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Double copy

Gauge theory à Gravity

Gauge symmetry à Diffeomorphism symmetry

Driven by technical simplicity (KLT, BCJ, CHY, …)

We saw many instances of this during this workshop:

Marco Chiadoroli, Eduardo Casali, Gustav Mogull, Mikhail Solon, 
Emil Bjerrum-Bohr, Fei Teng, Ricardo Monteiro, Laurentiu Rodina, 
Lance Dixon, Andres Luna, Silvia Nagy, Lionel Mason

Many interesting open problems to work on…



Opportunities of the double copy

Hidden structures in gauge theory
à BCJ relations       � Casali, Tourkine, Rodina

à kinematic Lie algebra  (CK duality) �Mason

Unified framework

à web of theories  (theory classification)  � Chiodaroli

à recycling of calculations �Mogull, Dixon, Teng

Generality of the DC

à amplitudes  (& form factors in gauge theory)

à BH solutions   � Monteiro

à classical scattering/radiation � Solon, Luna, Ochirov

à curved backgrounds, off shell ?    � Adamo, Nagy

Deeper physical understanding of DC ?



Textbook perturbative gravity is complicated

After symmetrization
100 terms !

=

=

de Donder
gauge

higher order
vertices…

103 terms

complicated 
diagrams:

104 terms 107 terms 1021 terms 1031 terms

� Bjerrum-Bohr 



On-shell simplifications
Graviton plane wave:

=

Gravity scattering amplitude:

Yang-Mills polarization

Yang-Mills vertex

Yang-Mills amplitude

On-shell 3-graviton vertex:

Gravity processes = “squares” of gauge theory ones - entire S-matrix 

MGR
tree(1, 2, 3, 4) =

st

u
AYM

tree(1, 2, 3, 4)⌦AYM
tree(1, 2, 3, 4)

Bern, Carrasco, HJ

Kawai, Lewellen, Tye



Squaring of YM theory
Gravity processes = squares of gauge theory ones - entire S-matrix     

GravityYang-Mills

pure Yang-Mills → Einstein gravity + dilaton + axion

N =4 super-YM → N =8 supergravity

→

→

E.g.

squared
numerators 

(BCJ double copy)

� Dixon, Parra-Martinez, Teng, Herrmann



Why/How double copy works ?

Interactions (3pt)

Spectrum  (2pt)

Gauge symmetry  (4pt)

+

+
consistent amplitudesà

Additionally, for consistency one should check that 
properties such as factorization, crossing symmetry and 
unitarity are preserved by double copy

3 ingredients are often sufficient:



Spectrum
States are obtained by tensoring Lorentz reps.

2 THE DUALITY BETWEEN COLOR AND KINEMATICS

indices i, and those of the double-copy fields can be made explicit,

(Áh)ij
µ‹ = Á((i

µ Áj))
‹ (graviton) ,

(ÁB)ij
µ‹ = Á[i

µÁj]
‹ (B-field) , (2.46)

(Á„)µ‹ =
Ái

µÁj
‹”ij

D ≠ 2 (dilaton) .

On the first line the gluon polarizations are multiplied in symmetric-traceless combinations
corresponding to the 1

2(D ≠ 2)(D ≠ 1) ≠ 1 states of a graviton. On the second line they are
antisymmetrized corresponding to the 1

2(D ≠ 2)(D ≠ 3) states of an antisymmetric tensor
field. The completeness of the set of gluon polarization vectors implies that the right-hand
side of the third line of Eq. (2.46) is proportional to ÷µ‹ up to momentum-dependent terms,
so (Á„)µ‹ describes a single state. Adding them all up we find the (D ≠ 2)2 states in the
tensor product of two massless vectors, as we should.

