Ls e2ud) 2 olaud) =2

AL
al )

o

Iz
Ql v

v . 3
Fooud) —Ls g

id
N

i\u
alwd)

oy,

al )

e* . Y
Fooud) =% g

+

At ) 7" 7 ) ;
%/oo(Md) id %)co(Md) %/oo(Md) —id %M(Md)
——
= e} =20 =280, =Ly, =L
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%7W(Md)

—. KR
- LBV_4

(5.21a)
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with
KR KR KR _
Lav,1 = Ly Lo = @ 2BV0¢’
dE(Ny.7%)
KR _ KR KR _ KR
Ly = @ Ly 1, b’ Ly, = @ Ly 2, b’ (5.21b)
¢ € (B,AY,a,€,7%) ¢ € (BT, A at,et,7)
KR _ KR KR _ QKR
Lyy3 = @ Lo Leva = Lpva

pe A,y ])

and the non-vanishing action of the differential u, given by

A5 0, e 28X

BV,0,A ’
A) (20,4
" KR
= 4 € @ Ly 1
I+ 7+ be(Be7)
1 e
B,, 1o°H,,,
= Hy
ARl o e @ 28, (5.21c)
R+ $€ (B, Aat)
a, AM
Bt 20"B*
Hv
M KR
et || -t | € @ SBV, 36
_ _ e Ay )
Y 4

+ U A+ KR
A”r—> 6A engwﬁ'

There are no higher products because the theory is free. The L -algebra 2% becomes cyclic upon introducing

- / di AT,

- [awnay,

(B,B*) = / dx BB, (5.22)

/ddx a"a;' /ddx eet

(r.r*) = /ddxyf, (7,77 : —/ddx737+

(4, A%) —/ddx/w, (2,1

(A A7)

/ dixAAT, (A AY)

(a,a™) :

—~
o
m

+

~
1l

Again, the superfield homotopy Maurer—Cartan action (4.26a) of K% with higher products (4.27) is the BV action (5.19).

Gauge Fixing: Recall the general gauge-fixing procedure in the BV formalism from Section 4.1. The most general Lorentz covariant
linear gauge choices are implemented by the gauge-fixing fermion

/dd AV a“BW +2 ) — ("N, + &) + (oA, + a:}y)} (5.23)
for some real parameters ¢, , ;. The resulting gauge-fixed action (after putting to zero the anti-fields) is
Skrer = / ddx " 1B, O0B" + (a“ B,.)(0,B") —A,OAN" - (0"A,)(9,A") — A0 A+ %aﬂa" +a0"B,,

+ed,a" — (&, + &) 7y + 9, N — 79, A } . (5.24)
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Table 4. The full set of BV fields for Einstein—Hilbert gravity, including their ghost numbers, their L -degrees, and their mass dimensions. The mass
dimension of the coupling constant x is 1— §~ Note that all fields are tensors and all anti-fields are tensor densities.

Fields Anti-fields

Role [ = lgn [=le dim | = lgn [=le dim

b ghost field 1 0 -1 ;(; -2 3 d+1
-9 physical field 0 1 0 gt -1 2 d
o Nakanishi-Lautrup field 0 1 g 0;: -1 2 g
d d
7" ti-ghost field -1 2 = 7t 0 1 -
¥ anti-ghost fie > r >

5.4. Einstein—Hilbert Gravity
The fourth relevant theory is Einstein-Hilbert gravity on a d-dimensional Lorentzian manifold M with metric g € T'(M?, ©@*T* M*).

Let V be the Levi—Civita connection for g. Recall that infinitesimal gauge transformations of the metric are parametrised by a vector
field y and act as

8w 7 B = 8wt (L,8)u (5.25)

where L, denotes the Lie derivative along .
BV Action and BV Operator:  The list of all the fields required in the BV formulation of Einstein—Hilbert gravity together with their
properties is found in Table 4 and the BV action (cf. e.g. [277] or!?78] for the gauge-fixed version) is

Spy = / d’x {—i Vg R+ gL ,8), + 57 (L, 1) — 0" 7 } : (5.26)

where R denotes the Ricci scalar and 2x? = 1675Gg) Einstein’s gravitational constant. Consequently, the BV operator (4.18) acts as

o o )
){;4 '_)V _%(L:;(X)‘M’ /1/: '_;/ _ZV g:—ﬂ+(£;(/¥+)y’
Qpy v Qpy 1 v 1 v v
gyv = (Elg)yv ’ g‘”‘ = _K_z _g<RM - EgM R) + (£1g+)}l 4
(5.27)
o B0, o, = X
P 7o,

where R, is the Ricci tensor.
Perturbation Theory:  Let us now restrict to a Lorentzian manifold M for which the metric can be seen as a fluctuation h,, about
the Minkowski metric N, ON M¢, that is,

g, = M, +xh, . (5.28a)
For future reference, we note that

g = " — k" + W)Y — KW h,Y + Ok, (5.28b)
where hﬂv = nVAth and WY = 7’]‘“"]””4’&'/1' LikeWiSe,

Vg = 1+1ch+ Kz(ghz - %h,}hj‘) + K3(éh3 — 1k ko ghﬂvwh/) +OKY), (5.28¢)

where h = nh,,.
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Table 5. The full set of BV fields for perturbative Einstein—Hilbert gravity, including their ghost numbers, their L -degrees, and their mass dimension.
All the fields are regarded as tensors on Minkowski space.

Fields Anti-fields
Role [ = lgn =g dim | = lgn |—lg dim
XH host field 1 0 d 2 X+ 2 3 d 2
ghost fie 2 H - 7 +
. ) d d
p trivial pair partner of 6 1 0 5 1 pr -2 3 3 +1
h physical field 0 1 d_ 1 htrv -1 2 d +1
v 2 2
wh Nakanishi-Lautrup field 0 1 g w -1 2 g
. ) 5 d N d
3 trivial pair partner of 0 1 5 +1 4 -1 2 3" 1
1) trivial pair partner of 0 1 g -1 5t -1 2 g +1
X+ anti-ghost field -1 2 d X+ 0 1 d
2 [ 2
5 . ) d . d
p trivial pair partner of = -1 2 3 +1 p 0 1 57 1
We also introduce the following rescaled anti-fields and unphysical fields:
WY = gty XE = Lar X = gt XM=, KT = =, w =o', w o= =0t 5.29
\/ng K X H ﬁ )(M X H ﬁ )(u 0 H \/?g Ou ( )

In addition to these, we introduce two trivial pairs (8, §) and (r, ), together with the corresponding anti-fields. These do not modify
the physical observables; as we shall see later, however, they do arise rather naturally in the double copy and are crucial once the dilaton
enters. We also note that precisely these trivial pairs were also introduced in [279] in order to explain a unimodular gauge fixing in
the BV formalism. The full list of fields and their properties is given in Table 5.

The action itself can now be expanded in orders of «,

eEH
SBV

/ddx,/—g{—:—zR+ \/ijggﬂwvy)(v + #%X:(L:ﬂ()” _ \/ngwﬂ)?: + ps* +7rﬂ'+}

/ dx /T {—E R+ 20V, X, + X (LX) — w5 + P3* + 2f" } (5.30)

: /ddx iK"S;EH
n=0

with indices now raised and lowered with the Minkowski metric. The lowest-order Lagrangian &, is given by the Fierz—Pauli
Lagrangian plus the terms containing ghosts and other unphysical fields,

ZE = =19 n0o b, + 0"k o b, — 10" ho*h,, + 20"ha,h + 2079, X, — @' X + pt + 2f (5.31)

u't

cf. e.g. [280]. To first order in «, we have

' 'tp uv’oc'’p

L = {10,170 e = A, 0,h,07h + 00,17 = L0, h) + b, 20, = 0, hoh,, — Ln,,0%h(0,h,7 = 10,0) +0%h,0,h,7
~20,h,,0°h,” — 3,h,,0°h,” +0,h,,0°h,” + 1n,.0,h a"hfﬂ} + zh“w{hmayx‘ + 1(0,h +0;h,, — Ok )X*}

pto viPui

+IXH (LX) + L~ X + 5T + nfY) (5.32)
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L, -Algebra: The full L -algebra ¢! of Einstein—Hilbert gravity has the underlying complex

X, h+ X+
Q! (Md) Qz(Md) Qz(Md) ol (Md)
X Xy
alv) 4 olwm?
~

~
@, -id zzrlr
ol Q! v
B* B
TPMY) iy MY
~
<
. id ot
€M) €M)
B s 5t *
M) -9 ol g M) 9 gt
EH EH EH EH
=L =L57 =L =L
with
EH EH EH EH __ EH
S1e3vo ggvox@glesvozz’ g%v1_ @ 2?3v1¢’
¢ € h X+, w, ft,x,b)
EH __ EH EH EH EH
ggvz_ @ 2§v2¢’ 8}esvs gT‘avoxir@g}eavow'

pe (b, X, w*, f,a+,6%)

(5.33a)

(5.33D)

The L, -algebra &1 comes with non-trivial higher products of arbitrarily high order, with y; encoding the Lagrangian Z5." . . Below,
we merely list p, and U, to prepare our discussion of the double copy later on. The differentials are

X\ . [-0,X
u 1 (1**v) EH
( ) - < > © @ QEV v
g B be (o)

ha\ (2600 = mrr) D=7, = 50n, 000 b,
X;' —wh
Y X+ €
"
pr z
7 -t

ht " —0"h
v 1 Vi eEH
(5+> = < s+ ) € @ Lev3,0
pe X+, p7)

and the cubic interactions are encoded in the binary products

Hz eE
(X X ) ([’XIXZ) ngHo X’

1’

Ha v v EH
(X, X)) = (0, X)X +0,(X'X") € 8% 1.,
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_ Hy —
+ 1 oyt eEH
(w,Xﬂ) - W X,, N, € ng,z,w ,

(hm,w) g —%ftwﬂ e R

eEH
BV,2,X ’

- My 19 o
+ + eEH
(%4 Xp ) = 2 th € gBV,Z,uﬁr ’

(h

M1

(ﬁ75+) = Eﬁ5+rl;¢v c geEH

BV,2,ht ’

(b B) = 1hp € S

1,6 7

(h,,6%) &> —Lhet € gEH

uv BV, 3,0+
= H 1 = Ha 179
+ —+ eEH eEH
(m, %) Eﬂ'ﬁ Ny € ng,z,hw (hﬂv,ﬂ') = _Eh” = EBV,Z,E’

(hﬂv’ﬁ_+) S %h/?’ € QeEH

BV,2,zt 7

(X, h,,) & =2k, 0, X" — (@,h,, +d.h, —dh, )X € LM

e vp u'tkv (4711 vk BV,1,h’

(W, h,) & =20 (W*h,,) + h*(d.h,, +0,h,, —d,h,,) € L=

uv? po k" uv BV,3,X+

(h',. X)) &3 =2kt 0"X, + 0" (k! X,) + 0 (K" X") — 0" (h! X,) € sgiv‘fw ,

(s o) > 3 20,070, By = 20,0, 1,071 + 0, (0,0,7 = 20,1, ) + 0y, 20,y = 0,07y, = 2,00y (0,,,” = 20, )
+0°h,,,,0,hy,° = 20,h,,, 0%y, — 3, by, 0%k, + 0,k 07hy, + %nwaphma”h;”} +(1e2) e e, (5.33d)
The cyclic structure is given by the following integrals:
(X, X*) = / dixX'XY, (X, X%y = — / dx XX,
w00 = [appr, G5 = - [aeas,
(5.34)

(h,h*) = /ddxh‘”h" . (w,w")

/ dx w'w?",
v u

(m,z*) = /ddXﬂﬂ+, (8,67) = /ddx65+.

Gauge Fixing: Gauge fixing proceeds as usual in the BV formalism, but due to our two additional trivial pairs, we can now write
down a much more general gauge fixing fermion. We restrict ourselves to

. 9“0'h,,
) + ﬁ(ggh - 4’105 + Cu [:l > } » (535)

and this is the freedom required for the discussion of the double copy. The resulting Lagrangian, to lowest order in «, reads as

a,m
(|

P, = — / d’x {x <§4a“hw — S, +0,h—- 0,6+ &

eEH,gf _ 17, 1qu
Z = v Oh,, + L@k

0 uv

o o o o 0,7
)+ 1h"0'h,, — *hOh+ {w d'h,, - So'w, + {w"d,h— {;w"d,5 + ggw”"i

o 0"d'h,, _ _ _ _

—aloh + §omd — gn”Tﬂ + 80" X" + avXﬂ)a“Xv +& (0;4XM)(6VXV) - g()ﬂa”Xu (5.36)
013" f - _

—{n ﬂ%Xv +§P0,X" = (10BB

O

after putting to zero the anti-fields.
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5.5. N = 0 Supergravity

The actions for the free Kalb-Ramond field and Einstein—Hilbert gravity are combined and coupled to an additional scalar field ¢,
the dilaton, in A" = 0 supergravity. This is the common, or universal, Neveu-Schwarz-Neveu-Schwarz sector of the o’ — 0 limit of
closed string theories, and the action reads as

SN=0 = /ddx,/-g {—K%R - 50,90 p - %e—%‘ﬂHWHW } ) (5.37)

The solutions of the associated equations of motions give backgrounds (with vanishing cosmological constant) around which strings
can be quantised to lowest order in o’ and string coupling. They also ensure conformal invariance of the string is non-anomalous in
critical dimensions.

We note that the free part of N = 0 supergravity is a sum of the free Kalb-Ramond two form, Einstein-Hilbert gravity and a free
scalar field. Therefore, the free parts of the BV formalism as well as the L_ -algebra description just add in a straightforward manner.
The interaction terms then consist of the interaction terms of Einstein-Hilbert gravity as presented in the previous section, as well as
additional terms of arbitrary order involving the dilaton and the Kalb—-Ramond two-form. These are readily read off (5.37), but their
explicit form will not be of relevance to us.

6. Factorisation of Homotopy Algebras and Colour Ordering

A key point of our discussion of the double copy is the factorisation of the L_-algebras of Yang-Mills theory and /' = 0 supergravity
into common factors. In this section, we discuss the basics of tensor products of homotopy algebras and introduce a twisted general-
isation that will prove to be the key to understanding the double copy from a homotopy algebraic perspective.

6.1. Tensor Products of Homotopy Algebras

Tensor Products of Strict Homotopy Algebras: Let Ass, Com, and Lie denote (the categories of) associative, commutative, and Lie
algebras, respectively. Schematically, we have tensor products of the form

® : AssXAss > Ass, ® : ComXxAss - Ass, ® : AssxCom — Ass,
(6.1)
® : ComxCom —» Com, ® : ComxLie - Lie, ® : LiexCom — Lie.

In particular, let 2 and B be two algebras from this list for which there is a tensor product. The vector space underlying the tensor

product algebra 2 ® B is simply the ordinary tensor product of vector spaces and the product m§[®23 is given by

my®®(a, ® by, a, ® by) = m}(a;,a,) @ m3 (b;, by) (6.2)

fora,,a, € Aand b, b, € B.
On the other hand, the tensor product of two cochain complexes (2, m¥) and (B, m?) is defined as the tensor product of the
underlying (graded) vector spaces 2 and B,

APV = PASB), with ARY), = PA Y, (6-3a)

kez ij=k
cf. (4.2). The differential mf@% is defined as
M3 (a@b) = m¥(a) ® b+ (~1)"a @ m¥(h) (6.3b)
foraeAandb e B.

Strict A, -, C.,-, and L -algebras are nothing but differential graded associative, commutative, and Lie algebras, respectively. For

such algebras % and B, the above formulas combine to

m®®(a, ® b)) = ml(a,) ® b, + (-1)1*a, @ mP(b,) ,
(6.4)

m§[®%(al ®by,a,R®b,) : (‘”lbllmlaz‘u m?(% a,) ® m?(blf b,)

Fortschr. Phys. 2021, 69, 2100075 2100075 (45 of 100) © 2021 The Authors. Fortschritte der Physik published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.fp-journal.org

A DVAN c E D (Fi::t's):‘i;n;iit‘:e
SCIENCE NEWS o Payais

www.advancedsciencenews.com www.fp-journal.org

fora,,a, € Aand b,, b, € B. If, in addition, the two differential graded algebras carry cyclic inner products (—, —)y and (—, —)y, then
the tensor product carries the cyclic inner product

(4, ®by,0,® b)ugs = (_1)Ibll\x\uz|w+s(lu1 Imﬂaz‘w(“l’ ;)9 (b1, by )ss (6.5)

fora,,a, € A and b,, b, € B. Here, s := |[(—, —)y|y is the degree of the inner product on B.

Tensor Products of General Homotopy Algebras:  There is a simple argument that extends the above tensor product of strict homotopy
algebras to general homotopy algebras, using not much more than the homological perturbation lemma. Let us therefore also briefly
consider this case, even though we will only make use of it in passing when discussing colour-stripping of Yang—Mills amplitudes.

An extension from the strict case to the general case can be performed as follows. Recall that the strictification theorem asserts that
every homotopy algebra is quasi-isomorphic to a strict homotopy algebra, see Appendix A.4 for details. Using this theorem, we first
strictify each of the factors ¥ and B in the tensor product A ® B we wish to define. We then compute the tensor product A" @ B!
of the strictified factors. This is a homotopy algebra whose underlying cochain complex Ch(2* ® B*') is quasi-isomorphic to the
tensor product Ch() ® Ch(B) of the two differential complexes underlying the factors 2 and B. We can then use the homologi-
cal perturbation lemma, most readily in the form used e.g. in [202] for the coalgebra formulation of homotopy algebras, to transfer
the full homotopy structure from Ch(2* @ B*') to Ch() ® Ch(B) along the quasi-isomorphism between the cochain complexes.
This yields a homotopy algebra structure on Ch(2) ® Ch(B) together with a quasi-isomorphism to the tensor product of the stricti-
fied factors. We stress that this transfer is not unique and depends on the choice of contracting homotopy (essentially, a choice of
gauge).

We stress that the fact that the tensor products (6.1) lift to corresponding tensor products of homotopy algebras is found in the
literature for special cases, see e.g. [281, 282] for the case of A_-algebras, as well as [[283], Appendix B] for the case of tensor products
of C_ -algebras with Lie algebras.

Tensor Products of Matrix and Lie Algebras with Homotopy Algebras: To capture the colour decomposition of amplitudes in Yang—
Mills theory, it suffices to consider the tensor product between homotopy algebras and matrix (Lie) algebras. In particular, given a
matrix algebra (or, more generally, an associative algebra) a and an A_ -algebra (2, m;), then the tensor product a ® 2 is equipped
with the higher products
m®(e; ®a,,....6,Qa) = e e @m(a,...,a&) (6.6)
foralle,,...,e; €aanda,,...,a; € Aand i € N*. Evidently, these formulas can also be applied to the tensor product between a matrix
algebra and a C_ -algebra, however, the result will, in general, be an A -algebra rather than a C_ -algebra as, for instance, the binary
product on the tensor product will not necessarily be graded commutative.

Next, we may consider the tensor product g ® € between a Lie algebra (g,[—, —]) and a C_ -algebra (€, m;). We obtain an L_-algebra
(8, p;) with & := ¢ ® €, however, the higher products y; are less straightforward than the ones in (6.6) for A -algebras. Nevertheless,
they can be computed iteratively, and we obtain for the lowest products®’

Hi(e1 ®¢p) = e ®@my(cy),

(6.7a)
Ha(&1 ® €1, 8, ® 6y) = [e1,€,] @ My(cy,6y)
and
py(e1 ®cp e, @y e3 ®6y) = [eg, [y, 85]] @ My(cy, €y, 03) — (=1)Ulelle ey, [e), €3]] @ My (6, 61, 65)
+ (_1)‘6”6‘62‘@[[61; &), &3] @ ms(cy, 0y, 65)
Hi(e1® ¢ 6, B0y, 658 05,6,Q0¢,) = [e,[e[e5,e,]]l @ my(cy, ¢y, 63, ¢4) — (_1)“2'6'53'6[61’ [es,[&2, ]l ® My(cy, 65,65, ¢4)
- (_1)‘6”6‘52‘@[’32: [e1,[e3, €4]l] ® my(cy, €1, 65, ¢4)
(6.7b)

+ (-1)lalslaletisldle;, ], €3], €,] ® my(cy, 65,61, 6,)
= (mn){alerielaislele, [e), ,]], €3] ® My(65, 61,65, 6,)

— (_]_)\51|c(|52|@+\‘73|¢)+\cz|¢|03\€ €1, e4], €3], €3] ® M,(c3, 65, C1, C4)

37 As detailed in (A.15), the graded anti-symmetrisation of any A, -algebra yields an L, -algebra, and so the form of the higher products can be gleaned
from the graded anti-symmetrisation of (6.6).
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foralle,,...,e, €gandc,,...,c, € €. We list these formulas here as they are useful in colour-stripping in Yang—Mills theory, and we
have not been able to find them in the literature.