The double copy of D-dimensional pure YM theory gives gravity amplitudes Mtree that
follow from the Lagrangian [183, 184]

S =
⁄

dDx
Ô

≠g

C

≠1
2R + 1

2(D ≠ 2)ˆµ„ˆµ„ + 1
6e≠4„/(D≠2)H⁄µ‹H⁄µ‹

D

, (2.47)

where H⁄µ‹ is the field strength of the two-index antisymmetric tensor Bµ‹ and the non-
canonical normalization of the dilaton quadratic term is chosen to avoid non-rational depen-
dence on the spacetime dimension D. The Z2 symmetry Bµ‹ æ ≠Bµ‹ generates a consistent
truncation of this Lagrangian to Einstein gravity coupled to „. The further Z2 symme-
try of this truncation, „ æ ≠„, allows a further consistent truncation to Einstein gravity.
The double copy analog of this truncation is realized by choosing gluon polarizations in
symmetric-traceless combinations, as for the graviton polarizations in Eq. (2.46).

To show the connection to the BCJ double copy, consider, for example, the five-point
tree amplitude. The double-copy amplitude in terms of Jacobi-satisfying numerators is,

Mtree
5 (1, 2, 3, 4, 5) = ≠i

15ÿ

i=1

niñi

Di

= ≠i ñ1

3
n1

D1
+ n1

D7
+ n1

D8
+ n1 + n4

D13
+ n1 + n4

D14

4

≠ i ñ4

3
n4

D4
+ n4

D10
+ n4

D11
+ n1 + n4

D13
+ n1 + n4

D14

4
, (2.48)

where we used the solution (2.40) and the propagators 1/Di can be read o� from the diagrams
in Fig. 7. As usual, where we suppress an overall factor of (Ÿ/2)3. Remarkably, after using
the solution (2.40) for both the ni and ñi, the result depends only on the numerators n1, n4
and ñ1, ñ4. Using Eq. (2.41), we have,

Mtree
5 (1, 2, 3, 4, 5) = ≠

1
ñ1 Atree

5 (1, 2, 3, 4, 5) + ñ4 Atree
5 (1, 4, 3, 2, 5)

2

= i s12s45A
tree
5 (1, 2, 3, 4, 5) ÂAtree

5 (1, 3, 5, 4, 2)
+ i s14s25A

tree
5 (1, 4, 3, 2, 5) ÂAtree

5 (1, 3, 5, 2, 4) . (2.49)

28

More precisely
in D dim:

(dilaton)

(axion)

� Chiodaroli, Nagy



Matter spectrum

Matter spin 1 local global

Matter spin 3/2

Tensors: 

Spin 1/2: Spin 0:

� Chiodaroli



Spectrum – broken symmetry
Spontaneous symmetry breaking:

broken local broken global

spin 1:

Spin 3/2: (massive)

(massive)

Chiodaroli, Gunaydin, HJ, Roiban



Interactions

on-shell: f̃abc =

b

a c
T a
iȷ̄ =

a

i ȷ̄
T a
ȷ̄i =

a

i ȷ̄

= −T a
iȷ̄

Figure 1: Color vertices with planar ordering consistent with the color-stripped Feynman rules.

The kinematic numerators ni are in general not gauge-invariant and thus have no

unique expressions. However, certain linear combinations of ni/Di correspond to gauge-

invariant primitive amplitudes that can be constructed from the color-stripped Feynman

rules [56] summarized in appendix A.

The color factors ci in eq. (2.2) are constructed from the cubic graphs using only two

building blocks: the structure constants f̃abc for three-gluon vertices and generators T a
iȷ̄ for

quark-gluon vertices, as shown in figure 1. When separating the color from kinematics,

the diagrammatic crossing symmetry only holds up to signs dependent on the permutation

of legs. These signs are apparent in the total antisymmetry of f̃abc. Since the structure

constants can be thought of as the generators in the adjoint representation, (T a
adj)bc ≡ f̃ bac,

it is convenient to introduce a similar antisymmetry for the fundamental generators,

T a
ȷ̄i ≡ −T a

iȷ̄ ⇔ f̃ cab = −f̃ bac . (2.3)

In formulas with suppressed indices we denote the flipped generator by T
a ≡ T a

ı̄j .

Color factors obey simple relations arising from the Jacobi and commutation identities,

f̃dacf̃ cbe − f̃dbcf̃ cae = f̃abcf̃dce , (2.4a)

T a
iȷ̄ T

b
jk̄
− T b

iȷ̄ T
a
jk̄

= f̃abc T c
ik̄
, (2.4b)

depicted diagrammatically in figure 2. They both imply color-algebraic relations of the

schematic form

ci − cj = ck (2.5)

for the triplets of diagrams (i, j, k) that differ only by the subdiagrams drawn in figure 2, but

otherwise have common graph structure. The interdependence among the color factors ci
means that the corresponding kinematic coefficients ni/Di are in general not unique, as

should be expected from the underlying gauge dependence of the numerators. In section 2.2

we return to this kinematic numerator freedom. Before that, we review how to assemble

the diagrams into gauge-invariant building blocks, i.e. the primitive amplitudes.

2.1 Color decomposition of tree amplitudes

A classic way to remove the relations among color factors is to replace all structure constants

by generators,

f̃abc = Tr
(

T aT bT c
)

− Tr
(

T bT aT c
)

, (2.6)

and then eliminate all contracted adjoint indices using the SU(Nc) Fierz identity,

T a
iȷ̄T

a
kl̄
= δil̄δkȷ̄ −

1

Nc
δiȷ̄δkl̄ . (2.7)
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Gauge & diffeo invariance
BCJ

Jacobi identity

(b)(b)

− =

(a)

− =

Figure 2: Pictorial form of the basic color and kinematic Lie-algebraic relations: (a) the Jacobi
relations for fields in the adjoint representation, and (b) the commutation relation for fields in a
generic complex representation.

Due to the Lie algebra of the gauge symmetry, color factors obey simple linear relations

arising from the Jacobi identities and commutation relations,

f̃ d̂âĉf̃ ĉb̂ê − f̃ d̂b̂ĉf̃ ĉâê = f̃ âb̂ĉf̃ d̂ĉê

(tâ) k̂
ı̂ (tb̂) ȷ̂

k̂
− (tb̂) k̂

ı̂ (tâ) ȷ̂

k̂
= f̃ âb̂ĉ (tĉ) ȷ̂

ı̂

}

⇒ ci − cj = ck , (2.3)

and this is depicted diagrammatically in figure 2. The identity ci − cj = ck is understood to
hold for triplets of diagrams (i, j, k) that differ only by the subdiagrams drawn in figure 2,

but otherwise have common graph structure.

The linear relations among the color factors ci imply that the corresponding kinematic

coefficients ni/Di are in general not unique, as should be expected from the underlying gauge
dependence of individual (Feynman) graphs.

It was observed by Bern, Carrasco and one of the current authors (BCJ) [3], that within

the (gauge) freedom of redefining the numerators there exist particularly nice choices, such

that the resulting numerator factors ni obey the same general algebraic identities as the
color factors ci. That is, there is a numerator relation for every color Jacobi of commutation

relation (2.45) and a numerator sign flip for every color factor sign flip (2.2):

ni − nj = nk ⇔ ci − cj = ck , (2.4a)

ni → −ni ⇔ ci → −ci . (2.4b)

Amplitudes that satisfy these relations are said to exhibit color/kinematics duality. An

important point is that a numerator factor ni entering different kinematic relations may not

take the same functional form in all such relations; rather, momentum conservation and
changes of integration variables must be used to allign the momentum assignment between

the three graphs participating in the relation.