6.2. Colour-Stripping in Yang—Mills Theory

As an example of the above factorisations, let us discuss colour-stripping in Yang—Mills theory and show that this is nothing but a

factorisation of homotopy algebras. For concreteness, let us consider the gauge-fixed action (5.14) and the corresponding L -algebra

YM, gf
Ly~

If the gauge Lie algebra g is a matrix Lie algebra, then the L_-algebra QQ/A ¢ s the total anti-symmetrisation via (A.15) of a family
of A_-algebras. One of these is special in that it is totally graded anti-symmetric/?*2! and thus is also a C_-algebra.

More generally, we can factorise 2;2,4 ¢ into a gauge Lie algebra g and a colour C_ -algebras G;g'gf using formula (6.6),

YM, of YM, of
8y ¥ = g®C, " (6.8)

Explicitly, the C_ -algebra @;y’gf has the underlying cochain complex

+

Ay A
—@,0n-s 0 1
alud) — ), alowd)

(6.9a)
c 5 ct c 5 ct
EOM) —— (%) TOM?) — T Mm%
oYM, gf oYM, gf . oYM, gf oYM, gf
=Cav.0 =Cava =Cpv.2 =Cpv.s
where we label subspaces again by the fields parametrising them
YM, gf YM, gf YM, gf M, gf
GBV,O - (SBV,O,C ’ GBV,l - @ GBV,L(# ’
be(A b
(6.9Db)
YM, gf _ YM, of YM, gf YM, gf
Cpy = @ Covagr Cavs = Cpyse-
pe (A, b+,
The non-trivial actions of the differential m; are
—0,¢
my YM, gf
cm| 0 fe @ onE,.
—Oe hE(AbTH
A, —(0,0" =5, [)A, —9,b
my YM, gf
b | oA, +Eb e @ cni,. (6.9¢)
=+ 0 be (AT, b*,0)

my

bt > —0"(AT 40,8 € € E
1% H

BV,3,ct 7
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the binary product m, acts as

m M, gf
(,c,) = goc, € 8

BV,0,¢
AM cA“
M) YM, gf
aolbll——-g| O € @ Gvalgjd),
o+ a”(CAﬂ) PE(ADbTY)
AY C(AY +0,0)
_ my YM, gf
c| ¢ =g 0 S @ (S:BV,Zg, e
b 0 PE (AT, b0)
m; YM, gf
(c.c") = gt € Cpyf (6.9d)
A) (A
m
bl|z||P -ea A+, € 6V E .,
ct b+
Aly AZv av(Al[vAZ;(]) + A‘]/a[vAZy] - a[vAly]A;
b, .| b, || = 2g 0
o & 0
YM, gf
€ @ GBV, 2,97
$ € (A*,b+,)
and the ternary product m; acts as
Ay (Ao [Ase AlAy, Az — Ay Ay Ay
b .| b, || b5 || = —2¢? 0
o)\ ) \a 0 (6.9¢)
e @ o
deE (AT b

It is a straightforward exercise to check that these higher products do indeed satisfy the C_ -algebra relations (A.1) and (A.10).

The factorisation (6.8) descends to the minimal model ﬁgi,/l’gfc’,

M — g@E e, (6.10)

and the higher products in the C__-algebra €™ 2 describe the colour-ordered tree-level scattering amplitudes. We set

Dpo(losm) =1 Y trle, e, VA(o(l), . o(n), (6.11)

€S, /Z,
and we have the formula
A(l.m) = (mme_(1,...,n=1)), (6.12)

where the numbers 1, ..., n represent the external free fields. The symmetry of the colour-stripped amplitude is reflected in the graded
anti-symmetry of the higher products m? in the C_ -algebra €™ ¢/°, because all fields are of degree one.

6.3. Twisted Tensor Products of Strict Homotopy Algebras

The factorisation of the L -algebras corresponding to the field theories involved in the double copy is a twisted factorisation, and we
define our notion of twisted tensor products in the following.
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Cochain Complexes: A graded vector space is a particular example of a cochain complex with trivial differential. In our situation,
we would like the vector space to act as an Abelian Lie algebra on the cochain complex. We therefore generalise the usual tensor
product as follows. Given a graded vector space B together with a cochain complex (2, m), we define a twist datum 7, to be a linear
map

7,08 - VBRENd),

6.13
v ) = ) v e, (©.13)

k3

where the index 7 labels the summands in the twist element 7, (v).*® Given a twist datum ,, the twisted differential is defined by

miv®a) = Z(—l)‘ff’l“”m () @ my (77 (v)(a) (6.15)

Fd

forv® a € B @ A. This somewhat cumbersome formula describes a rather simple procedure, and it will become fully transparent
in concrete examples. Evidently, there are constraints on admissible twist data. Firstly, m]" has to be a differential and satisfy

miom! =0, (6.16)
and secondly, m]" has to be cyclic with respect to the inner product (6.5) on the tensor product B ® 2. We note that as it stands, the
twisted tensor product is not necessarily compatible with quasi-isomorphisms because its cohomology is, in general, independent of
those of the underlying factors. This is not an issue for our constructions, but explains why the above twist is not readily found in the
mathematical literature.

As we shall see momentarily, one of the key roles of the twist is the construction of a complex of differential forms from a complex
of functions. The following toy example exemplifies what we have in mind.

Example 6.1. Consider the graded vector space 28 and the cochain complex (2, m;) defined by

B = MOR and A = | E°M)— F=M |. (6.17)
—— —— ——
=B, =9, =9,

For a basis (v, n) of M? @ R, a choice of twist datum is given by

7 (v¥) = 0®0 and 1,(n) = v”®%. (6.18)

The complex B ®, A with the twisted differential m7 is then

al(ud) = M? @ 7 ) alov?) = M? e 7° )
VoA = ® d/’ ® (6.19)
FoMY) = Re £ M) M%) = Re M%)

Hence, we obtain a description of the cochain complex (€= (M?) @ Q(M?), d), albeit with some amount of redundancy.

Differential Graded Algebras: Twisted tensor products for unital algebras were discussed in various places in the literature, e.g.,
in [284]. We would like to twist the ordinary tensor product of differential graded algebras introduced in Section 6.1, by extending the
notion of twist datum from cochain complexes as follows. Given a graded vector space ¥ and a differential graded algebra (2, m,, m,),
a twist datum is a pair of maps, one linear and the other one bilinear,

7,08 - VBRENd),

) 71 7.2 (6.20a)
vie ) = ) v,
38 In Sweedler notation, popular e.g. in the context of Hopf algebras, we would simply write
1 2
nw)=1"mer?w. (6.14)
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and

7, : BV - B End(A) ® End(A),

T v s (6'20b)
V@V, B n(v, 1) = 2 T V1, 0y) ® 70 (v, 1) @ 7, (v, v,)
where we again label summands in the tensor product by . The twisted tensor product has then higher maps
m'(v®a) = Z(—l)"f’l(v)‘ﬂrf'l(v) ® my(r*(v)(a)) ,
} (6.21)

my (v, ® a1, v, @ ay) = (—1)l2lu 4l Z 0y, v,) @ My(T5 (1, 1,)(31), 757 (1, 1,) (a2)) -

k3

Note that in general, one may want to insert an additional sign (—1)/% ¢1*2)ls %l into this equation; all our twist, however, satisfy
|T;'3(V1:V2)|m =0.

Clearly, not every twist datum leads to a valid homotopy algebra, and just as in the case of cochain complexes, one has to check
that this works for a given twist by hand. We also note that the twist datum relevant for the double copy will be able to mix types of
homotopy algebras, that is, for 2 an L_-algebra, we obtain a C_ -algebra and for 2 a C_ -algebra, we obtain again an L_ -algebra.

Altogether, our twisted tensor products are a way of factorising strict homotopy algebras in a unique fashion as necessary for the
double copy. However, it remains to be seen if our construction in its present form is mathematically interesting in a wider context.

7. Factorisation of Free Field Theories and Free Double Copy

In this section, we factorise the cochain complexes of the L_ -algebras of biadjoint scalar field theory, Yang—Mills theory, and N = 0
supergravity into common factors. This exposes the factorisation of field theories underlying the double copy at the linearised level.

Summary: Recall cochain the unary product y, in any L_-algebra is a differential. Consequently, any L_ -algebra (&, y;) naturally
comes with an underlying cochain complex

M1 M1 M1 M1

Ch(g) := (- £ £ £ g3 1 ). (7.1)
In an L_-algebra corresponding to a field theory, the cochain complex Ch(g) is the L -algebra of the free theory with all coupling
constants put to zero. In each factorisation, we thus expose the field content as well as the free fields that parametrise the theory’s
scattering amplitudes.

We will obtain the following factorisations of cochain complexes isomorphic to the cochain complexes underlying the L_ -algebras
of biadjoint scalar field theory, Yang-Mills theory in R,-gauge, and gauge-fixed N = 0 supergravity:

Ch(ggi;csle) _ Ch(ﬁﬂ??}) = ¢ ® (§ ® Ch(Scal)),

Ch(gY ) = Ch(@M) = ¢® (Rin ®, Ch(Scal)), (7.2)

BRST BRST

Ch(2Y=0)

BRST

1R

Ch(22%) = Rin®, (KRin®, Ch(Scal)),
where g and g are semi-simple compact matrix Lie algebras corresponding to the colour factors, K&in is a graded vector space and
Scal is the L -algebra of a scalar field theory. We see that the cochain complex Ch(QfBﬁ‘;) is fully determined by the factorisation of
Ch(&), which is nothing but the double copy at the linearised level.

There are two points to note concerning the factorisations of all those field theories but that of biadjoint scalar field theory. Firstly,
these factorisations are most conveniently performed in particular field bases. We explain the required changes of basis, which are
canonical transformations on the relevant BV field spaces. Secondly, these factorisations are twisted factorisation of cochain complexes

of the type introduced in Section 6.3, with common twist datum 7;, as indicated in (7.2).

7.1. Factorisation of The Cochain Complex of Biadjoint Scalar Field Theory

biadj

We start with biadjoint scalar field theory as introduced in Section 5.1. This case is particularly simple as its cochain complex Ch(& ;)

factorises as an ordinary tensor product.
Factorisation of the Cochain Complex: We can factor out the colour Lie algebras g and g leaving us with the L_-algebra @cal of a
plain scalar theory,

Ch(2) = ¢® (§ ® Ch(Scal)), (7.3)
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Table 6. The basis vectors of @cal with their L -degrees, their ghost numbers, and their mass dimensions.

Fields

Anti-fields

| = lgn I~ le

dim [ = lgn [—le dim

Table 7. Factorisation of the BV fields in the theory of biadjoint scalars. Note that we suppressed the integrals over x and the tensor products for simplicity.

Fields

Anti-fields

factorisation [ = lgn [—le

dim factorisation I = lgn [—lg dim

@ = e,8;5,¢0" (x) 0 1 R @t = e,8;5 ¢ (x) -1 2 241

where &cal is a homotopy algebra of cubic scalar field theory which we will fully identify later in (9.3). The natural cochain complex

is39

+

Ch(@eal) = | o1 2 12 | (7.4)
—— ——
©caly Scal,

concentrated in degrees one and two, cf. [178, 210]. Here, s, and s are basis vectors for the function spaces §[—1] and F[-2] with &

given in (4.29). Their inner product reads as

(s,.80) = 89 (x; —x,) . (7.5)
The L -degrees correspond to the evident ghost numbers and the differential induces mass dimensions, and both are summarised

in Table 6. The factorisation of the BV fields is listed in Table 7. The differential y; : i‘,zi;?m - Qgi;gjm is given by (6.3b) for the
untwisted tensor product,

#(9) = <eu ®&® / d'x wa‘”(x)> =e,®& Q@ u " ( / d'x wa“ﬁ(x)) = 0o, (7.6)

©cal

where ]

is the product appearing in (7.4). Furthermore, the inner product is

(.07 = e [ [ a8 0 mpe i)

(7.7)

/ dx 0™ (x)p? (%) .

In conclusion, we have thus verified the factorisation of the cochain complex (7.3).

7.2. Factorisation of The Cochain Complex of Yang—Mills Theory

The case of Yang—Mills theory is more involved than the previous one. We start with the gauge fixed BV action (5.15) and perform
a canonical transformation on BV field space, which then allows for a convenient factorisation of the resulting cochain complex
Ch(Q;g‘ST). For the following discussion, recall the gauge-fixing procedure and the gauge-fixed action from Section 5.2.

Canonical Transformation: We note that the term 0" A7 will vanish for physical states due to the polarisation condition p- & =0
where p, is the momentum and ¢, is the polarisation vector for A?. Off-shell, and at the level of the action, our gauge fixing terms

allow us to absorb quadratic terms in 9" Af in a field redefinition*® of the Nakanishi-Lautrup field b*. We further rescale the field b*

39 See (4.4) for the notation F[k].
40 The redefinition of the anti-fields preserves the cyclic structure of the L -algebra; it is mostly irrelevant for our discussion.
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in order to homogenise its mass dimension with that of A7, which will prove useful in our later discussion. Explicitly, we perform the
field redefinitions

o= O , gte = te ,
~ . 1-+4/1-
Aa = Aa i A+a = A+u + —é a b-Hl ,
u U “ u £ M
(7.8)

- 1—14/1- -
ba = E ba + éayAa i b+a = gbﬂl E

g ¢ . ¢
e o= o , ‘—;+a — E+ﬂ .
Under these field redefinitions, the action (5.15)
Stwst = / d'x {14, A" + L@ AL —2, 0"+ $b,b" + b,o" A7 | + S, (7.9)
where Sg;’[s’;m represents the interaction terms, turns into
S = / d’x { 1A, 0A" -¢,0¢ + b, 05 + &b, VO A } + SEv, (7.10)
where we rewrote the gauge-fixing parameter as
- 1-
Py i (7.11)

¢

Note that at the level of the BV field space, the redefinitions (7.8) constitute a canonical transformation. For a more detailed analytical
discussion, including the precise meaning of the inverses of the [] operator, see Appendix B.

L -Algebra: The action (7.10) is now the superfield homotopy Maurer—Cartan action (4.26b) for an L_ -algebra ler\fsr The complex
underlying ™ is given as
AL A
oalmheg — 2 5 olMHeg
¢ @3,‘\
£vOd, \
Bu l',+a 7 12
(gm(Md) ®g - (KOO(Md) ®g ( . 3)
& cta & cto
e>Mheg —> @MY eg oMY eg —> MY eg
e —— [ — [ — [ —
— e Y M —a
BRST, 0 BRST, 1 BRST, 2 BRST, 3
with
QYM _ QWM QYM _ QYM QYM _ QYM QYM _ QYM
SBRST,O - SBRST,O,E ’ EBRST,I - @ gBRST,l,tj) ’ SBRST,Z - @ 2BRST,1,¢ ’ 2BRST,3 - 53'BRST, 3, " (7,12]3)
¢ (A b g (At b+,7)
The differential u, acts on the various fields as follows
©) & -0 e /N
BRST, 1,5 7
A OA; -&yOo,b* -
~: i Tw u~ c @ QEII\KAST v (7.12¢)
b b +§\/|:|6“AZ pe (i, b

=gy M = QYM
)~ -0Oc € Lprst 3+
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Table 8. The elements of Kin with their L -degrees, their
ghost numbers, and their mass dimensions.

[ = lgn [—le dim
e 1 - -1
N 0 0 0
n 0 0 0

a -1 1 1

with all other actions trivial. The non-vanishing images of the higher products u, and y; are

(A%, 2) 5 —gfy, 0" (AbE) € QMM

BRST,1,¢+ 7

~a by M a~=h 5 =c QYM
(,¢’) = —gf, 9,0 € L RsT 2,4 2

(A2, AY) = 3lgf, 0" (APA°) € R (7.12d)

Voo BRST, 2, A+ ’

Aa Zb _ aAb yuzc QYM
(A#,C ) = gﬂm Aya c € gBRST, 3,¢ct 7

~ o~y o~ Hs b%ve wd ~
(Ao, A2 A7) = =31°f, "fACALA € &IV
and the general expressions follow from anti-symmetrisation and polarisation. We note that the formulas (4.27) are useful in the
derivation of the explicit form of these higher products.

By construction, (QEI[‘{’IST, ;) forms an L_ -algebra, and with the inner products

(A A*Y = / dix ACA*, (b,b*) = / d'xb°b", (&) = / d'xeeh, (&) = - / d*xeCh, (7.13)

it is cyclic. .
We stress that the Chevalley-Eilenberg differential of the L _-algebra 21

Iher is ot the usual gauge-fixed BV operator*!
~YM,gf oYM, gf
Qpy = { Spy o~ }

(7.14)

L
Bt =0

where 3;2,4 ¥ s the gauge-fixed BV action that is obtained from (4.30) by the canonical transformation determined by the gauge fixing
fermion (5.13). Instead, we are merely using the general correspondence between Lagrangians and L -algebras as pointed out in
Section 4.2. This is reflected in the images of all higher products of (7.12a) lying in spaces parametrised by anti-fields.

Factorisation of The Cochain Complex: ~As explained in Section 6.2, we may factor out the gauge Lie algebra g, and we are left with
a C-algebra. This C_ -algebra can be further factorised into a twisted tensor product, extending Example 6.1, and we obtain

Ch(&™

prsT) = 9 ® (Rin ®T1 Ch(Scal)) . (7.15)

Here, g is the colour Lie algebra, Ch(Scal) is the cochain complex (7.4), and Kin is the graded vector space*

g vt n a
Kin = R[] & <Md®R> ® R[-1], (7.16)
~—— ~——
= Kin_4 N——— = Kin
= Kin,

where the typewriter letters label basis elements of the corresponding vector spaces. The natural degree-zero inner product on Kin
is given by

(g,a) = =1, (v/,v")y =#", (nn) = 1. (7.17)

The elements of Kin also carry mass dimensions, which are listed in Table 8.

41 Here, |¢)7=0 is again the restriction to the subspace of the BV field space where all anti-fields are zero.
42 See (4.4) for the notation R[k], etc.
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Table 9. Factorisation of the redefined BV fields for Yang—Mills theory from Table 2 after the field redefinitions (7.8). Here, e, denote the basis vectors of
g. Likewise, g, n, v#, and a denote the basis vectors of Kin defined in (7.16). Furthermore, s, and s are the basis vectors of @cal from Table 6. Note
that we suppressed the integrals over x and the tensor products for simplicity.

Fields Anti-fields
factorisation [ = lgn |—lg dim factorisation [ = Ign [—1g dim
¢ =e,gs,c"(x) 1 0 g -2 Tt =e,asftt(x) -2 3 g +2
A= e vs, Al (x) 0 1 g -1 A* = e visTAY (x) -1 2 g +1
b = e,ns,b%(x) 0 1 %’ -1 b* = e,nsrb* (x) -1 2 %’ +1
= d d =4 _ +Z+a d
¢ =e,as,c’(x) =1 2 3 ct=e,gsfc™(x) 0 1 3

We summarise the factorisation of individual Yang-Mills fields in Table 9. A few remarks about the structure of the factorisation
are in order. Whilst fields always have a factor of s,, anti-fields always have a factor of s!. This guarantees that the inner product is
indeed that of the factorisation: (7.13) is reproduced correctly using the factorisations given in Table 9 and (7.17) complemented by
the inner product (e,, e,) = —tr(e,e;) = 6,, on g:

(&%)

<ea Re® / dx, 5, 0(%),e,®2@ / dx, s:25+b(x2)>

—(eq &) {8, a)/ddxl /ddxz 8 (s, — 2,)8% (%)) €(%,)

= / d'x (%) EF (v)
(A, A%y = <ea V' ® / d'x; 5, Al(x)), 6, @ V' ® / d?x, s;ZAjb(x2)>

= (e, e,) (v, v") / dx, / 2, 6 () — ;) Al (3) A (xy)

= / dix Al (x) AT (x) , (7.18)
(b,b*) = <eu ®n® / d?x, sy, B“(xl), e,dnQ® / dx, s:ZB*b(x2)>

= (e, eb)(n,n)/d"lx1 /ddx2 8 (s, — 5,)8%(%,) E(x,)

= / d%xb*(x) b () ,

(et = <ea ®a® / d'x; 5, T(x). €, @8 ® / d'x, Szzé+h("z)>

~(ew &) (ar8) / dix, / &, 69 (3, — 3,)8 () o)

- / dx 8 (x) EF () -

Note that the kinematic factor Kin essentially arranges the fields in a quartet: the physical field has a ghost, a Nakanishi-Lautrup
field, and an anti-ghost. These patterns reoccur in the double copy.
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To extend this factorisation of graded vector spaces to a factorisation of cochain complexes, we introduce the twist datum 7, given by

7, (V) = v

7,(8) = g®id, 7,(a) = a®id, (7.19)
1Q®id-&* Q@ 15

Voo

and we shall use the convenient shorthand notation

fddx s, A% (x) id - [ dixs, A% (x
7,(v¥,n . = (v,n) ®| : d " . (7.20)
i

[ dixs b (%) \/%6” [ dix sxb“(x)

N

S

B
1l

The twisted differentials on ¢ ® (Rin ®, Scal) are now indeed those of (7.12¢):

1 0) m(ea@g@ / ddxsxz“(x)>
= —e, ®g®u?‘“l</ ddxsxé“(x)>

= eu®g®/ddxs:{—DT:“(x)}, (7.21a)

B . [ dixs, Al (x)
) R S fddxsxl;“(x)

= e ® (VM Il) ® M@mI “Id _\/_70” f ddx sx%z (x)
\/iﬁa" id [ d%x s, b*(x)

xs;{ DA - &80, |
/ddxsx{mb“ SERELET)

v"®fddxsx{|:|A“ \/_6ﬂb“ }

[N N

o

=¢Q®,n)®

=, (7.21b)
n®fddxs;{|:|b“ x) +(§\/EB”AZ(x)}
@) = m (ea®a®/ddxsj“(x)>
= —e, ®a®/4]@“‘1(/ddxs c* ))
= eu®a®/ddxs;{—[|5“(x)}. (7.21¢)

Altogether, we saw that the factorisation (7.15) is valid for twist datum ;.