The relations in eq. (2.4) define a kinematic algebra of numerators, which is suggestive

of an underlying kinematic Lie algebra. While not much is known about this Lie algebra,
which should be infinite-dimensional due to the functional nature of the kinematic Jacobi

relations, in the special case of the self-dual sector of YM theory the kinematic algebra was

shown to be isomorphic to that of the area-preserving diffeomorphisms [13].
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Example: axion-dilaton gravity 
Consider double copy of D-dimensional pure YM:

2 THE DUALITY BETWEEN COLOR AND KINEMATICS

indices i, and those of the double-copy fields can be made explicit,

(Áh)ij
µ‹ = Á((i

µ Áj))
‹ (graviton) ,

(ÁB)ij
µ‹ = Á[i

µÁj]
‹ (B-field) , (2.46)

(Á„)µ‹ =
Ái

µÁj
‹”ij

D ≠ 2 (dilaton) .

On the first line the gluon polarizations are multiplied in symmetric-traceless combinations
corresponding to the 1

2(D ≠ 2)(D ≠ 1) ≠ 1 states of a graviton. On the second line they are
antisymmetrized corresponding to the 1

2(D ≠ 2)(D ≠ 3) states of an antisymmetric tensor
field. The completeness of the set of gluon polarization vectors implies that the right-hand
side of the third line of Eq. (2.46) is proportional to ÷µ‹ up to momentum-dependent terms,
so (Á„)µ‹ describes a single state. Adding them all up we find the (D ≠ 2)2 states in the
tensor product of two massless vectors, as we should.

The double copy of D-dimensional pure YM theory gives gravity amplitudes Mtree that
follow from the Lagrangian [183, 184]

S =
⁄

dDx
Ô

≠g

C

≠1
2R + 1

2(D ≠ 2)ˆµ„ˆµ„ + 1
6e≠4„/(D≠2)H⁄µ‹H⁄µ‹

D

, (2.47)

where H⁄µ‹ is the field strength of the two-index antisymmetric tensor Bµ‹ and the non-
canonical normalization of the dilaton quadratic term is chosen to avoid non-rational depen-
dence on the spacetime dimension D. The Z2 symmetry Bµ‹ æ ≠Bµ‹ generates a consistent
truncation of this Lagrangian to Einstein gravity coupled to „. The further Z2 symme-
try of this truncation, „ æ ≠„, allows a further consistent truncation to Einstein gravity.
The double copy analog of this truncation is realized by choosing gluon polarizations in
symmetric-traceless combinations, as for the graviton polarizations in Eq. (2.46).

To show the connection to the BCJ double copy, consider, for example, the five-point
tree amplitude. The double-copy amplitude in terms of Jacobi-satisfying numerators is,

Mtree
5 (1, 2, 3, 4, 5) = ≠i

15ÿ

i=1

niñi

Di

= ≠i ñ1

3
n1

D1
+ n1

D7
+ n1

D8
+ n1 + n4

D13
+ n1 + n4

D14

4

≠ i ñ4

3
n4

D4
+ n4

D10
+ n4

D11
+ n1 + n4

D13
+ n1 + n4

D14

4
, (2.48)

where we used the solution (2.40) and the propagators 1/Di can be read o� from the diagrams
in Fig. 7. As usual, where we suppress an overall factor of (Ÿ/2)3. Remarkably, after using
the solution (2.40) for both the ni and ñi, the result depends only on the numerators n1, n4
and ñ1, ñ4. Using Eq. (2.41), we have,

Mtree
5 (1, 2, 3, 4, 5) = ≠

1
ñ1 Atree

5 (1, 2, 3, 4, 5) + ñ4 Atree
5 (1, 4, 3, 2, 5)

2

= i s12s45A
tree
5 (1, 2, 3, 4, 5) ÂAtree

5 (1, 3, 5, 4, 2)
+ i s14s25A

tree
5 (1, 4, 3, 2, 5) ÂAtree

5 (1, 3, 5, 2, 4) . (2.49)
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States:

2 THE DUALITY BETWEEN COLOR AND KINEMATICS

indices i, and those of the double-copy fields can be made explicit,

(Áh)ij
µ‹ = Á((i

µ Áj))
‹ (graviton) ,

(ÁB)ij
µ‹ = Á[i

µÁj]
‹ (B-field) , (2.46)

(Á„)µ‹ =
Ái

µÁj
‹”ij

D ≠ 2 (dilaton) .

On the first line the gluon polarizations are multiplied in symmetric-traceless combinations
corresponding to the 1

2(D ≠ 2)(D ≠ 1) ≠ 1 states of a graviton. On the second line they are
antisymmetrized corresponding to the 1

2(D ≠ 2)(D ≠ 3) states of an antisymmetric tensor
field. The completeness of the set of gluon polarization vectors implies that the right-hand
side of the third line of Eq. (2.46) is proportional to ÷µ‹ up to momentum-dependent terms,
so (Á„)µ‹ describes a single state. Adding them all up we find the (D ≠ 2)2 states in the
tensor product of two massless vectors, as we should.

The double copy of D-dimensional pure YM theory gives gravity amplitudes Mtree that
follow from the Lagrangian [183, 184]

S =
⁄

dDx
Ô

≠g

C

≠1
2R + 1

2(D ≠ 2)ˆµ„ˆµ„ + 1
6e≠4„/(D≠2)H⁄µ‹H⁄µ‹

D

, (2.47)

where H⁄µ‹ is the field strength of the two-index antisymmetric tensor Bµ‹ and the non-
canonical normalization of the dilaton quadratic term is chosen to avoid non-rational depen-
dence on the spacetime dimension D. The Z2 symmetry Bµ‹ æ ≠Bµ‹ generates a consistent
truncation of this Lagrangian to Einstein gravity coupled to „. The further Z2 symme-
try of this truncation, „ æ ≠„, allows a further consistent truncation to Einstein gravity.
The double copy analog of this truncation is realized by choosing gluon polarizations in
symmetric-traceless combinations, as for the graviton polarizations in Eq. (2.46).

To show the connection to the BCJ double copy, consider, for example, the five-point
tree amplitude. The double-copy amplitude in terms of Jacobi-satisfying numerators is,

Mtree
5 (1, 2, 3, 4, 5) = ≠i

15ÿ

i=1

niñi

Di

= ≠i ñ1

3
n1

D1
+ n1

D7
+ n1

D8
+ n1 + n4

D13
+ n1 + n4

D14

4

≠ i ñ4

3
n4

D4
+ n4

D10
+ n4

D11
+ n1 + n4

D13
+ n1 + n4

D14

4
, (2.48)

where we used the solution (2.40) and the propagators 1/Di can be read o� from the diagrams
in Fig. 7. As usual, where we suppress an overall factor of (Ÿ/2)3. Remarkably, after using
the solution (2.40) for both the ni and ñi, the result depends only on the numerators n1, n4
and ñ1, ñ4. Using Eq. (2.41), we have,

Mtree
5 (1, 2, 3, 4, 5) = ≠

1
ñ1 Atree

5 (1, 2, 3, 4, 5) + ñ4 Atree
5 (1, 4, 3, 2, 5)

2

= i s12s45A
tree
5 (1, 2, 3, 4, 5) ÂAtree

5 (1, 3, 5, 4, 2)
+ i s14s25A

tree
5 (1, 4, 3, 2, 5) ÂAtree

5 (1, 3, 5, 2, 4) . (2.49)
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Amplitudes consistent with the theory:

In 4D this is axion-dilaton gravity:

Symmetry                     allows for consistent truncation of scalars



Example: pure GR
Pure 4D Einstein gravity: HJ, Ochirov

Does not match YM2 spectrum: 

Deform YM theories with massless fundamental quarks

Anti-align the spins of the quarks à gives scalars in GR

e.g. become ghosts if 
� Nagy 



Example: YM-Einstein theory

GR+YM = YM⌦ (YM+ �3)
Chiodaroli, Gunaydin, 
HJ, Roiban

N = 0,1,2,4 YM-E 
supergravity

N = 0,1,2,4 SYM YM +

GR+YM amplitudes are “heterotic” double copies 

�3

hµ⌫ ⇠ Aµ ⌦A⌫

Aµa ⇠ Aµ ⌦ �a

Note: N =0,1,2 YM-E are contaminated by axion-dilaton states



Exception that proves the rule…
Not all gauge theories obey color-kinematics dualiy

Imagine the double copy: 
?