7.3. Canonical Transformation for The Free Kalb-Ramond Two-Form

To keep our discussion manageable, we shall discuss the canonical transformations for the free Kalb-Ramond two-form and Einstein—
Hilbert gravity separately. For the following discussion, recall the gauge-fixing procedure and the gauge-fixed action from Section 5.3.
Canonical Transformation: Analogously to the case of Yang—Mills theory, we can now perform a field redefinition in order to elim-
inate the quadratic terms that would vanish on-shell in Lorenz gauge due to contractions between momenta and polarisation tensors.
We also insert inverses of the wave operator to match the mass dimensions of fields of L_ -degree one. The field redefinitions are
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A=, = At

>
Il
>
>
T
Il
>
T
+

B Bt . pt +
Byv — B/Av ’ Buv - Byv + 5 g av] 4
~ . / : 1- 5 v 1- \4 1 _é v ~ . D 1- é
aﬂ = E(aﬂ - [)M.‘E - —E()l‘a a, + T@ Bvu , a: = E a: =+ E(),}E“’ , (7223)
£ =c+ 12_D§6“a” , & = ﬂe* —o'at,
: s o 1-yTZE
AH = A” , : = A: + —5 6yy+ ,
- Ef_ 1-y1-¢& = _
= /=(7+ A, ), IRV A A
’ D(y : g S
A= 1, =0t
with
E=¢&6 =6-4 (7.22b)

from (5.23). These redefinitions constitute canonical transformations on the BV field space. Upon applying these transformations to
the action (5.24), we obtain

~ = ~ z2 = ~
ShRst = /dd B, OB -A,OA +ta,0a" - £(0'a,) + ez - IO

707 +& V00, +&VOo, A - &vVOo,A |, (7.23)

where we have again used the shorthand & = / 5 , cf. (7.11).
L -Algebra: The action (7.23) is the superfield homotopy Maurer—Cartan action (4.26b) of an L -algebra, denoted by KR that
is given by

&t

%’w(Md) —2s gooqud)

Ay A Ay Al
ol -0, q! M) ol Ql Md)
—sfa“\/' \Fau —éfa#\/' \Fa#
oot =5 V"O(Md) oo =5 (/"O(Md)
(7.242)
p At By B}, i At
%"X’(Md) OB, goomd 2 —2 2 <(°°(Md) B, gomd)
*E_\/ﬁav\/}\/ﬁam
_ N~
A o %
ol For ol
—— —— ——— e —— —— ——
_. oKk e — ok — ok e e
BRST, -1 BRST, 0 BRST, 1 BRST, 2 BRST, 3 BRST, 4
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with

QKR _ QKR QKR _ QKR
SBRST,—l - BBRST,—LZ’ gBRST,O - @ gBRST,O,cb’
bed.7, i)

QKR _ QKR QKR _ QKR

gBRST,1 - @ 8BRST,1,¢ ’ SBRST,Z - @ 2BRST,2,¢ ’ (7,24]))
¢ (A", 7+, B a) peEt A7, B at)

QKR _ QKR QKR _ QW™

gBRST,3 - @ 2BRST,3,¢ 4 2BRST,4 - EBRST, 4,7+ 7
be A7+, 2)

and the non-vanishing differential

(A » 041 € Y&

BRST,0, i+
<Ay> '/4_1) _ <DA;¢ -¢ \% Dau?) c @ QKR
B o - BRST, 1,¢ ’
Y D7+§\/D6”AM ¢€(f\+'}€+)
(BW> &) ( as,, - 25\/50[,,5%] > c @ GKR
5 B - - ~ B BRST,2,¢ *
a, Oa, +¢y/[0'B,, +&%0,0'a, be (B, at) !
[\M> " <E|/_\,, -&/O aﬁ) e @ @
~ ~ ~ = BRST,3,¢ 7
¥ Oy +¢&yOo A, pe (A7)
= M1 ~ ~
(A 04 € 85, - (7.24c)

There are no additional higher products because the theory is free. The expressions

—/ddxj/:l’f,

—/ddx/:\/‘/:\;,

(B,B*) = %/ddeWB:w .
- /ddxaua;, 6.6 /ddxgg+,

- /ddx7;7+, G5y = _/ddx;:/fﬁ

define a cyclic inner product on (M, ;).

(4, 7%y = —/ddxz}ﬁ, (A, A7)

>

>t

N
|

= / d'x R“A*, (A, A%)

—~

91

AN

i

~
|

-~

N

~t
-

~
|

7.4. Canonical Transformation for Einstein—Hilbert Gravity with Dilaton

The case of Einstein—Hilbert gravity with dilaton is now more involved that of the free Kalb-Ramond field. For the following discussion,
recall the gauge-fixing procedure and the gauge-fixed action from Section 5.4.
Canonical Transformations: We start from the Lagrangian (5.36) but add a scalar kinetic term for the dilaton ¢,

gOeEHD,gf - ggEH,gf_l_ loOe. (7.26)

2
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We perform a field redefinition analogous to the case of Yang-Mills theory and the Kalb—Ramond field, absorbing various terms
that vanish on-shell, as well as the trace of h,, in 6 and ensuring that all fields come with the right propagators. For the fields of
non-vanishing ghost number, the transformation reads as

X, =X, X, =X,
~ 1 -
f=—5. Ft = +Os,
VO
- _ - _ 1—4/1-— B 7.27a
X, =X, Xt = X" - —66,,ﬁ+, ( )

™=n
i

_ 1—-4/1- _ = _
1 <ﬂ_—€a;¢xﬂ>l i \/Eﬁ+z
VE

where we worked in the special gauge

1- VI—¢ 1

1, §5=T, b=—3, & =

¢ = m{so(u 1—5)—5[5(34”9 1—§)+8§(—23—15 1—§+2(4+ 1—5)5)]}, (7.27b)

.t
2+41-¢6-1

HE+2y1-g-1-¢-1)

s
' VE@4E - 3)

& =0, & = {1 =0

from (5.35). The expressions for ¢, and {; make it apparent that the field redefinitions we would like to perform here are much more
involved than in the case of the Kalb—Ramond field.** Because the resulting expressions for the fields of ghost number zero are too
involved and not very illuminating, we restrict ourselves to the case & = 1 corresponding to Feynman gauge in Yang—Mills theory.
Here, we have the inverse field transformations

= = B (0= J0) - (%, - 1) - (0,0, a3

w, = —9,6-0"h,, —VO&,,
= -206+07-0"d"h,,, (7.27¢)
= iedeinlh )
oo b2 (0B - 20,0)

with readily computed antifield transformations. Jumping ahead of our story a bit, we note that the field redefinition for ¢ agrees
precisely with the expectation of how the dilaton should be extracted from the double copied metric perturbation h,,.

For general ¢, the total Lagrangian, to lowest order in «, reads as
FeiPy = th, O + 15, 0" + 180" ®,)" + &' 00"k, - 26006 + 1207 + ExvDo,&" + 187,01

. . 3 . (7.28)
-X, 0% - O +EFVDOo, X" - EfvTo, X" .

This is the quadratic part of the Lagrangian of the superfield homotopy Maurer—Cartan action (4.26b) for an L_-algebra Q;E{HSITD. The
latter has underlying complex

43 We suspect that there is a simpler field redefinition in a simpler gauge which we have not been able to identify yet.
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G (Mld) *0> (ﬁ"OO[Md]

5 5t
%oo(Md) o %Joo(Md]

XK XtH XK XtH
alwmh =5 ol o' —= olwm?
B o Ji o
r{w(Md) - CKOO(Md) <600(Md) - ({)OO(Md)
Praw 5 B
Q2ut) —— QM9
9v o
Qloud)
# =+
%;oo(Md) a (b(/oo[Md]
—_—— —— N —_——
—. fieEHD . fieEHD —. fieEHD _. fieBHD
BRST,0 BRST, 1 BRST, 2 BRST, 3
with
QeEHD _ QeEHD _
gBRST,o - @ QBRST,O,q) ’ BRST,1 — @
pE (. X) GE (6, X+, ft hw, &
QeEHD _ QeEHD _
QBRSTJ = @ QBRST, 3,47 BRST,2 @
PE (Bt XT) P 6+, X B, ht, @t 7t)

and the lowest non-vanishing products

(X,) " _<D>~(ﬂ—§\/ﬁ@yﬁ~> .
g 04 +&y0o, X"

h Oh,, — 2800, @, + &9,0,7

QeEHD
@ gBRST, 1¢’

de (X, j)

&, |5 |0, + EvVTOorh,, - EVOe,z - &0,05, | €

7 0%, (x) + 2800, (x) + E0"0h,,
):{M Hy D}:{ﬂ - g V Dayﬂ: QeEHD

A - . = | € @ i1'131st,3,¢ :
B Op+¢vo,X ) yexs i

The 21D algebra is endowed with the following cyclic structure:

- / ddx):(”):{; )

BRST

(X,X*) :
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=
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~
I
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Table 10. Factorisation of the redefined BV fields for A" = 0 supergravity. Just as in the case of Yang-Mills theory, all fields have a factor of s,, while all
anti-fields have a factor of s;. Here, we again suppressed the integrals over x, and we used the notation [x,y] =x® y — (-1)* My @ x and (x,y) =

x@®y+ (-N)HWy @ xforx, y € Kin.

Fields Anti-fields
factorisation [ = lgn | —le dim factorisation [=le dim
i=— 1z _ d_ it =— +1 3+ d
A=—[g gls, 2}L(x) 2 1 2 3 AT = —[a, als] 21 (x) 4 2 +3
- v“]sxéf\u ) 1 0 g —2 A =[a v%]sjlz]\; 3 g +2
- els, : 0 d_, G ; .,
7 = [g sy ﬁy(X) 3 7" = [an]s; \/Er ) 7t
[, v"]s 1B x) 0 1 43 B* =[v# v”]s"LB+ (x) 2 4
XZ\/E Hv 2 - ’ X 2\/5 Hv 2
@=[n, vl‘]sxé @, (x) 0 1 g -1 a* =[n v']s} \/_': 2 g +1
1 d 1 d
E=—[g a]s,—E£(x) 0 1 = =1 &t = —[g als] —£&t(x) 2 = +1
NG 2 V2 ’
2 2
A s, - A 1 2 d At =g visr =Rt (x 1 d
=[av ]Sxﬁ W) - 3 = [g v"]s; 7 2 (%) 3
= 1 = d = 1 - d
7=la H]SXT}’(X) -1 2 3 " =le H]S:TY x) 1 3
2 2
J=—[a a]sx%i(x) -2 3 g +1 it =g g]s;li+ ) 0 41
X = (g v")s 1L x ) 1 0 d_, X* = (a,v*) s+—x+( 3 442
g x \/E 1 2 \/- u 2
1 d 1. d
ﬂ=(g,n)sXTﬁ(x) 1 0 72 f* = (an)s} 7/} (x) 3 7+2
2 2
h= (" v")s L *) 0 1 43 ht = (v* V)s+LF,+ ) 2 4
XZ\/E Hv 2 X 2\/5 uv 2
w =—(n,v¥)s 1 (x) 0 1 z—] wt=—(n V“)S+L1~D+(X) 2 Z+1
4 X \/E H 2 4 X \/E " 2
%= (n,n)s, \1/_7?()() 0 1 g—] At = (n,n)s’ :/_ﬁ*(x) 2 g+1
2v/2 242
S=—(g,a)sxl\/_5(x) 0 1 g—1 5*=—(g,a)s;l\/_5+(x) 2 g+1
2 2
g 1 ¢ d : 1 ¢ d
X=(a vﬂ)sxﬁ M(x) =1 2 5 Xt = (g vﬂ)srﬁ u(x) 1 5
j = 15 . 2 d + = + 1 gr ] d
=2 i F= s i :

7.5. Factorisation of The Cochain Complex of N = 0 Supergravity

The factorisation of the cochain complex of the L _-algebra for Yang—Mills theory now fixes completely the factorisation of the cochain
complex of the L_ -algebra of N' = 0 supergravity. In view of (7.15), it thus merely remains to verify that

Ch(®))) = Kin®, (Kin®, Ch(Scal)) (7.31)

at the level of cochain complexes, where Kin is given in (7.16) and Ch(&cal) in (7.4). Furthermore, the twist in the outer tensor
product of (7.31) will only affect Ch(&cal) and commute with the other factor of &in. Let us stress that we could have allowed for two
different twist parameters for each of the tensor products. This, however, would make our discussion unnecessarily involved.
Factorisation of Fields: It is not surprising that the identification works at the level of graded vector spaces for the physical fields.
This is merely the statement that a rank-two (covariant) tensor decomposes into its symmetric part and its anti-symmetric part. The
symmetric part splits further into the trace, which can be identified with the dilaton, and the remaining components, which describe
gravitational modes. More interesting is the sector of unphysical fields, and the complete factorisation of all fields is given in Table 10.
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The elements of &in form a quartet, which is reflected in the well-known quartet of fields in the gauge-fixed Yang—Mills action:

n b*
! f
/V“\ — Al (7.32)
NN

Each field in Ch (BBRST) thus lives in the tensor product of two such quartets. This tensor product further splits into (graded) symmetric,

anti-symmetric, and trace parts, which belong to the two-form B, , the graviton modes h,,, and the dilaton ¢. Because the product of
two ghosts g§ is automatically anti-symmetric, only the B-field has a ghost for ghost 4. On the graviton/dilaton side, we do not have
the higher gauge transformations, but contrary to Yang-Mills theory, the ghost is a vector. We can summarise the relations between
the fields in the following two diagrams:

a4 1
S “

87 b
T/ \T AN

/ \ X, X,
\/ TN

(7.33)

where upper, lower left, and lower right arrows point to fields where a vector factor v# has been replaced by a factor n, g, and a,
respectively. The L_-degrees of the fields are the same in each column, increasing from left to right by one.

Factorisation as Cyclic Complex: From Table 10, it is clear that the tensor product (7.31) is indeed correct at the level of graded
vector spaces. The inner product structure on the anti-symmetric part is given by

<Z,Z+> = <—g®g®/ddxl lej(xl)r_a®a®/ddxz S;ZZ+(XZ)>
) _<g’a><g’a>/ &' / d's, 69 (e, = %,) M) 27 () (7.343)
= —/ddx A(x) A+ (x)
Similarly,
A A = / dx M AL (AR = - / d'x A At (),
7.77) = [ dxrmre, G.7%) = - [ a7t
(7.34b)

B =1 [ e wBe,

-~
AN
1
T
~
|

= / d'x @ (%)a (x)
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On the symmetric part, we have analogously

(X, Xy = / d'x X" (%)X (x) , (#,7%) = 3 / d'x #(x) 7t (%),
(B.B*) = / d*x f(x)* () , (8,6%) = - / d*x§(x)6* (x) ,
(7.34¢)

(h ity = %/ddx;mx)ﬁ;v(x), (X, X+ = —/ddx):(“(x)):(;(x)

(@00 = [dxormaiw, G5 = - [ @i,

Next, we compute the action of the differential y;, which is completely fixed by the tensor product Rin ®, (Kin ®, Scal), cf. def-
inition (6.15). We have, for example,

i) = (el [dsim) = -ego ([ dxsim) =07,
/~\ _/ddxsx\/“ (X)
My <7> = ”1<([glv |.[gn]) ® < /ddxsxﬁy(x) ))

— (g v A e
= ([g,v],[g,n])®ﬂl<<§|:|§au id )(/ddxs 2}'(x)

[ dixst— 1 {DA}( (E\/ﬁaﬂf’(")}]

= levlen) O g ge i {07 +EV09, A ()}

. /ddxsx \[ ”V( ) (7.35a)
/41<~> = /41<([Vﬂrvv]r[n'vﬂ])®< /ddxs @, (x) >>
a x\f y
/ddxs+ ! { DB”V 5\/_6;4 v
= e @ /ddxs;%{[la}, %)+ EyE0'B,, () +526,,6Vav(x>} ’
ﬁ _/ddxsx \/’ uv(x)
wlw| = m|(@ ) @) ) |/ dixs (—%[ @, ()
T fddxsx W2 y( )
= ((v/,v"), (@, v"), (n,n)) ® M
with
et OF, sm, 01+ 80,0709
fddst“{—\[Dw fé\/_a” ;w \/‘5\/5 ﬁ( )+ 7520 0'w ( )} . (735]3)

[ s 0,0 + 580w, () + 75800, }
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Furthermore, we have

= ~(av'][an) ®

i [ dxst={OA, (x 6\/_0r
Hi +\/>

7 J d'xst {07 +§\/_a A4
m(€) = O&,
wm(d) =01,
X / dix st —={01X, (x) - Ev/00,A(x)} (7.35¢)
”l<ﬁ> - e /d%s-—{mﬁ +Eyfiaiwxn

- ) /ddxs+ 1 {|:|X E\/EOHE(X)}
My = —([a,v"][a,n]) ® [ dixst L 1 {Dﬁ +§\/56,,5:§”(x)} '

m@) = 06

The resulting superfield homotopy Maurer—Cartan action (4.26a) for the superfielda = A+ A + - + B+ his

3¢ = /ddx{iém[]B’” A,OA +1a,0a" - S(0a,)’ +1e0e- 201
- 707 + & Oo"B,, + & VDo, A - VDo, A + 1k, OB - §MDX”+%@DW‘+§(M@”)Z (7.36)
- 15068+ 120% - fOf + Ee*VToh,, + EvEo,&" + 1870,0, b + Efy/To, X" - .»;?/?\anfaf} .

This action is precisely the sum of the transformed Kalb-Ramond action (7.23) and of the transformed zeroth-order gravity action
augmented by a dilaton kinetic term (7.28). Consequently, we see that our double copy prescription, arising from the factorisation of
the L -algebras of Yang—Mills theory and N = 0 supergravity into three factors, works at the level of cochain complexes.

8. Quantum Field Theoretic Preliminaries

Having completed the discussion at the free, linear level, we are almost ready to turn to the factorisation in the full, interacting picture,
which is, perhaps not surprisingly, very involved, cf. [9].

Firstly, as explained in Section 2, the double copy of amplitudes is based on a reformulation of the underlying Feynman diagrams
in terms of diagrams with exclusively trivalent vertices. At the level of the action, this means that we need to strictify the field theory,
i.e. to replace it by a physically equivalent one with exclusively cubic interaction terms. In this section, we will be relatively explicit, at
least to lowest orders in the amplitude legs and coupling constants.

Secondly, it is clear that the double copy of the factorisation of interacting Yang—Mills theory will be some form of strictified N’ = 0
supergravity. We will not work out detailed expressions for this action but merely show that the produced action is quantum equivalent
to N' = 0 supergravity.

To this end, we shall need a number of quantum field theoretic observations already made in [9]. This section contains both a review
and a much more detailed explanation of these observations than [9].

In the following, we shall always clearly distinguish between scattering amplitudes o/ (---) and correlation functions (---). Correlation
functions contain operators that create and annihilate arbitrary fields without any constraints. Scattering amplitudes, on the other
hand, are labelled by external fields, which usually are physical fields with on-shell momenta and physical polarisations. For our
arguments, it is convenient to lift the restriction to physical polarisations and work with the BRST-extended Hilbert space of external
fields which, in the case of Yang-Mills theory, includes gluons of arbitrary polarisations as well as the ghosts and anti-ghosts as
explained next.

8.1. BRST-Extended Hilbert Space and Ward Identities

The tree-level scattering amplitudes of Yang—Mills theory are parametrised by degree one elements of the minimal model of the L_-
algebra (7.12). These are the physical, on-shell states. A convenient set of coordinates for these are the gluon’s momentum p, as well
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as a discrete label indicating the gluon’s helicity. More conveniently, we can replace the discrete labels by a linearly independent set
of polarisation vectors ¢, that satisfy

0
(gy)=<), p-£=0, and |£] = 1. (8.1)

BRST-Extended Hilbert Space: 'We can extend this conventional Hilbert space of external fields to the full BRST field space H1.
as done, e.g., in [285]. We thus have two additional, unphysical polarisations of the gluon, called forward and backward and denoted
by AL“ and At ¢, respectively. We can be a bit more explicit for general gluons with light-like momenta. Here, the polarisation vector
€! is proportional to the momentum p, and the backwards polarisation vector ei is obtained by reversing the spatial part,

(€l) = — <p°> and (¢}) = — (p‘l>, (8.22)
V2lp| \ P V2lp| \-P

so that

el-e' =0, et =0, and €& = —1. (8.2b)
We also have ghost and anti-ghost states. All scattering amplitudes we shall consider will be built from the Hilbert space HXM .

We note that the S-matrix of the physical Hilbert space 53;1;/;3 is then the restriction of the S-matrix for the BRST extended Hilbert

space H}Y. . Although there are scattering amplitudes producing unphysical particles in 3. from physical gluons in 5;%5’ this

is consistent, because the restricted S-matrix is unitary. This is a consequence of the full S-matrix on H¥c .
symmetry, cf. [[286], Section 16.4].

Evidently, $1¥  carries an action of the linearisation of the BRST operator, denoted by Qj__, cf. again [285] or the discussion in
[[286], Section 16.4]. Note that after gauge-fixing, the full BRST transformations are given by the restriction of the BV transforma-
tions (5.10) since the gauge-fixing fermion is assumed to be independent of the anti-fields. We have

being unitary and BRST

O 1 a oty
a a C =a a
¢ —oghloc, ¢ - b,
(8.3)
Qs Qrsr
AZ = (V”C)“, ¥ = 0,

and (Q'™. )2 = 0 off-shell. In momentum space, it is then easy to see that the transversely-polarised or physical gluon states At“ are

RST
singlets under the action of the linearised BRST operator, QE]I:[S’_FH Ai“ = 0. The remaining four states arrange into two doublets,

QYM, lin QYM, lin
BRST BRST

Al 5 9 ¢* and ©°
H H

b= lorale, (8.4)
¢
Connected Correlation Functions: In our later analysis of the double copy, we shall compare correlation functions at the tree level.
Recall that the partition function Z and the free energy W := log(Z) are the generating functionals for the correlation functions and
the connected correlation functions, respectively. Evidently, this implies that the connected correlation functions can be written as
linear combinations of products of correlation functions. This simplifies our analysis as we can restrict ourselves to the contributions
of connected Feynman diagrams to correlation functions.

Observation 8.1. The set of connected correlation functions is BRST-invariant because the connected correlation functions can be
written as linear combinations of products of correlation functions.

Ward Identities for Scattering Amplitudes: In order to translate colour—kinematics duality for scattering amplitudes from gluons
to ghosts, we shall use supersymmetric on-shell Ward identities, cf. [20, 21], and we focus on the supersymmetry generated by the

linearised BRST operator g}];/g}in acting on the BRST-extended Hilbert space 1., whose elements label our scattering amplitudes.

The free vacuum is certainly invariant under the action of Q‘;lg"s’?“, cf. again [285] or [[286], Section 16.4]. We therefore have the
on-shell Ward identity

0 = (0l[Q)Ner", O, -+ 6,]|0) . (8.5)
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In order to use this Ward identity to link scattering amplitudes with k ghost-anti-ghost pairs to amplitudes with k + 1 such pairs,
we consider the special case

0, 0, = AT5(ct)* AT - AL (8.6)

n—2k-2 7

where the gluon A!“ is forward polarised while all other gluons have physical polarisation. In this special case, the on-shell Ward
identity (8.5) becomes

(0](ct)** AL -+ AL 10) ~ (O] AT(cE)*DAT -+ AL ]0). (8.7)

Observation 8.2. Any amplitude with k + 1 ghost-anti-ghost pairs and all gluons transversely polarised is given by a sum of amplitudes
with k ghost pairs.

The simplest non-trivial concrete example to illustrate Observation 8.2 is the case n = 4, k = 0 in Yang—Mills theory (the three-point
scattering amplitudes vanish). We may then identify

<0|ATa(Pl)Eh(Pz)Allc(Pz)A;d(P‘t)m) = p(z)'Q{AAAA(gT(pl)fpll a; 5l(P2)rP2’ b; 5%([’3)4’3’ G 5;@4)4’4' d) (8.8a)
and
(012 (p1)¢" (P2) A “(P3) Ay “ (pa)10) = DIz (P i P, b €1 (D3), 3 G 5 (pa), Par ) (8.8b)

where &/, ,,, and &/, , denote the four-gluon and two-ghost—two-gluon scattering amplitudes, respectively, with external particles
labelled by polarisation vectors, momenta, and colour indices. The hat indicates the Fourier transform. A standard Feynman diagram
computation then shows that

fadeﬂ be
V2

{(52 : 54)[(!’1 &)+ 2(p, 53)] —(&5-¢&) [(pl &)+ 2(ps '52)] - \/;22(1(52 : 8;)ftp =) )) — (&2 &3)(p1 - €4)
1°P2 1°P3

0 _
Dy apan =

fabzf;cd { p(z)
\/E \/E(FH " D)
0

- m [(Pl “b2) — 2(p, 'P3)] (65 &4) — (&2~ 53)[(1”1 &)+ 2(py '54)] (8.92)

+ (€5 - &) [(P1 -&3)+2(py - 53)] — (& 54)[(?1 &) +2(ps - 52)] }

—2(g; - &) (P, - €4) — \/Epg(fs '54)} + [Z(I’l “&4)(py - €3) — 2(py - &3)(py - 54)]

ace £ bd 0 . .
+f - {PZ(P1 G + (& 53)[(1’1 “€4) + 2(p, ‘54)] — (&2 €4) [(Pl &)+ 2(p, - 53)]

\/5 \/E(Pl " p3)
+ (& '54)((191 &) +2(p; - 52)] + \/Epg(% : 54)}

and

0(p, . cEy 2
d M + febefed p—{(pl “&3)(Py - €4) = (P1 - €4) (P2 - €3)

0 ace £ b
p‘dcﬁ = e
aan = S 20, - ) (v: - 1)

0(p o ) (8.9b)
aae [ p € €
+[%@1'!’2)"‘@1'1’3)](53'54)}_fdﬂb 2[(; lp )4+(; ;)] :
1° P2 1°P3
The sum of both terms vanishes,
Py anan +Piian = 0, (8.10)

upon using momentum conservation, transversality of the physically polarised gluons, the explicit form of the on-shell polarisation
vectors (8.2), and the Jacobi identity. That is, the s-, t-, and u-channels are not related separately. This is not very surprising: as indicated
in Section 2.1, the four-point gluon vertex can be distributed in different ways to the various channels and each distribution would
imply a different relation between the channels of the two amplitudes. If we ensured colour—kinematics duality for the four-point
vertex, however, then the relation between the two amplitudes would hold for each individual channel.
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When we come to discussing the double copy theory, we will be able to ensure BRST invariance of the action only on-shell. However,
from the construction of correlators from Feynman diagrams it is clear that the action of QY]I;AS}]“ on the on-shell BRST-extended Hilbert
space will still be preserved, and we again have (8.5) with the corresponding link between scattering amplitudes with different number

of ghost—anti-ghost pairs:

Observation 8.3. Suppose that YQASTS;%’IST 0 and (Q};)* = 0 only on-shell. Then, we still have an identification of scattering am-
plitudes with k + 1 ghost—anti-ghost pairs and all gluons transversely polarised and a sum of amplitudes with k ghost-anti-ghost

pairs.

Off-Shell Ward Identities: BRST invariance of the action, being a global symmetry, induces an off-shell Ward identity for correlation
functions,

((0",(%) 0y (x%,) = O, (x,)) = Z:é‘d><x—xi>< (QurstO(x) [ [ 0% > (8.11)
i=1 J#i

where j, is the BRST current and the sign is the Koszul sign arising from permuting operators of non-vanishing ghost number. Note
that in general, Q). is the renormalised BRST operator of the full quantum theory, cf. [[**”], Chapter 17.2]. As we will always discuss
tree-level correlators, however, we can restrict ourselves to the classical BRST operator with action (8.3). We note that the left-hand
side of (8.11) vanishes after integration over x and the Ward identity simplifies to

0=+ < (0.6 [ 0,6 > (8.12)
i=1 J#i

When applying Ward identities to correlation functions, we can use Observation 8.1 to restrict the correlation functions to purely
connected correlators, i.e. the contribution arising from connected Feynman diagrams. Moreover, we can restrict the correlation
functions to a particular order in the coupling constant g. This implies that for operators linear in the fields we can truncate the action
of the BRST operator Q) to the Abelian action.

As a short explicit example, let us consider (8.12) for the special case n = 3 with

6, = Alp), 6, =p), 0, = Alp,), (8.13)
and we switched to momentum space for simplicity. We obtain the identity
PLY (p1)PL (23) (CAS) () B (P2) AL (p3)) + (b ()2 () ASH () = (AL (p1)E (po)ps & (p5)) ) = O, (814)

where PL“/ (p) is the projector onto (off-shell) forward polarised gluons. Explicitly,

o -5 [NV_(p'p) ]
R ey el i
(8.15)
D) ® ).
Plv = v _ % ,
« @) p“(p-fv)l—(p-p)Z[ (p-ﬁ)p]

where p, is p, with spatial components reverted.

The relevant vertices are clearly the cubic gluon vertex to which b? (p,) is linked by a propagator, as well as the ghost-anti-ghost—gluon
vertex. At the tree-level, we thus obtain

P (01)P!Y (p3) (AS) (1) B (22) AT (p3)) = FPL (0P (3) [Payr Pr = D3y + s (05 = P1) - (PH(92) - )]
PL (01)P!Y (b3) (P18 (01) & (02 AS) (p3)) = FP (0)PLY (93)D1,0 P
L (01)P! (p3) (A (2)E ()P 0 E°(p3)) = F°PLY (01)P) (03)P3y P - (8.16)
The sum of these three terms is
SR )P (B3 [0 = 1) - (P (p2) - P2)] (8.17)

which vanishes after inserting the explicit expressions (8.15).
We conclude with the following observation.

Observation 8.4. We have Ward identities between tree-level correlation functions.
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8.2. Quantum Equivalence, Correlation Functions, and Field Redefinitions

Let us now leave the special case of Yang-Mills theory for a moment and reconsider notions of equivalence between field theories in
general. As discussed in Section 4.3, two field theories are classically equivalent if they are quasi-isomorphic and thus have a common
minimal model. In the same section, it was explained how the minimal model of a field theory is constructed using the homological
perturbation lemma.

Perturbative Quantum Equivalence:  For the full quantum equivalence at the perturbative level, we have the following evident state-
ment.

Observation 8.5. Two field theories are perturbatively quantum equivalent if all correlators built from polynomials of fields and their
derivatives agree to any finite order in coupling constant and loop level. Since correlators can be glued together from tree-level corre-
lators (up to regularisation issues), it suffices if the tree level correlators agree.

We stress that we are only interested in the integrands of scattering amplitudes, which allows us to ignore all issues related to
regularisation.

To provide a link between the double-copied action and the action of N' = 0 supergravity, we will need to perform a sequence of
field redefinitions. The field content of the theories will be the same from the outset, and we choose to work with the same path
integral measure in both cases. We are therefore interested in field redefinitions that leave the path integral measure invariant.

There are large classes of such field redefinitions. The most evident such class of field redefinitions is

¢ b= d+fd,...H) (8.18)

where f is a polynomial function of a set of fields {¢/, ..., ¢ } and their derivatives with ¢ & {¢/, ..., ¢ }. Under such a field redefini-
tion, the path integral measure remains unchanged; this becomes evident when imagining the finite-dimensional analogue of volume
forms and a coordinate shifted by a function of different coordinates.

More subtle is the fact that field redefinitions of the form

b= d=9¢+0@"), (8.19)

where O(¢?) denotes local polynomial functions in arbitrary fields and their derivatives which are at least of quadratic order in ¢ can
also be considered as leaving the path integral measure invariant.

Invariance of the S-matrix under (8.19) without derivatives is captured by the Chisholm-Kamefuchi—O’Raifeartaigh—Salam equiv-
alence theorem.[8828] A proof using the BV formalism of perturbative quantum equivalence for local field redefinitions of the
form (8.19) allowing for derivatives was given in [290]. This is sufficient for our purposes as we are only concerned with the integrands
of scattering amplitudes. Note, however, the well-known need to choose the counter-terms consistently, as emphasised in [290]. With
this in mind, the simplest approach is to use dimensional regularisation, since (8.19) produces a Jacobian which is then regulated to
unity, see [291, 292] as well as [[293], Sections 18.2.3-4].

We sum up the above discussion as follows.

Observation 8.6. A shift of a field by products of fields and their derivatives which do not involve the field itself does not change the path
integral measure. Local field redefinitions that are trivial at linear order are quantum mechanically safe as they produce a Jacobian
that can be regulated to unity in dimensional regularisation.

Nakanishi—Lautrup Field Shifts and Changes of Gauge: Besides field redefinitions, we also adjust our choice of gauge to link equiv-
alent field theories. In particular, we can shift the usual choice (5.13) for R.-gauge to

¥ Y42 with 2 = /dde“Yu. (8.20)

Here, Y* is of ghost number zero, and we limit ourselves to terms Y* that are independent of the Nakanishi-Lautrup field. The
shift (8.20) leads to a shift of the gauge-fixed Lagrangian (5.15) given by

=)

Y™ ™

ZLirst P Lyrsr + SA
u"

8,408 4 =)
(VMC)” + Efl;c @C = baﬁ . (821)

Evidently, this new Lagrangian is quantum-equivalent to the one with Y* = 0, as we merely chose to work in a different gauge.
Subsequently, we may perform the shift

b b+ Z° (8.22)
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in the Nakanishi-Lautrup field with Z“ polynomials in the fields and their derivatives. The combination of this shift and (8.20) results
in

5E a g a5E c f a a U AQ a a 6E
Lanst 7 Lagsr + 50 (Vi)' + S S2 0 + SZZ0 4+ Z,(Eb" + 0MAT) — (b + Z) = (8.23)
U

We shall assume that Z* is independent of the Nakanishi-Lautrup field as this will yield a quantum-equivalent Lagrangian by Ob-
servation 8.6. We shall also assume that Z* depends at least quadratically on the other fields and their derivatives to preserve the
linearised BRST action on the BRST-extended Hilbert space introduced in Section 8.1.

Interaction Terms Linear in the Nakanishi—Lautrup Fields: Let us now consider the following special case: suppose that we are in
R;-gauge and that our Lagrangian contains a term Z,0" A} with Z* independent of the Nakanishi-Lautrup field and at least quadratic
in the fields and their derivatives. On the physical Hilbert space with transversely polarised gluons, such expressions vanish. Off-shell,
we can still remove such terms by the shifts (8.22). Given the need to shift by Z%, we can then iteratively construct a Y* which cancels

any new terms linear in b%, as is clear from (8.23). Explicitly, we solve the equation

SE 9%
0=§Zu—5=§Zu—Ya+cW+m, (824)

where the ellipsis denotes terms containing partial derivatives with respect to derivatives of the anti-ghost field ¢”. Cleatly, for consis-
tency, Y* needs to be at least quadratic in the fields and their derivatives because Z* is. We are left with the terms

4 6%
-2Z. 7%+
2 6AY

=

b ¢
, 8.25
5Cac ¢ ( )

a,8¢a
(V0" +

which are either at least quartic in the fields or at least cubic in the fields, containing ghost fields. The ability to remove any terms
of the form Z,(9#A,)* through local shifts of the Nakanishi-Lautrup field, absorbing them into b*, and a compensating gauge choice
is the ‘off-shell’ Lagrangian analogue of being able to impose that the on-shell external gluons in an amplitude are transverse. We
summarise as follows.

Observation 8.7. Interaction terms in the Lagrangian of degree n > 3 of the form Z,(9#A,)* with Z* independent of the Nakanishi—
Lautrup field can be removed in R.-gauge by shifting the Nakanishi-Lautrup field according to (8.22). This creates the additional
terms (8.25), which do not modify the scattering amplitudes by Observation 8.6 and, in addition, contribute only to interaction vertices
of degree n with more ghost-anti-ghost pairs or to interaction vertices of degree greater than n.

We also note that a shift of the gauge-fixing fermion by itself (8.20) allows us to absorb physical terms proportional to the Nakanishi—
Lautrup field without further affecting the physical sector.

Observation 8.8. Terms in the action that are proportional to the Nakanishi-Lautrup field can be absorbed by choosing a suitable term
Y?. This leaves the physical sector invariant but it may modify the ghost sector. Because Nakanishi-Lautrup fields appear via trivial
pairs in the BV action, this extends to general gauge theories, e.g. with several Nakanishi-Lautrup fields and ghosts—for-ghosts.

Actions Related by Field Redefinitions: Let us return to a general setting. Suppose that we are given two classical field theories which
are specified by local actions S and S, as power series in the fields and their derivatives, whose corresponding L, -algebras have the
same minimal model, the same field content and the same kinetic parts.

Consider the cubic interaction terms Z, and &, in S and S. Since the three-point amplitudes agree, these interaction terms can
differ at most in terms that vanish on external fields. Therefore, these terms have to be proportional to either the on-shell equation
for an external field or to a field with unphysical polarisation which is not contained in the external fields. Both types of terms can be
cancelled by a local field redefinition which shifts the discrepancy into the quartic and higher interaction terms. Such field redefinitions
constitute quasi-isomorphisms of L -algebras and leave the tree-level scattering amplitudes unmodified. We are left with two theories
with the same tree-level scattering amplitudes and with the same interaction terms to cubic order.

The discrepancy between the total quartic terms of both field theories after the above field redefinition is again invisible at the level
of external fields, because the tree-level scattering amplitudes still agree. We then compensate again by further field redefinitions,
shifting the discrepancy into quintic and higher interaction terms. In this way, we can remove the differences between the Lagrangians
order by order in the interaction vertices, field-redefining the difference away to higher order interaction vertices. Since we are merely
interested in perturbation theory, agreements to arbitrary finite orders are completely sufficient.

Altogether, we can conclude that for the purpose of perturbative quantum field theory, we can regard the actions S and S to be related
by local field redefinitions. In certain cases it is even possible to give closed all order expression for (part of) the field redefinitions,
providing a formal non-perturbative equivalence.

Observation 8.9. If two field theories have the same tree-level scattering amplitudes, then the minimal models of the corresponding
L -algebras coincide, cf. [178, 210]. If also the associated actions are local and given by power series of the fields and their derivatives,
and have the same field content and kinetic parts, then they are related by local (invertible) field redefinitions.

Fortschr. Phys. 2021, 69, 2100075 2100075 (68 of 100) © 2021 The Authors. Fortschritte der Physik published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.fp-journal.org

ADVANCED .
SCIENCE NEWS oFPhyses

www.advancedsciencenews.com www.fp-journal.org

The explicit example of Yang-Mills theory may be instructive. Consider the action (7.10) of Yang—Mills theory in R.-gauge with the
field redefinitions (7.8) implemented as in Section 7.2 and consider an action S with the same fields, the same kinematic parts and
identical tree-level scattering amplitudes. The discrepancies in the interaction vertices at each order are proportional to (at least) one
of the terms

Ale, \/ﬁiyuéaﬂixz, OAY, O, O, and [Ob°. (8.26)

Given the BRST invariance, we can always exclude terms proportional to A}TI“, as these can be absorbed by residual gauge transforma-
tions. Terms proportional to \/[Jb" + Ed”AZ can be absorbed by a field redefinition of the Nakanishi-Lautrup field due to Observa-

tion 8.7. All remaining differences are sums of terms proportional to [J A%, []¢%, [J&, or []5°, and they can be absorbed by iterative
field redefinitions, starting with the three-point amplitudes. There is an evident field redefinition of the relevant field, quadratic in
the fields and their derivatives, such that the kinetic term of redefined Yang—Mills theory produces the difference in kinetic terms.
Since such a field redefinition is a quasi-isomorphism of the corresponding L _-algebras, it preserves the minimal model and thus the
tree-level amplitudes. Moreover, such a field redefinition is clearly local.

8.3. Strictification of Yang—Mills Theory

Generalities: An important structure theorem for homotopy algebras is the strictification theorem, cf. Section A.4. In particular,
it implies that any L_ -algebra is quasi-isomorphic to a strict L -algebra, i.e. an L_-algebra with y; = 0 for i > 3, better known as a
differential graded Lie algebra.

From a field theory perspective, this implies that any classical field theory is equivalent to a classical field theory with interaction
terms which are all cubic in the fields. Generically, a strictifying quasi-isomorphism may produce non-local terms, but there is always
a systematic choice of strictification that is entirely local. This is quite evident for the interactions of scalar fields, since we can ‘blow
up’ n-ary vertices to cubic graphs with edges corresponding to propagating auxiliary fields, cf. e.g. the discussions in [178, 210].

As a simple example of a strictification, consider the first-order formalism of Yang-Mills theory on four-dimensional Euclidean
space R*[% in which an additional self-dual two form B, € Q*(R*) ® g in the adjoint representation of the gauge Lie algebra is
added to the field content,

M = / d*x { leweip, B+ j—te’”‘“BWVBi”} : (8.27)
The L -algebra corresponding to the full BV complex of this theory is indeed strict; see [178, 193] for a quasi-isomorphism between
this L -algebra and that of the ordinary, second-order formulation of Yang—Mills theory.

Note, however, that the full strictification of gauge theories including ghosts is a bit more involved: the equations of motion of
the introduced auxiliary fields would be at least quadratic in other fields, and if these transform in the adjoint representation or as
connections, the gauge transformations of auxiliary fields are at least cubic in fields and ghosts, leading to quartic or higher terms
in the BV action. The strictification theorem still guarantees the existence of an equivalent formulation as a field theory with cubic
interaction vertices, but we may have to extend our field space not merely by adding fields, but by switching e.g. to its loop space. This
is due to the fact that cubic gauge transformations in an L_ -algebra are encoded in a y;, which in turn corresponds to a particular
three-cocycle. The latter can be transgressed to a two-cocycle over loop space, which merely corresponds to a Lie algebra extension
and thus, is turned into a higher product y,. For fully gauge-fixed actions, however, this problem never arises.

We also note that the factorisation in the double copy is most easily performed in a specific strictification*, which is not the first
order formulation (8.27). Its precise form is discussed in the following.

Colour—Kinematics-Dual form and Cubic Diagrams: Recall from Section 2.2 that the tree-level Yang—Mills amplitudes can be rear-
ranged in colour-kinematics-dual form, which is by now a well-established fact.[”82526.28,29.235,294.295]

Observation 8.10. The tree amplitudes of Yang—Mills theory can be written in colour—kinematics-dual form.

Explicitly, one can construct a Lagrangian whose Feynman diagrams generate colour—kinematics-dual tree-level amplitudes of
physical (transverse) gluons in Yang—Mills theory, making colour—kinematics duality manifest at the Lagrangian level. This is achieved
by adding non-local interaction terms @(A"), for all n > 5, to the action that vanish identically due to the colour Jacobi identity. The
necessary terms were first constructed in [6] up to six points. The algorithm of Tolotti-Weinzierl®! is a prescription of how to find
the necessary terms to arbitrary order.

Since the new terms are identically zero, they obviously leave the theory and amplitudes invariant, but nonetheless change the indi-
vidual kinematic numerators to realise colour—kinematics duality. Moreover, the new terms can be rendered cubic and local through
the introduction of auxiliary fields,°! as demonstrated explicitly at five points in [6]. Roughly speaking, one starts from Yang-Mills

4+ Ttis actually a family of strictifications.
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theory and strictifies the already present quartic interaction vertex by inserting an auxiliary field, redistributing the contributions to
ensure colour-kinematics duality for four-point amplitudes. The colour—kinematics duality of the five-point amplitudes then requires
a new interaction term ((A%) which vanishes due to the Jacobi identity. This vertex is then strictified by inserting further auxiliary
fields, etc. The overall action is thus trivially equivalent to Yang—Mills theory. We note that the form of the strictification is encoded in
the action produced by the Tolotti-Weinzierl algorithm. We shall be completely explicit below, but let us first summarise the situation.

Observation 8.11. Given tree-level physical gluon amplitudes in colour—kinematics-dual form, there is a corresponding purely cubic
Lagrangian whose Feynman diagrams (summed over identical topologies) produce kinematic numerators satisfying the kinematic
Jacobi identities.

To illustrate the strictification, let us consider the four- and five-point contributions, which were already computed in [6]:

t]f{ [AK’ AA][Ap’ Ao’]}

29 ~ w{[A
D12

’

[A,0,A,], QA,,] > }
O

We immediately note that #©) vanishes by the colour Jacobi identity. Its presence, however, is required for the kinematic Jacobi
identity to hold after factorisation.

As explained in Section 2.4, these terms reflect a ‘blow up’ of n-point interaction vertices into trees with trivalent vertices and all
symmetries taken into account:

1 3 1 2 1 2
T,

2 4 3 4 4 3

1 3 4 1 4 3

2 5 2 5

Here, an internal wavy line comes with a propagator in Feynman gauge é, while a dashed line corresponds to the identity operator
d

I

7 v — UV kp Ao 312 334
AJA A} = =00’ 9}
(8.28)

FO ~ tr{[AV,A"]é([[()”AV,Ap], %A” + +

[4,, A, %()MAv

(8.29)

5
The general Lagrangian at n-th order is then of the form
L = fup B Dy (B Dy(ES Dy ) (8:30)

where D, stands for either é or % and the M;s are Lorentz multi-indices. Note that all the E;s are polynomials of degree one or two

in the fields. In the tree picture, the wave operators in the denominator correspond precisely to the edges in the trees.
Strictification:  To strictify the non-local action, we now iteratively insert auxiliary fields G, and G’I\‘/'IF” for each operator D;. If we

are dealing with an operator of the form %, we first use partial integration

Ml MZ Ml MZ
E'OVE" _ (0,E")0"E") .
Ll Oy '
where E! is an arbitrary expression in the fields, derivatives, and auxiliary fields. We then use the fact that the Lagrangians
1
B SEy (8.32a)
and
i i
~Gor, OGy "+ G By + B Gy, (8.32b)
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are physically equivalent after integrating out the auxiliary fields G and G'T". We iterate this process until all the inverse wave
operators have been replaced in this manner.

We note that in each iteration, E) and EZ, are both polynomials of degree at least two in the fields. Introducing the auxiliary
fields reduces the polynomial degree at least by one, and in the end, the action has indeed only cubic interaction terms and thus is a
strictification of the original action. We also note that two auxiliary fields can be combined into one if they have identical equations of
motion.

Homotopy Algebraic Perspective: The strictification %% of the L_-algebra M or, equivalently, of the colour—kinematics-dual

BRST BRST

action is nothing but a quasi-isomorphism (see Appendix A.3)

¢ Bnsr > Lorar (8.33)

and the map ¢ is given by

A+ Y Gori = $i(A)+55(A A+ = Y T4 (8.34)
nI,i k>1

where A is the gauge potential in ™,

A = ¢, (4), (8.35)

and the higher maps are such that G, |.; are given by their equations of motion, fully reduced to expressions in the original gauge
potential A.

Let us work out the details for the example of the fourth- and fifth-order terms (8.28). The explicit form of the corresponding
strictified Lagrangian is already found in [6],

gYM,st — %tI{Aﬂ DAM} + $4YM: st + gSYM.St Rk (8363)
with
YM, st .__ VK L, K 7] v
LM = w{-1GI OG —g0,A, + Lo GiA, A
“%SYMSt = {Gg‘l/"l O Gf«fl + G‘;Y"Kz O Gisz + G‘slvrk;1 U Gi;(i + gGS r, 1[ Al+ gau G?Y'KZ[A Al (8.36b)

0 G”V“[ﬁ[VAK],A ]+gG5F1(1[aKGS‘,F,2,a/{AV] + [aKGSH AA]>}

53 KAp KAv[u’

Consequently, the resulting quasi-isomorphism reads as

AS Al‘
M
Gf[vr;él 2|:| 0u[A, Al
Gl |54 AL AT - (9,4, 4,1 AY)
GS,F,I [Ay,A ]
B1(A) + 30, (A, A) + 5 h3(A A A) = o | = 2 . : (8.37)
' 502 —Ed“ [(WAA,E[A’(,A ]]

GS,F,Z g

e £0,[A,A]
Guv;(/l )
o —g—o*'[A%i[A«Aw]

”V’:‘A a [a[vAK]'AA]

Note that the decomposition into the images of the maps ¢; corresponds to the decomposition of the image into monomials of power
i in the fields.

Tree-Level Double Copy:  As reviewed in Section 2.3, the double copy of the kinematic numerators in the scattering amplitudes of
the strictified Yang-Mills theory produces the tree-level scattering amplitudes of N' = 0 supergravity.l*-°!

Observation 8.12. Double copying the Yang—Mills tree-level scattering amplitudes of physical gluons in colour—kinematics-dual form
yields the physical tree-level scattering amplitudes of N' = 0 supergravity.
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Compatibility with Quantisation: It is clear that quantisation does not commute with quasi-isomorphisms: classically equivalent
field theories can have very different quantum field theories. A simple example making this evident is the L_-algebra of Yang—Mills
theory 8 and one of its quasi-isomorphic minimal models 8M°. The vector space of %> is simply the free fields labelling
external states in Yang—Mills scattering amplitudes, together with some irrelevant cohomological remnants in the ghosts, Nakanishi—
Lautrup fields, and anti-ghosts. The tree-level scattering amplitudes of 21V are given by the higher products of 2¥".. They are also
the tree-level scattering amplitudes of 2Y° since there are no propagating degrees of freedom left. Clearly, however, there are loop-
level scattering amplitudes in Yang-Mills theory which 1Y can describe but which are absent in 2)Y’.. Thus, the quantum theories
described by the quasi-isomorphic L -algebras 1Y and 2}V differ.

Certainly, there are quasi- 1somorphlsms which are compatible with quantisation. In particular, any quasi-isomorphism that corre-
sponds to integrating out fields which appear at most quadratically in the action are of this type: we can simply complete the square
in the path integral and perform the Gauflian integral. This amounts to replacing each auxiliary field by the equation of motion.

This is precisely the case in the above strictification of Yang—Mills theory, and the original formulation is quantum equivalent to
its strictification. This is also clear at the level of Feynman diagrams: as the kinematic terms are all of the form -G [J G}, T each
auxiliary field propagates into precisely one other auxiliary field. Moreover, each auxiliary field G appears in prec1sely one type of
vertex and then only as one leg. That is, once a propagator ends in one of the auxiliary fields, the continuation of the diagram at this
end is unique until all the remaining open legs are non-auxiliaries. There are no loops consisting of purely auxiliary fields. All loops
containing at least one gluon propagator are simply contracted to gluon loops. It is thus clear that the degrees of freedom running

around loops in the strictified theory are the same as those running around loops in ordinary Yang—Mills theory.

8.4. Colour—Kinematics Duality for Unphysical States

The action and factorisation we have presented so far are the complete data to double copy tree-level gauge theory scattering amplitudes
to gravity scattering amplitudes. For the full double copy at the loop level, however, we need to work a bit harder, as explained in our
previous paper.’!

So far, colour—kinematics duality is only ensured for all on-shell gluon states with physical polarisation. Our goal will be to double
copy arbitrary tree-level correlators, which can have unphysical polarisations of gluons as well as ghost states on external legs. We
therefore need to ensure that colour-kinematics duality holds more generally. In order to establish the off-shell double copy it is
sufficient to guarantee colour-kinematics duality for on-shell states in the BRST-extended Hilbert space from section 8.1.

Unphysical States: Colour—kinematics duality is not affected by forward-polarised gluons, as these can be absorbed by residual
gauge transformations. Furthermore, colour—kinematics duality for backward-polarised gluons can be achieved by adding new terms
to the action, which are physically irrelevant since they are introduced only through the gauge-fixing fermion. Colour—kinematics dual-
ity for ghosts is then achieved by transferring colour-kinematics duality for longitudinal gluons to the ghost sector by Observation 8.2
via the BRST Ward identities. We now explain the procedure in detail.

We perform the corrections order by order in the degree n of the vertices and for each degree order by order in the number k
of ghost—anti-ghost pairs. The first vertex to consider is n = 4, and we start at k = 0. Colour—kinematics duality for four on-shell
gluons in the BRST-extended Hilbert space can only be violated by terms proportional to £b” + 0" A, and we can introduce a vertex
compensating these violations in the Lagrangian.

A short calculation shows that the vertex correcting the violation of colour—kinematics duality for longitudinal gluons at four points
is given by

g0 )ar =0 MDA L s (8:38)

Unlike the vertices added to make colour-kinematics duality manifest for transverse gluons, which are identically zero, the above
is non-vanishing. It cannot be simply added to the Yang-Mills Lagrangian without changing the amplitudes. However, since it is
proportional to d”A, (as had to be the case, since its contribution to the kinematic numerators must vanish for transverse gluons) we
can employ Observations 8.7 and 8.8. Using Observation 8.7 we shift

a a a a a ., CH 1 v e a
B oo b 42, with Z° = ng}i[(a AZ)AV)]ﬂdbﬂ,c , (8.39)

which introduces (8.38) while leaving the amplitudes invariant. It also has the unimportant, but inconvenient with respect to the
double copy, effect of adding éb,Z°%. Using Observation 8.8 this term can be eliminated by shifting the gauge-fixing function by

= ez, (8.40)
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which produces

Freony - —&Qprst(€*Z,)

n=4, k=0

(8.41)

- cu ]- v e a
—£b°Z, + 8°¢ Qpgsr (A ! 0 [(6 AZ)AV] )fed Jach »

The first term cancels the &b, Z* term generated by (8.39), while the second term generates higher-point ghost interactions that will
be dealt with at the next iterative step with n = 4, k = 1. The total correction to the Lagrangian is then

corr CH 1 v € = [ 1 v € a
g gz{(apAfp’)A = |0 A% 45| + 2 Quer (A 1 (07 a%) 4 ) }fed Frp (8.42)

where the first term enforces colour—kinematics duality for longitudinal gluons and the second ensures BRST invariance. We note
that the terms in 322?:& come with a canonical strictification given by the colour structure. This strictification then yields colour—
kinematics-dual four-point gluon scattering amplitudes.

The next case to consider is n = 4, k = 1. We now use Observation 8.2 to relate the four-gluon scattering amplitude to this scattering
amplitude, and, correspondingly, the four-gluon tree-level scattering amplitude to the two gluon, one ghost-anti-ghost pair tree-level
scattering amplitude. We obtain colour-kinematics duality for scattering amplitudes consisting of a ghost—anti-ghost pair as well as
two physically polarised gluons. Generalising the latter to two arbitrary gluons in the BRST-extended Hilbert space, we expect colour—
kinematics duality violating terms proportional to £b* + 0" Aj. It turns out that these terms happen to vanish and there is nothing left
to do. Note that if these terms had not vanished, we would have compensated for them again by inserting physically irrelevant terms
to the action in a BRST-invariant fashion.

Observation 8.2 now immediately implies that the scattering amplitudes for n = 4, k = 2 are colour—kinematics-dual, because those
forn=4,k=1are.

So far, we constructed a strict Lagrangian for Yang—Mills theory with the same tree-level scattering amplitudes for the BRST-
extended Hilbert space as ordinary Yang—Mills theory, but with a manifestly colour-kinematics-dual factorisation of the four-point
scattering amplitudes.

We now turn to n = 5, k = 0 and iterate our procedure in the evident fashion:

Step 1) Identify the colour-kinematics duality violating terms. They are necessarily proportional to £b® + 0" A7

Step 2) Compensate by inserting a corresponding non-local vertex. Complete the compensating term to a BRST-invariant one, which
may be deduced directly via the gauge-fixing fermion.

Step 3) The colour structure of the vertices induces a canonical strictification, implement this strictification.

Step 4) Use Observation 8.2 to transfer colour—kinematics duality to tree-level scattering amplitudes with one more ghost—anti-ghost
pair, but all other gluons physically polarised.

Step 5) Continue with Step 1), if there is room for backward-polarised gluons. Otherwise turn to the next higher n-point scattering
amplitudes.

The outcome of this construction is a strictified BRST action for Yang—Mills theory which is perturbatively quantum equivalent to
ordinary Yang-Mills theory and whose scattering amplitudes come canonically factorised in colour-kinematics-dual form.

We note that this action comes with a BRST operator which is cubic in the fields of the BRST-extended Hilbert space, but of higher
order in its action on the auxiliary fields introduced in the strictification.

9. Double Copy from Factorisation of Homotopy Algebras

We now turn to the factorisation of the full, interacting theories. In this case, the double copy procedure is implied by the factorisations
M = g @ (Rin" @, Scal) and V0% = Rin' @, (Rin® @, Scal), (9.1)

BRST BRST

which now hold at the level of strict homotopy algebras. In order to establish these factorisations, we use the definition of twisted
tensor products of differential graded algebras we presented in (6.21).

9.1. Biadjoint Scalar Field Theory

Let us start with a brief consideration of the factorisation of biadjoint scalar field theory, cf. Section 5.1. This theory does not require
any twists, and we lift the factorisation of cochain complexes (7.3) to the factorisation

7 = ¢ Q (G ® Seal) (9.2)

BRST
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into (strict) L -algebras. In general, a tensor product between a Lie algebra and an L_ -algebra is not well-defined; in particular, it is
not a homotopy version of any of the products in the list (6.1). However, for nilpotent L -algebras, i.e. L -algebras with y,ou; =0,
the product exists and yields a C_ -algebra. The latter is then further tensored by a Lie algebra in the canonical way as explained in
Section 6.1, leading to an L -algebra.

L, -Algebra ©cal: Explicitly, the L -algebra &cal is built from the cochain complex (7.4),

Seal = < 11— §[-2] ) (9.3a)
and the only non-vanishing higher product beyond the differential " is

M;‘Z‘“‘( / d'x; s, 01 (x), / d'x, sx;pz(xz)) =4 / d'x 5701 (x) @ () - (9:30)

Evidently, &cal is nilpotent.
Factorisation: Following the prescription for the untwisted tensor product of strict homotopy algebras from Section 6.1, we obtain
the binary product

”Z(Ga ® éﬁ ® sxl’ ) ® éB ® sxz) = [eu' eh] ® [_ﬁ’ éB] ® ’la(d)(xl - xZ)S; ’ (94)
which, together with the differential
”1(ea®éﬁ®sxl) = ea®éﬁ®|:|s:1 4 (95)

and the cyclic structure

.07 = [ dxa wene, 0:6)
forms the cyclic L -algebra g:i;:ir The homotopy Maurer—Cartan action of this L_-algebra is then the action (5.2) of biadjoint scalar
field theory,

SY50 = (@, 1 (@) + (0, 12(0, @) = /ddx { 0. 00" - %ﬁbcﬁgz(p”(pbgcfﬁ} : (9.7)

which verifies (9.2).

9.2. Strictified Yang—Mills Theory

General Considerations:  The strictification of Yang—Mills theory formulated in section 8.3 is now readily extended to a BV action,
which can then be gauge fixed and converted into a strict L -algebra Q;LAS'?.

The full strictification of Yang—Mills theory involves an infinite number of additional auxiliary fields and corresponding interaction
terms in the Lagrangian. Thus, our discussion cannot be fully explicit and has to remain somewhat conceptual, but as before, we
shall give explicit lowest order terms to exemplify our discussion. Recall, however, that for computing n-point correlation function at
the tree-level, only a finite number of auxiliary fields and interaction terms are necessary. Moreover, for computing n-point scattering
amplitudes up to ¢ loops, only a finite number of correlators is necessary. Therefore, we can always truncate the Yang—Mills action to
finitely many auxiliary fields to perform our computations.

We note that gauge fixing of Yang—Mills theory is fully equivalent to gauge fixing of the strictified theory. Moreover, the additional
interaction vertices that arise from the BV formalism are all cubic, except for the terms involving anti-fields of the auxiliary fields; the
latter, however, will not contribute.

The last point implies that the L_-algebra QBRST for the strictified and gauge-fixed form of Yang—Mills theory contains the cochain
complex of the L_-algebra Q;II\QAST which we have computed in section 5.2. This cochain complex is enlarged by the kinematic terms
for all the auxiliary fields. We then have additional binary products encoding the cubic interactions.

YM, st
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L, -Algebra of Yang—Mills Theory:  For concreteness, we consider the strictification up to quartic terms, as explained in section 8.3.
By the arguments given there, however, it is clear that our discussion trivially generalises to strictifications up to an arbitrary order.
The Lagrangian, including the strictification of the colour—kinematics duality producing terms (8.41), reads as

i, =14, 0A" -5, 0 + 1b, 00" + Eb, V00, A" — of,, &0 (A

BRST, 4

1 Guwc D Ga

HVK

+ (0,20 + \/Lia*‘ Gr,, JArar

- KOk -k, Dk (9.8)
gfabc{ K™ Qv AP )AC + [(0'“A“)Ab“ + E“a#cb]ch}
+%bc{ [ ava )AC + (a Ab () ] + CﬂAhMKZE}

where K™ and K% are auxiliary g-valued one-forms, strictifying & YM, comp , and we used the shorthand G¢ = G**1%, Note that
i " N BRST, n=4, k=0 HVK HVK
K" and K¢' are of ghost number zero, while K} and K¢ carry ghost numbers —1 and +1, respectively. The L -algebra LI 1o

U
quartic order has underlying cochain complex

(R, KL%

(K;'mv Izvll;ra)

ReQ! M) eg > RReQ! M) eg

Ga

VK

G+a

VK

30V eg —2 > 30! ey

Aa

Aﬂz

Q (Md)®g o Ql(Mdmg

£vTon
\
_E \/78;4 (993)

5+a

%’Oawi) ®g —g— XM eg

KZu KHm Kau Kg.m
Ql(Md)®g 9, Ql(Md)®g Ql(Mdmg —2, Ql(r\/udmg
i cte b cta
PMheg —2> MY g cMHeg —2> MY g
— — — —
_. EYM,st _ £YM st _ SYM st . £YM st
“~“BRST,0 BRST, 1 BRST, 2 BRST,3

Besides the differentials in (9.9a), we also have the following higher products

K

I:<1a . - ~

T =\ | ., (0*AP)o,tc — Aboo, &

G“ , “ = %Ca ~ g =~ ~y o

e\ e -0 (AbE) + K} (0"T) + APMK

Az [ H # (99b)
b

YM, st
€ @ QBRST, 1L¢~’

de( K"’ )
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K\ (K 1 g o (0r2")E
@ )\ " —Eﬁhéw(ayavab)f(;v+aV(avabf<;”)—aba#EC

YM, st
€ @ SBRST 1,¢ 7

pe (k) A%)

Trau % v Ab\ A

K (k- 2(0*Ab)Ac

za | | fe 20~ &b Aow

H H
(< W T | RS0 RVER Y )

Aa Aa At

AH AH Rbcy

be b 0

YM, st
€ @ gBRS"T' 2,07
de (K K+, G+, A% b+
RY = —310"(A0A°) - VBA™O GE, —4KP0,A° —

4(0;(Ab)f<lc}
K/

! s Abze
I A | E X i AR
o |\ ©\ ~ALOVE + 0 (R1E) + 00, (A K)

QYM, st
€ @ gBRST 1,¢ 7

pe (k2,2
and the cyclic structure is given by
(A AY) = / dix AL AT (b, b+ = / dx BB,

(&,c) = / d'xeer, Gty = - / d'x e,
(K, Ky = - / dix KK, (KL K = - / dix KIoKI
(K, I~<2+> - _ / déx Ka”K;w <f<z f<2+> — /ddx I:<ia1:<§+u )
(& = - / dix G G

Factorisation and Twist Datum: We factorise this L_ -algebra as

Lrer = 4@ (Rin* @, Scal),

www.fp-journal.org

(9.9¢)

(9.9d)

(9.9¢)

(9.9f)

(9.10)
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where g is the usual colour Lie algebra,

Kin® the graded vector space

www.fp-journal.org

oL, B
M @ M
@
£ 7 2
e MY @ (MF A M) M
Rin" = o @ ® ® o | (9-11)
g » a
R[1] M R[-1]
S~—— N——
= Kin® ® = Kin}'
R
———
= Kin)
and Gcal the L_-algebra defined in (9.3). This L -algebra is cyclic with the inner products given by (7.17) together with
(B8 = =80, (B)tl) = -8, (¢2,8) =6, (¥,t2) =8, (&) = =00 —nn). (9.12)
The twist datum 7, see (6.20) for the general definition, in the factorisation (9.10) is then given by the maps
‘rl(tli‘) = t; ®id, 7)) =t/ ®id,
Tl(tgw) = tgw ®id,
7,(8) = g®id, . . 7,(a) = a®id (9.13a)
T (v¥) = vV @id+én @[] 20",
7@ = n®id-E+*®070,,
and
7,(gv") = —g® (d® 0" + 0" ®id) + t, ® (3" ® 9, — 0“0, ®id),
5,(v',g) = g® ([d® 0" + 0" ®id) —t* ® (0" ® 9, —id ® 9"9,) ,
Tz(g,f;l‘) =g®d, ®id,
TZ(‘Ei’ g) =g ®id® a;« ’
7,(t),v) =1"g®id®id,
o,(v",8)) = -n"g®id®id,
7,(g,a) = v”®id®dy—f‘1‘®ay®id,
(a8 =-v®0J,0id+t ®id®J,,
()2 =v'®id®id,
rz(a,E’Z‘) =—v'®id®id,
Tz(g,t’z‘) =-v"®09,0"®id—v' ®[1Qid—v"®9J, ® 0",
7,(th,g) =v' ®id®J,0M+v' ®d®O+v" ®J, ® 9",
5,(v",a) = -t ®dQid+a®id®d",
5,(,v) =t ®id®id-a®0" ®id,
5,(Ea) = —a® (0" @id+id ® "), (9.13b)
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5@ t) =+a® (0" ®id+id ® "),
T, (v, 1)) = —a® (00" ®id+ 0" ® 9" + 0" ® 0" +id ® 00"),
,(t),v') = a® (0"0" ®id+ 0" ® 0" +0' ® 9" +id ® 9"9"),
L, v) =t ®0"Qid-t, ®id® +1,®0" ®id -t ®id® 0"
BV (0 ®id+id®0") —v' ® (0" ®id+id ® ") + V2(t ®9, ®id+ 1t ®id®4,),

V2

L) = —— (" V' ®id®9d — v ®id®0"),

Nﬁ
N o

eV = X (v @ 0 @ id — v ® 0 @ id) ,
o) =~ ®id® 0,
o,(v,t4) = v ® 0" ®id
rz(v”,f’l‘) =-2v"®0' ®id,
Tz(ff,vv) =2 ®id® d" .

We note that the twisted tensor product Kin™ ®, Scal is a (strict) C_ -algebra, which becomes an L_-algebra after the tensor
product with the colour Lie algebra g; see section 6.1 for details.

9.3. BRST Lagrangian Double Copy

A key to showing that our double copy prescription based on factorisations of the L_ -algebras of gauge-fixed BRST Lagrangians is
that not only the action but also the BRST operator double copies. This fact guarantees that the double copy creates the appropriate
gauge-fixing sectors which is crucial in considering the double copy at the loop level. In the following, we give a general discussion
of what we called the BRST Lagrangian double copy in [9].

Strictification of BRST-Invariant Actions: ~As discussed in Section 8.3, any field theory can be strictified to a classically equivalent
field theory with purely cubic interaction terms, and this equivalence extends to the quantum level. Consider a general strictified field
theory

1 1
S = zc1>IgU<1>f + zqﬂf,]KclﬂcpK, (9.14)

where g;; and fj;; are some structure constants. As in Section 4.1, 1, ], ... are DeWitt indices that include labels for the field species,
the gauge and Lorentz representations, as well as the space-time position.

Let us now consider a theory which is invariant under a gauge symmetry. We extend the action of this theory to its BV form by
including ghosts, anti-ghosts, and the Nakanishi-Lautrup field, as done in Section 5. We then strictify the full BV action to an action
with cubic interaction vertices. Restricting to gauge-fixing fermions which are quadratic in the fields* guarantees that the action
remains cubic after gauge fixing. The resulting BRST operator Qppgr, given by (4.17c), is then automatically at most quadratic in the
fields, and we can write

o B Qo) + %Qquﬂq)K (9.15)

for some structure constants Qj and QjK.
Factorisation of Structure Constants: As indicated previously, the key to the double copy is the factorisation of the field space

into

L= BRIV E (M), (9.16)

45 This is the case for all explicit gauge-fixing fermions used in this paper.
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Table 11. Factorisation of the fields in the L -algebra corresponding to the Lagrangian 3;2"5;:. Note that we suppressed the integrals over x and the

tensor products for simplicity.

Fields Anti-fields
factorisation [ = lgn | =g dim factorisation [ = lgn [—1g dim
T =e,gs,c"(x) 1 0 g -2 tt = e as] Tt (x) -2 3 ; +2
A= e vs, A0 (x) 0 1 g -1 A* = e s AN (x) -1 2 g +1
b = e,ns,b%(x) 0 1 g -1 b* = e,nstb* (x) -1 2 ; +1
¢ =e,as,(x) -1 2 %’ tt =e,gsct(x) 0 1 g
Ky = e t)5,KY (x) 0 1 44 Ki = e tls K™ (x) -1 2 d_4
2 [ 2

K' = e,ts,K19(x) 0 1 g -1 K1 = e, 857 K1 (x) -1 2 g -1
Ky = e,t2s,K (x) -1 2 g -1 K} = e 1257 K3 (x) 0 1 g -1
K2 = e, ths, K2 (x) 1 0 g -1 K2 = e, B sF K2 (x) -2 3 g -1
G=e,55"5,G9, () 0 1 g -1 Gt = e,y s7 Gl (x) -1 2 g -1

Table 12. Factors appearing in the field space factorisa-
tion (9.16) with Kin given in (7.16) and g and g the colour

Lie algebras.

B B
Biadjoint scalar field theory g g
Yang-Mills theory g Kin
N = 0 supergravity Kin Kin

where % and B are two (graded) vector spaces. In our preceding discussion, we have encountered the three examples in Table 12.
Consequently, in our formulas, we shall split the multi indices into triples, that is, I = («, @, x), and write (see e.g. (4.12D))

Q) ®Ld>a=0d Qe = /ddxqﬂf'(x) R, ®6,®s,). (9.17)

We also demand that the structure constants g;; and f;j that appear in the action (9.14) as well as the structure constants Q} and Q}K
that appear in the BRST operator (9.15) are local in the sense that they vanish unless all the space-time points in the multi-indices
agree.

We write

8y = 8aupBapld, (9.18)

where g, and g are differential operators, mapping &> (M) to itself. In more detail, we have

8 = [ P eunnnsn® = [ & [dze,mes0a000, (9.19%)
where the integral kernels are of the form

8% y) = 89(x —y)g,p(x) and Z(p2) = 6 (y— 2)8:4() (9.19b)

due to our assumption about locality, and we assume that g, ;(x) is invertible.
Analogously, we write

fux = fwamppimiora = PFap fagr > (9.19¢)
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where f,; and f,;, are bi-differential operators €= (M’) ® €*(M‘) - €= (M‘) @ € (M’) and
P BXMY) @G (M) - €=M (9.19d)

is the natural diagonal product of functions. For the integral kernels of f,;, and f,;, we have again the locality condition

afy

faﬂy(xl'xZ;Yl’YZ) = 5(d)(x1 - Yl)é(d)(xz - YZ)faﬁy(Yl’YZ) , 9.19€)
.19

Fair (%0 %55 ¥1,v2) = 69 (%, = 11)89(x, — y,) s (v1,72) -

We note that there is some ambiguity in the definition (9.19¢) due to the projection onto the diagonal involved in p, but this redundancy

never arises in any formula. To give a clearer picture of what the above construction is doing, we can expand the f,; and the f, ;, further

in a basis of differential operators 0™ for M a Lorentz multiindex, and we have

(P Fapy Fag) (@ ® @) = Foppyng, Fanpn, (07101 @) (020077 . (9:20)
For convenience, we also introduce the operators f; and f Z/ by

pfaﬁy = g(l5 pf;/ and pf(lﬁy = g(’tﬁ pF%; 4 (921)

which is possible due to the invertibility of g,; and g;; as well as the form of the integral kernels (9.19) . Evidently, f; and ng are

again bi-differential operators, just as f,,, and f ;..
With the factorisation restriction, the action (9.14) becomes

s_/dd q>““gaﬁgaﬁ|:|cp i+ Q““(pf f, )(CD””®<I>”)} (9.22)

afy ‘afy

3!

For the BRST operator Qgsr, the factorisation of indices and the linearity of Qyrqr imply the decomposition

Qrst = dprsT + doRST » (9.23)

where ggpor and Ggper are BRST operators acting in a non-trivial way on the factors 8B ® €*(M?) and B ® €= (M) in the factorisa-
tion (9.17), respectively. By this, we mean that the structure constants Q and Q) decompose as Q) — (q,d;) and Q) — (a, -

More explicitly,
(@8%) o) [0 _ Al () SE (a.3,%) = §D(x =169 (x — 2)g* (x)f
gy = O F NGOG Q550 = 07 (= NITE =2, ()5 ().
(9.24)
~(@@X) _ o(d) @ =(@@x) — s (@
iy = 0 —Mea) . a = 89 =) (x - 2)f] (%), (%)

where qf and q;. are differential operators and q, and qg? are again bi-differential operators, just as f; and f Z/ with locality again

restricting their integral kernels. Note that in this splitting, the association of terms of the form & (x — Y)6; 6; and 6@ (x — y)6@ (x —
2)f5 (v z)f " (1, 2) is not unique; we assign half of each of these terms to (q}, qJ[K) and half to (qj, Q}K)

Example: To make our rather abstract discussion more concrete, let us briefly consider the case of Yang—Mills theory (5.9). We
refrain from discussing the details of the strictification of the BV action, but it is clear that 8 = g and B = Kin’ with Kin’ some
extension of Kin allowing for auxiliary fields, similar to Kin*' defined in (9.12). It is then also clear that g, and f 5, are the Killing
form and the structure constants of the gauge Lie algebra g.

On Kin’, the integral kernel for the differential operator g, is given by

- 1
g = My — Eaﬂav . (9.25)
We note that qf = 0 and q;’;ﬂ is only non-trivial for @ labelling the ghost and Nakanishi-Lautrup fields and § labelling the gauge potential

and anti-ghost field, all colour-stripped. Working out all other structure constants is a straightforward but tedious process; since no
more insights would be obtained from it, we refrain from listing them here. We only note that for Yang—Mills theory, the ambiguity
in assigning terms to q and g is absent.
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Double Copy:  We now note that the decomposition of the Lagrangian matches precisely the decomposition of scattering amplitudes
in the discussion of colour—kinematics duality, cf. Section 2.1, which is the starting point for the double copy. We merely extended the
factorisation of the interaction vertices to a factorisation of the whole BRST structure.

In the usual double copy, we start from the factorisation for Yang—Mills theory and replace the colour factor by a kinematic factor.
More generally, however, we can certainly replace any one of the (graded) vector spaces & and B and the corresponding structure
constants with (graded) vector spaces and structure constants from other theories. This gives us a new action, which we shall denote by
SP<..- The corresponding BRST operator QP¢.  is obtained by replacing one set of kinematic structure constants in the decomposition
of the BRST operator (9.22) with those from the new factor.

BRST Lagrangian Double Copy: In order to obtain a consistent and quantisable theory, we demand the new BRST structure to be
consistent. Specifically,

OprsrSprsr = 0 and (Qer)* = 0. (9.26)

By construction, we have again a decomposition QBRST = Gpssr T Aopsr-

the latter into linear, quadratic, and cubic terms in the fields,

The condition Q2. = 0 implies g2, ., = 0, and we decompose

2,0, 2,0, 2,0)
P ® = 0"+ + 47, (9.27)

and analogously for 72, .., (Gh5sr)? and (Fhse,)?, respectively. Schematically, the summands read as

q(lzo) = q;q/: ,

q(220) _ (%%, +qﬂqb/+q qﬂé) fo ..., (9.28a)
¢ = - (a5 T %1? C+qp,q5 5:1?55)-" ,

and

q(lzo) = q;q/: ,

71(22 0 _ . (qaqﬁy +qﬂqb/ +q qﬂé) g? - (9.28b)
27" = a2 0, TR

~( 0) (2,0) (2,0)

where 5, and f© denote the kinematic constants in SPC. .. It is now clear that 3*” and q‘j’ vanish if g3, = 0 and thus, g and g; ¢

BRST"
vanish on arbltrary fields.
So far, our discussion was fairly general and nothing singled out colour-kinematics-dual theories from other theories. This changes
with the condition that qu' = 0 must imply g; 3" = 0. Vanishing of q(;'o) relies on a transfer of the symmetry properties of the open
indices of f € f * and f € f Z via the contracting ﬁelds (in which the expression is totally symmetric) to qj q7; and q;ngg It follows that if

the symmetry propertles of the open indices in the terms quadratic in f x _ are the same as for the terms quadratic in f a then N(z % =o.

The colour-kinematics duality provides such a condition.
The same argument shows that (§p5,)* = 0, and we can directly turn to the cross terms and split them again into linear, quadratic,
and cubic pieces,

_ _ 11 11 11

(4rsrdBRsT * GBRSTABRST)D = q(l '+ q( '+ q( ! (9.29a)
and

“pC = =DC A1) A1) (L1

(@prsrorst + Aorstdprsr) @™ = q(1 '+ q(z '+ q(3 . (9.29Db)

We note that the conditions q(ll'l) =0and qgl'” = 0 are implied directly when ¢, and g, and §, and §, anti-commute, respectively, which
is always the case in the theories we study. Moreover, we have, again schematically, the conditions

L) _ =aEs =6 fa =éra = 13 5
6 = o, @5 2 Q5 2 TF) o+ G5 (05, £ qpf5 + afis) .30
(L1 _ a £a £€ =E a £€ =E a =@ £ LE a za FE '
a0 = (qugafﬂ/qﬂr - qﬂffﬁefrﬁqw * ffb‘qib’qﬁr i fﬂf ey f? )
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We see that q(zl’l) = 0 splits into two separate conditions on the indices in 8 and B and thus it implies q‘z“’ = 0. The condition q(;'” =0
can, in principle, be non-trivial, but again colour—kinematics duality as well as the special form of the BRST operator in the theories
in which we are interested renders cj (") = 0 equivalent to 0 D = o,

Finally, we have to check that DRCSTSEIEST 0, and we con51der

GerstS = s + 500 4500 (9.31)
where s( 0, (3 ,and s 4 ) are quadratic, cubic, and quartic in the fields. Analogously, we have o SBDISST ~(1 o+ s(l D43 “(1 % and the
dlscusswn for Gyrsr and o5, is similar. Schematically, we compute

(1,0) d
52 = / d q gyﬂgaﬁ I:I)

(Lo) _ d% f f 9.32
S3 - gaEDqﬂy + (myqﬁ + nﬁéqﬁ) apy * ’ ( . )

(1L0) _ d
S4 - /d . asoq/jy (xséf;y-'-faﬁsqyafrxﬂ?f;b) e

where we have assumed that qprer commutes with the differential and bi-differential operators in the action, which is the case in all
our theories. We see that s( %' = 0and 5(31'0) = 0 imply 5(21,0) =0and 5(31’0) = 0, respectively. The relation 521,0) = 0 can, in principle, lead
to additional conditions. In a theory With colour—kinematics duality, however, the contraction of the kinematic structure constants fg?

appears as in the Jacobi identity, and | s ) as well as s "9 vanish automatically.

Partial BRST Lagrangian Double Copy There are few theories where we expect the BRST Lagrangian double copy to work perfectly.
The reason is that in most formulations, colour—kinematics duality will not hold. In Yang-Mills theory, for example, it is not known
if colour—kinematics duality can be made manifest for off-shell fields.*s

Now if colour—kinematics duality fails to hold up to certain terms, say the ideal of functions of the fields vanishing on-shell as in
the case of Yang-Mills theory, then the equation QP<, 5P = 0 will also fail to hold up to the same ideal. Consequently, O0<. SP¢

BRST > BRST BRST
is a product of factors whose vanishing amounts to the equations of motion possibly multiplied by other fields and their derivatives.

9.4. BRST Lagrangian Double Copy of Yang—Mills Theory

Let us now make the abstract discussion above concrete by working out the example of the BRST Lagrangian double copy

QDC

b = Kin' @, (Rin* @, Scal), (9.33)
where Rin® is given in (9.11) and Gcal in (9.3), respectively.

Field Content: From the discussion in Section 7.5, we already know that the double-copied field content of the BRST-extended
Hilbert space of Yang—Mills theory agrees with the field content of the BRST-extended Hilbert space. We shall continue to use the
field labels introduced in Table 10.

In the interactive case of the full homotopy algebras, however, we have infinitely many additional auxiliary fields, arising from the
infinitely many additional auxiliary fields of strictified and colour-kinematics duality preserving Yang—Mills theory. In the previous
section, we made five of the auxiliary fields in Yang—Mills theory explicit,

T S I G (9.34)

A7 u

which correspond to the additional basis elements

1 TH HVK 2 TH
6, ,out, 0, (9.35)

46 Recall that we only extended colour—kinematics to the BRST-extended Hilbert space in Section 8.4, but with all fields still on-shell.
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in Kin". In the tensor product (9.33) this gives rise to 40 auxiliary fields involving one auxiliary kinetic factor and another 25 auxiliary
fields involving two auxiliary kinetic factors. Instead of giving these auxiliary fields individual labels, we shall collectively denote them
by, Y, , where k; and k, denote the first and second kinematic factors. For example,

J; = g®e® (/ddxsx(pgg(x)> =1,

J, =,V QVQ® (/ ddxsx(p""m(x)> =h+B, (9.36)

—
|

£l

. VK. d 1
o tlll ®t, ‘® (/d xS, tO’V‘M(x)) .

Higher Products: Next, we use the twist (9.13a) and (9.13b) to compute the higher products y; and u, between the elements of

QEISST' The formulas from Section 6.3 with all the appropriate signs included read as

1)

”I(Xl ® v, ® (pl) = (_1)|Ti (X1)|+|T‘1“(Y1)\ Til)(xl) ® Til)(yl) ® (TiZ)(Xl)(Tf)(}H)((pl))) ,

W ®y, ®p,, %0y, ¢, = (_1)(IY1\+\¢1\)IXz\+\rp1\ [¥21

1

xel! ), 3,) @ 2 (3,,7) @ (1 (21, 1)00(9) ) () (71, 7200204 ) - 937)

Note that there are no additional signs because our Ti(z)

products for all 81 fields is not particularly helpful.
Action:  The factorisation (9.33) induces the following cyclic structure:

are always even. While the computation is readily performed, listing the higher

(Xl RV, Q0.,%,07,® q,2> = (_1)\Xz|mn(\Y1|mn+|¢1 l@cal) 12l gin 01 ‘@“"<X1, X2> <y1, Y2> <§01, §02> . (9.38)

Together with the formulas for the super homotopy Maurer—Cartan action (4.28), we can compute the (gauge-fixed) BRST action
corresponding to the L_ -algebra QEIEST. Again, listing all the terms would not provide much insight, but we stress that we obtain all
the expected terms, in particular the lowest terms of the Fierz—Pauli version of the N' = 0 supergravity action as well as the evident
terms involving ghosts.

Double Copy of the BRST Operator:  Let us now also consider the double copy of the BRST operator to a BRST operator QP . For
our purposes, the double copy of the linearised part without considering the auxiliary fields will be sufficient. We start from Yang—

Mills theory with the factors 8 = g and B := Kin in (9.16) and the usual BRST relations in terms of coordinate functions on 2

BRST’
N QYM,lm » YM, lin 1 _ 1 _
A 8 g0, b Gyr gl VITC 'fx/ﬁa",
" " b \/E
(9.39)
o O 0, s Om 5;(,/%Bb——1_ Vél_fauAf;).
We thus have qf = 5, and the non-vanishing components of q; are given by
0, for a =g, f=v,
—17\/\[?\/5 for @ = g, f = n*,
D ] (9.40)
% for @ = n*, f = a*,
——I_Fd” for @ = v, f = a*.
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After the double copy, we have B = Kin = B and, correspondingly, qj; = qj- The linearisation of the double-copied BRST operator
is then non-trivial on a field containing a factor of v# or a, and we have in the anti-symmetrised sector

DG, lin

QBRST

pi 0,
- Qé’;fs#" -
A, 0,4,
ADC,lin 1_ 1_ 5
pas Lovize oMy,
Ve
ADC,lin
B, Y 9,A, —0,A
'DC:hn 1_ 1_ 5
a, G 1ovi-e OA,—9,7,

aw @, _1-Vi-¢

(L}
I

<
|

¢ ¢ .
- ADC, lin 1_ 1_ N
A, s 0,6+4/Ba, - —Y-"° 0B,
¢ ¢ "

S ey 1-/1-
s S yOe+ S

i

Gur O, 1-vV1-¢

T (= PO Ed P

o

and in the symmetrised sector

X0 B o,
FE o,
I’;’L QBRST
Hv = auXv + avay 4
ADC, lin
&t Q?ET 1= Vl_g\/aj(u_ayﬁ
VE
ﬁ QBRST v \/_ﬂ
ADC, lin
5 4 Qﬁ——l_ VIZ¢) %+,
¢ ¢
~DC, lin
2 U5 iy D ZVIE
S S
= Opear” —-y1-¢ \/
] ' — =\oé+ a 7+

\/_
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This BRST operator is related to the usual linearised BRST operator for A = 0 supergravity, (5.20) and (5.27),

N'=0,lin N'=0,lin
QBRST QBRST
A = 0, ¢ +— 0,
N'=0,lin N'=0,lin
Q’BRSTv Q’BRST’
A, B 94, x* 0,
N'=0,lin N'=0,lin
Qgrst Qarst
y > 0, p = 0,
[=0,lin N'=0,lin
st st
Byv = ayAv - aVA}l 4 h;lv = a/4va + dey ’
N'=0,lin N'=0,lin
Q’BRSTV Q’BRSTY
au (i 0 , o [ 0 , (941C)
N'=0,lin N'=0,lin
Q'BRST Q'BRST
e P 7, 6 » p,
N'=0,lin N'=0,lin
[—\ QBRST )—{” QBRST u
. P, = w,
N'=0,lin N'=0,lin
_ Qagsr ~ Qgrst
y » 0, p - =z,
N'=0,lin N'=0,lin
= Qppst _ Qarst
A B 7, T B 0

Dby the field redefinitions (7.22) and (7.27), respectively.

9.5. Equivalence of The Double Copied Action and N' = 0 Supergravity

DC
BRST

quantum equivalent to the suitably gauge fixed version of the BV action of N' = 0 supergravity, SQ{;SOT, defined in Section 5.5. For this,
we have to show that up to a field redefinition, both theories have the same tree-level correlation functions. A crucial point in our
discussion will be the BRST Lagrangian double copy formalism developed in the previous section.

In the following, we shall speak of ‘auxiliary fields connected to a field ¢’ by which we mean all auxiliary fields which appear together
with ¢ in Feynman diagrams containing only propagators of auxiliary fields. Put differently, an auxiliary field y connected to a field ¢
can have an interaction vertex with ¢ or interact with an auxiliary field that propagates to an auxiliary field that non-trivially interacts

with ¢, etc.:

\< \»/\< , \/\/\< (9.42)
v v 6 v ¢

where a dashed line denotes an auxiliary field. We also use the terms physical and unphysical fields/interaction terms/scattering
amplitudes. The unphysical fields are all ghosts, anti-ghosts, and Nakanishi-Lautrup fields as well as auxiliary fields connected to
these. Physical fields are the remaining fields, consisting of the metric, the Kalb-Ramond field and the dilaton as well as a number
of auxiliary fields. Physical interaction vertices are those consisting exclusively of physical fields. Physical scattering amplitudes are
those with physical fields as external labels.

Physical Tree-Level Scattering Amplitudes:  We first note that the auxiliary fields in the double copied action SP¢. can be integrated
out, after which the field content and the kinematic terms in both actions fully agree, up to the field redefinitions we discussed in
Section 7. Implementing these field redefinitions on Sg{g‘%, we obtain the action S’B‘gzs% o

Moreover, the physical tree-level scattering amplitudes computed from the interaction vertices of the action SP<. are by design
precisely those arising in the usual double copy prescription for the construction of N = 0 supergravity tree amplitudes from a
factorisation of Yang-Mills amplitudes. The tree-level double copy has been demonstrated to hold, cf. Observation 8.12, and therefore

the physical tree-level scattering amplitudes of SP¢. and S¥=° agree.

BRST BRST,0
: : fag EDC N'=0
If we put all unphysical fields to zero, the resulting theories S . ohys and Sy o ohys

In the homotopy algebraic picture, this corresponds to a restriction EQ{:S% ohys and Q}E’fy . to two quasi-isomorphic L -subalgebras.

Let us complete the argument by showing that the double copied action S we constructed in Section 9.4 is fully perturbatively

are classically equivalent by Observation 8.9.
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In order to improve this restricted classical equivalence to a full perturbative quantum equivalence, we need to adjust and modify
the actions or, equivalently, the corresponding L_ -algebras. We shall do this now in a sequence of steps, expanding the discussion
in [9].

Auxiliary Fields of Ghost Number Zero:  The reformulation of the tree-level scattering amplitudes of N' = 0 supergravity used in the
double copy defines a local strictification of the physical part of the action SQ{QS(% to the action SBR‘ST , by promoting all cubic interaction
vertices to cubic interaction terms. This is fully analogous to the strictification implied by the manifestly colour—kinematics-dual form
of the Yang—Mills action explained in Section 8.3.

By construction, the actions SBRST , and SERST ohys have the same field content, the same kinematical terms for the physical and

auxiliary fields and identical tree-level scattering amplitudes for the physical fields.

Let us now consider the tree-level scattering amplitudes which have auxiliary fields of ghost number zero on their external legs.
Such amplitudes are fully determined by the (iterated) collinear limits of physical tree-level scattering amplitudes. Because, again, the
physical tree-level scattering amplitudes of SBRST ,and SEEST ohys A8T€E, the tree-level scattering amplitudes with physical and auxiliary

fields of ghost number zero on external legs agree.

By Observation 8.9, we then have a local field redefinition of SBRST , to SQ@SE} , such that both actions agree after all fields except
for physical ones and auxiliary fields of ghost number zero are put to zero. If we integrated out all auxiliary fields in both actions, the
resulting actions would agree in their purely physical parts.

Nakanishi-Lautrup Fields: In the next step, we deal with the difference between SPC . and SBRST , proportional to any of the

Nakanishi-Lautrup fields (8, @,, %, 7, &,, 7); we shall come to the ghost field § later. After integrating out all auxiliary fields, this
difference can be compensated by Observation 8.8. That is, we can modify the gauge-fixing fermion and perform a field redefinition
of the Nakanishi-Lautrup fields such that this difference is removed. We note that neither of these two processes modifies the physical
parts of the action and both preserve quantum equivalence. We can thus replace all terms in S4=°  containing Nakanishi-Lautrup
fields by the terms in SBRST
call the resulting action S

BRST, 2
containing Nakanishi-Lautrup fields as well as auxiliary fields connected to Nakanishi-Lautrup fields. We

BRST,3°

Recall that there is a ghost number —2 field 1 which is paired with the Nakanishi-Lautrup-type field y in the gauge fixing
fermion (5.23), allowing us to absorb any term proportional to y in a different gauge choice. This is not the case for the corresponding
Nakanishi-Lautrup-type field in the gravity sector, . Any discrepancy proportional to § between SBRST , and 5P (again, after inte-
grating out all the auxiliary fields) should instead be absorbed by shifting the gauge fixing fermion ¥ from (5.35) by a term &P, where
PP is the discrepancy. This will generate the desired corrections. This will also lead to new ghost terms, which we will treat separately
in the next step.

Ghost Sector:  Let us now examine the ghost interactions. We know that the action S
which satisfies

BRST , comes with a BRST operators QBRST ;

N=0 \2 N'=0 -
(Qgrst3)” = 0 and Quper 3SBRST ;3 =0. (9-43)
From our discussion in the previous section, we know that the double-copied BRST operator QD¢ satisfies
ADC 2 ~DC DC
(Qarsy)” € 7 and Qp S7h € 7, (9.44)

where ¥ is the ideal of polynomials in the fields and their derivatives which vanishes for on-shell fields. We also know from the
discussion around (9.41) that the linearisations of the BRST operators satisfy

ADC,lin __ N'=0,lin
pRsT = BRST 3 (9.45)

After integrating out all auxiliary fields, these BRST operators link the physical tree-level scattering amplitudes to tree-level scattering

amplitudes containing ghosts by the on-shell Ward identities, cf. Observation 8.2.
At the level of the BRST operators C DRCS’? and Qé\lﬁso ' the situation is more involved, but we still end up with similar on-shell Ward
identities. The BRST doublets in the BRST-extended Hilbert space of Yang-Mills theory double copy to BRST doublets of auxiliary
and non-auxiliary fields.

Therefore, the tree-level scattering amplitudes for the BRST-extended Hilbert spaces of SQ{QSOT , and SP<_ are fully determined via
on-shell Ward identities by the tree-level scattering amplitudes of the physical and auxiliary fields of ghost number zero. We conclude
that all these tree-level scattering amplitudes agree between both theories.

Full Quantum Equivalence:  For full quantum equivalence, it remains to show that there is a local field redefinition that links the
action SBRST , to S2¢_. Both actions fully agree in their kinematic terms and their interaction vertices that contain exclusively fields
of ghost number zero. Moreover, they have identical tree-level scattering amplitudes on their BRST-extended (i.e. full) Hilbert spaces.
By Observation 8.4, the tree-level ghost correlators are related to the correct tree-level correlators of the physical sector. Moreover, we
can invoke Observation 8.9 one final time in order to provide us with a field redefinition that shifts the discrepancies between both

actions to interaction vertices of arbitrarily high degree. While this field redefinition may generically be non-local, it becomes local if
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we leave in all auxiliary fields. This renders the actions fully quantum equivalent from the perspective of perturbative quantum field
theory.

Appendix A: Definitions and Conventions for Homotopy Algebras

The homotopy algebras that appear naturally in the context of field theories, namely A_ -, C_.-, and L_ -algebras are homotopy versions
of associative, commutative and Lie algebras. In particular, associativity and the Jacobi identity only hold up to coherent homotopies.*’
In the following, we list relevant definitions and our conventions. For more details on L _-algebras and some of the calculations detailed
in this appendix, see e.g. [178, 179]; our conventions match the ones in these references. Other helpful references with original results
listed in this section are.!1°197:2%] A unifying description of all the homotopy algebras and their cyclic structures listed below is given
by operads, but we refrain from introducing this additional layer of abstraction.

A.1. A -Algebras

A -Algebras:  An A -algebra or strong homotopy associative algebra is a graded vector space A = P,_, A; together with higher

products which are i-linear maps m; : 2 X -+ X A — A of degree 2 — i that satisfy the homotopy associativity relation

> (F)Em L (d®0 @ my @id®) = 0 (A1)

iy iy +iy=i

for all i € N*. The lowest identities read as

my(my(Z4)) =
my (M, (£, 85)) = my(my(£4),25) + ( )lfll'”mz('/ﬂpml(’/ﬂz)):
My (M3(£1, 85, £5)) + my(my (£1), €5, €3) + (1) lemy (£, my (£,), £3) (A.2)

+ (=)l by (£, £, my (£5) = my(my(£1,6,),5) — my(f1,my (€5, 63))

forall7,,...,¢; € A. We thus see that the unary product m, is a differential and a derivation for the binary product m,. Furthermore,
the ternary product m, captures the failure of the binary product m, to be associative.

Cyclic A -Algebras: A cyclic A -algebra (U, (—, —)y) is an A -algebra A equipped with a non-degenerate graded-symmetric bilinear
form (—, —)g : A X A - R such that

E,mllyr o b = (— 1)l+1‘[1“21+|/x+1|‘2[)+‘ft+1|‘21 =117 |xz[<f mi(Zys . )y (A.3)
for all #; € A. When it is clear from the context, we shall suppress the subscript 2 on the inner products.

Homotopy Maurer—Cartan Theory: Each A_ -algebra comes with a homotopy Maurer—Cartan theory, where the gauge potential is an
element a € A, whose curvature f € U, is defined as

f = my(a)+m,(a,a) 2 m;( (A.4)

i>1

and satisfies the Bianchi identity

ZZ 1)*m,, (@, ...,a,f,a,...,a) = 0. (A.5)
i>0 j=0 R/—/ ~——

If the homotopy Maurer—Cartan equation

f=0 (A.6)

47 But graded commutativity (in the case of C, -algebras) and graded anti-symmetry (in the case of L, -algebras) are not relaxed.
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holds, we say that a is a homotopy Maurer—Cartan element. Provided 2 is cyclic with pairing of degree —3, homotopy Maurer—Cartan
elements are the stationary points of the homotopy Maurer—Cartan action

SMClg) = Zi%m, M, . 0))y - (A7)

Infinitesimal gauge transformations are mediated by elements ¢, € 2, and are given by

8,0 = ) Y (-1)"m,(a,....0,6.0,....0). (A.8)
i20 j=0 N~ =

J i
One may check that the action (A.7) is invariant under the transformations (A.8), and the curvature (A.4) transforms as
i
5.f = XY D ()min(a ... afa,....060,...,06). (A.9)

i>0 j=0 k=0 —— e ——
j i—j i—j—k

To verify these statements, one makes use of (A.1).

A.2. C_-Algebras

Permutations, Shuffles, and Unshuffles: Let S, be the permutation group of degree n € N*. We shall write for a permutation o € S,

o = (G(l) o) N g(n)>. (A.10)

A (p, q)-shuffle for p, g € N* is a permutation ¢ € S,,,, which satisfies the condition thatif 1 < 6(i) < o(j) < porp+1 < (i) < o)) <
p+ qtheni < j. We denote the set of all (p, g)-shuffles in S, by Sh(p; p + q). Consider, for instance, S;. We have the permutations

12 3\ (1 2 3\ (/1 2 3\ (1 2 3\ (1 2 3\ (1 23
SB={<1 2 3)’(1 3 2>'<2 1 3>’<2 3 1)’(3 1 2>’<3 2 1)} (A.11)

Then, the sets of (1,2)- and (2,1)-shuffles are given by
1 2 3 1 2 3 1 2 3
1 3/7\2 1 3)7\2 1/ f’
1 2 3 1 2 3 1 2 3
s = (G2 3)65 )60 )

Likewise, a (p, q)-unshuffle for p,q € N* is a permutation ¢ € S,,,, which satisfies the condition that o(1) < - <o(p) and o(p + 1) <

Sh(1;3)

N
w

(A.12)

N
—_

-+ < o(p + q). We denote the set of all (p, g)-unshuffles in S, by E(p;p + g). For instance, the sets of (1,2)- and (2,1)-unshuffles in S
are given by

— 12 3\ /1 2 3\ /1 2 3
Sh(1;3) {(1 2 3) ' (2 1 3) ' <3 2) }
Sh(2;3) = {G 2 3 i) }

It follows from the above definitions, and it is evident from the explicit examples (A.12) and (A.13), that a permutation is a (p, g)-
shuffle if and only if its inverse is a (p, g)-unshuffle, and vice versa.

—_

(A.13)

N

w
~
VN
—_ =
w N
[\SENON]
~—
VN
N =
w N
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C-Algebras: A C_ -algebra or strong homotopy commutative algebra is an A -algebra € = @,_, €; where the higher products m;, in

ez

addition to (A.1), also satisfy the homotopy commutativity relations

Y H(O e EY Myl Loty o Cay) = O (A.14)

oeSh(iy i)

forall0 < i, <iandforall#,,...,¢; € €. Here, y(0;¢,, ..., ¢;) is the Koszul sign for total graded anti-symmetrisation defined by

OoN AN = Y0381, 0) oy Ao N g - (A.15)
The lowest four homotopy commutativity relations are
my(£1, &5) = (=1)10lelemy (£,,£,) = 0,
ms(fl,fz, f}) — (_]_)\fz\(s |/3|cm3(f1, fy fz) + (_]_)(|/1|c+\fz|c)|fs|cm3(f3,fl, fz) =0,
my(£1, 65,65, 64) = (F1) ke lem, (£, 6,65, 6,) + (_1)Mll“(‘m“lm“)mﬂ’fpz» £3,01,0) (A.16)

_(_1)|/1|E(|/2|G+|53|G+M4‘G)m4(f f f I ) =
m(£1,¢,,¢5,64) — (— )\leg |f3\@m4(f C3,05,0,) + (— )Ilec(lf;|@+|54lc)m4(f t5,64,C ) (- )(V’l\wllec 173le m my (€5, 61,65, ¢4)
_(_1)(|(1|g+\fz\¢)\f3\c+|fz|s 1Z4le m4(f3’ I’ﬂl’ f4; fz) (_1)(|f1|L+‘[2|(,)|[3|(,+(|[1|(,+‘fz‘(,)‘f4‘(, m4(f3, f4, I’ﬂlr fz) =0,
and we see that the product m, is indeed graded commutative. Note that, a priori, there are two relations for m; given by the (2,1)-
and (1,2)-shuffles. However, the (1,2)-shuffles for (¢,, ¢,, £;) are the same as the (2,1)-shuffles for (¢;, ¢, ;). Since £, £,, and ¢, are

arbitrary elements of €, the two relations thus reduce to one relation. Generally, the number of independent relations for m; is L%J .

Cyclic C,-Algebras: A cyclic C_ -algebra is a cyclic A -algebra satisfying the homotopy commutativity relations (A.14).

A.3. L -Algebras

L -Algebras: An L -algebra or strong homotopy Lie algebra is a graded vector space 8 = @,_, 8; together with higher products which
are graded anti-symmetric i-linear maps p; : X --- X  — R of degree 2 — i that satisfy the homotopy Jacobi identities

Z Z 2000 C My (W, (Coy - Coig)y Caiyrys oo Coy) = 0 (A17)

i1+i=1 5 eSh(i; ;i)

forallZ,,...,¢; €  and i € N*; see Appendix A.2 for the definitions of the unshuffles g(il; i) and of the Koszul sign y(o;¢}, ..., 7).
The lowest homotopy Jacobi identities, slightly rewritten, read as

i (m(£1)) = 0,
Wiy (€1, 65)) = Hy(p1(£1), 65) + (=)Dl py (€1, 1 (£5))
Ho(kx (€1, 65), €3) + (=1)\ 01l (£, 11, (€1, 63)) = (1, 12(€5, €3)) = 1y (13(81, €2, 63)) + i3 (11 (£1), €2, C5) (A.18)
H=Y) e py (€1, 1y (65), €5) + (1) et ey (84, 85, 1y (23))

and we can interpret them as follows. The unary product g, is a differential and a derivation with respect to the binary product ,. In
addition, the ternary product p, captures the failure of the binary product y, to satisty the standard Jacobi identity.
We note that any A -algebra yields an L -algebra with higher products obtained from total anti-symmetrisation,

Bl 1) = D X050 EYM(C gy e Cogy) - (A.19)

cES;
In particular, the Lie algebra arising from the commutator on any matrix algebra is an L_ -algebra. Likewise, the anti-symmetrisation
of a C-algebra is an L_ -algebra with y; = 0 for i > 2 due to the homotopy commutativity relations (A.10).
We call an L -algebra nilpotent, if all nested higher products vanish, i.e.

il (= s =)o, —) = 0 foralli,j>1. (A.20)
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Cyclic L -Algebras: A cyclic L -algebra (2, (—, —)¢) is an L -algebra 8 equipped with a non-degenerate graded-symmetric bilinear
form (—, —)g : X & - R such that

ol Cip)e = (<)l Za e (2 2 (A.21)

15

for all #; € 8. As before, when it is clear from the context, we shall suppress the subscript  on the inner products.
Homotopy Maurer—Cartan Theory: Similar to A -algebras, any L_-algebra (&, ;) comes with its homotopy Maurer—Cartan theory.
In particular, a gauge potential is an element a € ,, and its curvature is

1
f=m@)+im@a) +- = Zﬁyi(a,...,a) €g. (A.22)
i>1
The Bianchi identity reads here as
1
Zﬁyi+l(a,...,a,f) =0. (A.23)

i>0

Homotopy Maurer—Cartan elements, i.e. gauge potentials with vanishing curvature f = 0, are the stationary points of the homotopy
Maurer—Cartan action

SMCLg] = Zﬁ“" il ., 0))a (A.24)

i>1

provided & comes with a cyclic pairing (—, —)¢ of degree —3. Similarly to (A.8), infinitesimal gauge transformations are of the form

1
5,0 =Y i (@, 0,Go) (A.25)
>0 7
and are parametrised by elements ¢, € &,. The action is invariant under such transformations, and the curvature behaves as
1
5.f = b, 6) - (A.26)

i>0

To verify these statements, one makes use of (A.17).
Covariant Derivative: Given an L_-algebra (&, y;), consider ¢ € 8, for some k € Z and require that under infinitesimal gauge
transformations, ¢ transforms adjointly, that is,

1
85,0 = Zﬁum(a,...,a, ®,6,) (A.27)

i>0

for ¢, € 8;,. We then define the covariant derivative V : 8, — £, by

1
Vo = (o) + (e ¢) + = Y S, .a,0) (A.28)

i>0

for a € ;. Using (A.17), one can show that under infinitesimal gauge transformations (A.25) and (A.27), Ve transforms as

1 1
5, (Vo) = Y i (6,0 VP, ) + > (@, 0f0,60) (A.29)

>0 77 >0

where f is the curvature (A.18) of a. Thus, for homotopy Maurer—Cartan elements a, the covariant derivative transforms adjointly as
well.*® Using (A.17) again, we obtain in addition

1
Vi = Y (e, 0.f ). (A.30)

i>0

48 Tt will always transform adjointly when y; = 0 for all i > 2, that is, for differential graded Lie algebras also known as strict L, -algebras, cf. Ap-
pendix A.4.
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Curved morphisms of L, -Algebras: Morphisms between Lie algebras are maps preserving the Lie bracket. In the context of L_-
algebras, this notion generalises and one obtains what is known as a curved morphism (of L, -algebras). Specifically, a curved morphism

¢ (2 1) = (L ji;) between two L_-algebras (&, »;) and (&, i;) is a collection of i-linear totally graded anti-symmetric maps ¢, : £ x

-+ X & > Rof degree 1 — i such that

Z Z (=1)2x(6;¢1, ., C)Di 1 (i (Coqys oo s Coi)s Coiyany - Coi)

h+h=l 6eSh(isi)
1
=y ) Y xleity, . )05, ) (A31a)
Jz1 J: k1+"'+kj:iaeﬁ(kl,“,,kj,];i)

X ﬁj(¢k1 (fo(n: e fg(kl)): ey (fo'(k1+<»-+kj,l+1)’ e fa(i)))

fori e N* U {0} with y(o;7;, ..., ¢;) the Koszul sign (A.11) and {(o; 7, ..., £;) given by

~1 kq 4ok,
=1

Loty ..., 0) = (_1)215»«@ kknt X0k —m)+ 2, (1K) 2 " o le . (A.31D)

Note that ¢, : R — &, is the constant map. Explicitly, the lowest expressions of (A.27) read as

1.
0= Z E#i(‘l”o:“w‘l’o) ’

i>1

$i(i(£1) = ((£1) + D %ﬂi+1(¢o:-~-:¢o: $:1(¢1)

i>1

I£11al2le ~ . (A.32)
D1(1:(€1,83)) — By (11 (€1), &) + (1)1 by (01 (£5), &) = iy ($2(F1,72)) + a1 (Z1), D1(72))

X i o G0l )+, s By b b))

i>1 i>1

It is easily seen that this definition reduces to the standard definition of a Lie algebra morphism in the context of Lie algebras. Note
that a curved morphism is simply called an (uncurved) morphism (of L, -algebras) whenever ¢, = 0, and this notion of morphisms is

usually used in the literature when discussing L_ -algebras. As we will see below, we shall need the more general notion of curved
morphisms to reinterpret gauge transformations as morphisms of L_ -algebras.

Evidently, the first equation of (A.32) implies that ¢, is necessarily a homotopy Maurer—Cartan element of . For such ¢,, we now
set

b0 5 5 1 . .
il(f, ... 0) = Zj-'ﬂ,.ﬂ.(d;o,...,¢O,f1,...,fi) (A.33)

j>0J*

forall Z,,...,7, € & and i € N*. By virtue of (A.30), we immediately have that ﬁl‘/") = fi; is a differential. In fact, one can show that
(2, ﬂf’") forms an L_-algebra, that is, the ﬂ;”” satisfy the homotopy Jacobi identities (A.17) thus defining another L_ -structure on
Q. From (A.27) we may then conclude that any curved morphism between two L_-algebras (&, y;) and (&, /i;) can be viewed as an
uncurved morphism between (&, y;) and (&, ;Zfb“).

Maurer—Cartan Elements and Curved Morphisms:  Consider a € 8, and let f € &, be its curvature (A.18). We define the image of a
gauge potential under a curved morphism ¢ : (£, ;) = (£, ii;) as

N 1 &

= o+ bi(a) +5hy(a,0) + - = Zi—'q’)i(a,...,a) €. (A.34)
>0 b

The curvature of a is then

~ | - 1 ~

f= Zi—'yi(a,...,a) = Zﬁd)m(a,...,a,f) € g, (A.35)

i>1 i>0

which one can verify using (A.17) and (A.27). Hence, homotopy Maurer—Cartan elements in £ are mapped to homotopy Maurer—
Cartan elements in .

Fortschr. Phys. 2021, 69, 2100075 2100075 (91 of 100) © 2021 The Authors. Fortschritte der Physik published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.fp-journal.org

A DVAN c E D (Fi::t's,ﬂ;;iit‘:e
SCIENCE NEWS o Payais

www.advancedsciencenews.com www.fp-journal.org

Let us extend the above observation to gauge orbits. Consider gauge transformations (A.25) a = a + §, a and &+ @ + &, & with the
image of the gauge parameter ¢, € R, given by

1 ~
Eqﬁm(a,...,a,co) € g. (A.36)

o = d1(c) + Py(a.6) + -+ = Z

i>0

A short calculation involving (A.17) reveals that

N 1 1
G i=-) i@ 0. o) + > 5 $11(6.,0.0,....a) (A.37)

i>0 i>0

This immediately yields

1 1
> Slatd e até ) = Y s ...a)+ 2 59:1(0,0.0,....0)

i>0 i>0 7 i>0

b

(A.38)

Consequently, gauge equivalence classes of homotopy Maurer—Cartan elements in & are mapped to gauge equivalence classes of
homotopy Maurer—Cartan elements in & under curved morphisms.

Morphisms of Cyclic L_,-Algebras: Consider an uncurved morphism between two L_-algebras (&, y;) and (&, ji;), that is, a curved
morphism with ¢, = 0. If, in addition, we have inner products (—, —)¢ on & and (—, —); on &, then a morphism of cyclic L_-algebras
has to satisfy

(€1, 000 = ($:1(41), :1(%2))a (A.39a)

forall?,, € andforalli>3and7,,...,7, €

N (D1 1) b (Crrr o E)e = O (A.39D)
it

We note that the morphisms of cyclic L_-algebras defined here require ¢, to be injective. More general notions of such morphisms
can be defined using Lagrangian correspondences, cf. [297].

Suppose now that the inner product (=, =) on 2 and (-, —); on & of degree —3 so that the homotopy Maurer—Cartan equations,
f =0andf =0, are variational. Then, under a morphism ¢ : (&, u;) — (&, fi;), we obtain

z“ﬁm’/‘i(%...,a))E = shMCg)

i>1

(A.40)

< 1
= e = Y @i, 8)
izzl (i+1)!
by virtue of (A.35) and (A.34).
Curved Quasi-Isomorphisms of L -Algebras: Recall that the homotopy Jacobi identities (A.17) (see also (A.18)) imply that u? = 0.
Hence, we may consider the cohomology

H (8) = @Hﬁl (8) with Hy (2) = ker(ulq,)/im(ulg, ) - (A.41)

kez

A curved morphism of L_-algebras ¢ : (£, s;) = (&, i;) is called a curved quasi-isomorphism (of L, -algebras) whenever ¢, induces an

isomorphism H, (8) = H, (2). There is a bijection between the moduli spaces of gauge equivalence classes of homotopy Maurer—

Cartan elements of € and &. A curved quasi-isomorphism is called an (uncurved) quasi-isomorphism whenever ¢, = 0.
Gauge Transformations as Curved Morphisms: Let us revisit the infinitesimal gauge transformations (A.25) and first explain how
they arise from partially flat homotopies. In particular, set I := [0, 1] C R and consider the tensor product (see also Section 6.1)

g =)@ = @P(L) with (&), = ()L OQA()® L, , (A.42)

kez
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between the de Rham complex (Q°(I), d) on the interval I and an L_-algebra (8, y;). Furthermore, the higher products uig“ on 8, are
given by

Lo

o ®7) =do, @7, + (1) lenw; @ uy(t,),

PO, @, ..., 0, @ 1)) = (1) T=t et E oo S () A A w) @ iy . ) (A.43)

for all w,,...,w; € Q'(I) and for all 7,,...,7; € & Hence, a general element a € (8), is of the form a(t) = a(t) + dt ® ¢,(t) with
a(t) € €°(I) ® &, and ¢,(t) € €*(I) ® L,. Its curvature f € (L), is then

P)
f(t) = f() +dt® {% - i—l'ﬂﬂ_l(a(t), a(t), () } (A.44)
i>0

where f(t) € €*(I) ® &, is the curvature of a(t). The requirement of partial flatness of f(t) amounts to saying that f(t) has no compo-
nents along dt. Thus,

da(t)

E2 = X Shalald) . al), ) (A.45)

and we recover the gauge transformations (A.25) from

dalt)
W T o0

(A.46)

t=0

with a = a(0) and ¢, = ¢,(0). Furthermore, upon solving the ordinary differential Equation (A.45), we will obtain finite gauge transfor-
mations. Let us now explain how one can understand this as a curved morphism that preserves the products y;.
Concretely, we consider (A.34) and (A.36) and make the ansatz

a(t) = Z%d)i(t)(a,,..,a) and ¢y(t) = Z%d)iﬂ(t)(a,...,a,co). (A.47)

i>0 7 i>0

Here, we again set a = a(0) and ¢, = ¢,(0) which, in turn, translates to the conditions ¢;(0) = 0 for all i # 1 and ¢,(0) = 1. Upon
substituting the ansatz (A.47) into (A.45) and remembering (A.37), we obtain

) < 106
o = X @)

(A.48)

=Y 26w fic) + Y (05,00,

i>0 i>0

where f is the curvature of a. Thus, solving the ordinary differential Equation (A.45) for gauge transformations is equivalent to
solving the ordinary differential Equation (A.48) for a curved morphism ¢; on the L_ -algebra that preserves the L_ -algebra structure.
Put differently, finite gauge transformations are given by curved morphisms that arise as solutions to (A.48).

Let us exemplify these discussions by considering a standard Lie algebra valued one-form gauge potential on Minkowski space M¢.
Here,a = A € Q'(M%) ® g and ¢, = c € €°(M?) ® g for a Lie algebra g. Moreover, in this case it is enough to consider ¢, (t) and ¢, (t)
and set ¢;(t) = 0 for all i > 1. Consequently, the ordinary differential Equation (A.48) reduces to

0AG) _ 99y(t)  99,()

ot ot ot

(A) = ¢(B)(dec+[A,c]) (A.49)
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and is solved by A(t) = ¢, (t) + ¢, (£)(A) and c(t) = ¢, (¢)(c) with®

bo(t) = tdo+ L[de o]+ L[lde,c o] + -+ = e de”,
$(0(A) = A+ 1A+ S[Add+ S[Ad dd+ - = e Ae”, (A.50)
1(t)(c) = ¢

as a short calculation reveals; recall from (A.32) that ¢, (t) must be a homotopy Maurer—Cartan element.

A.4. Structure Theorems

In the following, the term ‘homotopy algebra’ refers to either an A_-, C-, or L -algebra. Note that the unary higher product is a
differential for any homotopy algebra. We call a homotopy algebra minimal provided the unary product vanishes. A homotopy algebra
is called strict if only the unary and binary products are non-vanishing. Moreover, a homotopy algebra is called linearly contractible if
only the unary product is nonvanishing, and it has trivial cohomology. Above we have introduced different notions of L_-algebras.
Likewise, there are similar notions of morphisms for A - and C_ -algebras. In addition, there is a stricter notion of quasi-isomorphisms
known as isomorphisms. In the context of L -algebras, those are morphisms for which the lowest map ¢, is invertible.

Structure Theorems: We now have the following structure theorems:

(i) The decomposition theorem: any homotopy algebra is isomorphic to the direct sum of a minimal and a linearly contractible one;
see e.g. [196] for the case of A -algebras.
(ii) The minimal model theorem: any homotopy algebra is quasi-isomorphic to a minimal one. This follows directly from the decom-
position theorem, see also [195, 196] for the case of L -algebras.
(iii) The strictification theorem: any homotopy algebra is quasi-isomorphic to a strict on

.1298299]

We note that strict A -, C -, and L_-algebras are simply differential graded associative, differential graded commutative, and differ-
ential graded Lie algebras, respectively. We also note that mathematicians would probably use the term ‘rectify’ over ‘strictify’; we
found the latter term more descriptive.

Remark A.1. We also would like to make a few remarks on the relations between the homotopy algebras:

(i) As we saw above in (A.19), any A -algebra carries an L_-structure by (graded) anti-symmetrisation the higher products.
(ii) All higher products of a C-algebra (which is also in particular an A_-algebra) except for the differential vanish after anti-
symmetrisation.

Appendix B: Inverses of Wave Operators

In this paper, we have glossed over some of the finer analytical details as not to hide the simplicity of our constructions (too much)
behind arcane notation. In particular, we mostly ignored the difference between €*(M?) and the actual function space

§ = Bin ® B = SM) Bkerg(0), (B.1)

cf. (4.29). This is unproblematic, but the mathematically minded reader may wonder about the definition of inverses of the operator
[J which appear throughout our discussion. Below, we give an answer to this point.

A first point to note is that only gluons can label scattering amplitudes (we are not talking about correlation functions) and therefore
they are the only relevant object in the minimal model consisting of (several copies of) the kernel of the wave operator. However, we
do want to have gauge symmetries also at the level of free fields, and we therefore allow also the ghosts to have free components. This
is not a problem for the scattering amplitudes, as gluons and ghosts live in homogeneously differently graded spaces. The anti-ghosts

4 We can also consider the more general case ¢ (t) = g~ (t) dg(t), ¢1(£)(A) = g~ () Ag(t), and ¢, ()(c) = g~ (t) d,g(t) for g € €= (I, G) with g(0) = 1,
that is, g solves the ordinary differential equation 9,g(t) = g(t) ¢(t); note that 9,g(t)|,—o = c.
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and Nakanishi-Lautrup field are only relevant as interacting fields, and we arrive at an L_ -algebra with underlying cochain complex

AL —A
-Od
F®g ——————> Fq1 @9
—é\/ﬁa“\
£VT, N

Ba B+a
SMHYeg ——— SM)eg

(B.2)

ct c* =+a

. g c
Fog 2> ZMheg subheg -2 Fag

where F,; are one-forms on M? with coefficients in & and [ (as well as 4/[J) vanishes on ker  ((J) ® g. In this complex, expressions
such as LDE“ are clearly well-defined.

We may feel slightly uncomfortable with this restriction of fields as the tensor product of scalar fields with elements in K&in that
we used to construct the Yang—Mills fields does not make any distinction between gluons and ghost on the one side and anti-ghosts

and Nakanishi-Lautrup fields on the other side. To resolve this issue, we can consider a quasi-isomorphic L -algebra with underlying
complex

Al 5 -Afe
S1®g —————> 199

_g\/iaﬂ\
£vO0, \

Ba Em
SMHeg — SMHeg
Ba . E+a (B3)

ker »(O)®g —d ker »(O)®g

ct ct =+a

Ea [ C é
Feog 2> YMHeg IMHeg — 2> Fog

¢ i &
ker »(O)®g —d ker »(O)®g

We note that the identity component is readily implemented with a modification of the Yang—Mills twist 7, in (7.19). However, the
required modification is technically a bit cumbersome, and had we inserted it, it would have distracted from the main point of the twist.
Finally, note that the twists 7, governing interactions can be left unmodified and merely need to be restricted to the Schwartz parts
S (M%) ® g for anti-ghosts and Nakanishi-Lautrup fields. This is also evident, as scattering amplitudes will never lead to interactions
involving non-propagating anti-ghosts or Nakanishi-Lautrup fields.
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