According to conventional wisdom             must be a gravitino
and                is the number of supersymmetries

What goes wrong?  The theory 

only obeys color-kinematics duality if supersymmetric à

Kinematic Jacobi Id.  à Fierz Id. that enforces SUSY

Chiodaroli, Jin, Roiban



Web of double-copy constructible theories 
5 A WEB OF DOUBLE-COPY-CONSTRUCTIBLE THEORIES

Figure 17: Schematic rendition of the web of theories. Nodes represent the main double-copy-
constructible theories discussed in this section, which include gravitational theories (rectangular
nodes), string theories (oval nodes) and non-gravitational theories (octagonal nodes). Undirected
links are drawn between theories that have a common gauge-theory factor in their construction
(di�erent gauge-theory factors correspond to di�erent colors). Directed links connect theories
obtained by modifying/deforming both gauge-theory factors (e.g. adding matter, assigning VEVs).
Details are given throughout Sec. 5.3.

5 A web of double-copy-constructible theories
As we have seen in the previous sections, the duality between color and kinematics and
the double-copy construction express amplitudes of gravitational theories in terms of sim-
pler building blocks from gauge theory. It has become clear that this property is not an
accident of few very special theories, but extends to large classes of gravitational and non-
gravitational theories. Seemingly unrelated theories have been shown to share—and thus
be connected by—the same set of building blocks, yielding a “web of theories” which can
be analyzed with double-copy methods (see Fig. 17). In this section, we aim to probe this
web more in detail. Particularly prominent results will be the classification of homogeneous
N = 2 Maxwell-Einstein supergravities [282], which can be reproduced and streamlined
by double-copy methods, the double-copy construction for YME [120, 125, 257, 283] and
gauged supergravities [123, 284], and the construction for Dirac-Born-Infeld (DBI) theories

60

See review 1909.01358 – Bern, Carrasco, Chiodaroli, HJ, Roiban

� Chiodaroli



Some open problems
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Gravitational radiation
LIGO/VIRGO observations à motivates high-order PN, PM calcs. 

BH gravitational scattering Non-abelian gauge-theory process

Using double copy for GW, 
potentials and observables :
Key problems:
à scalability 
� Solon, Zeng, Maier

à higher-spin extensions

Goldberger, Ridgway; G, R, Prabhu, Thompson; G, Li, P
Luna, Monteiro, Nicholson, O'Connell, White; 
Shen;
Plefka, Steinhoff, Wormsbecher, Shi, Steinhoff, Wang;
Maybee, O'Connell, Vines;
Bern, Cheung, Roiban, Shen, Solon, Zeng;   […]

�many talks: Buonanno, Bjerrum-Bohr, Brustein, Damgaard, Di Vecchia, Guevara, Maia, Maier, 
Levi, Luna, Kosower, Kälin, Parra-Martinez, Shen, Solon, Steinhoff, Vines, Veneziano, Yang, ….

� Levi, Steinhoff, Vines, Luna, Ochirov, Yang



Removing the dilaton ?
For massive processes the dilaton couples to mass 

see e.g. 
Luna, Nicholson, O’Connell, White;
Plefka, Shi, Wang

Luna, Nicholson, O’Connell, WhiteCan be removed by compensating diagrams
or projectors applied to on-shell states Bern, Cheung, Roiban, Shen, Solon, Zeng

However, methods not completely satisfactory:
à What it the most efficient approach?
à Is removal complete for all physical processes? 
à General framework for different theories?  (cf. HJ, Ochirov for pure GR)

� Solon



Lagrangian for massive (QCD)x(QCD) ?

Gluon:

Massive quarks:

What is the square of QCD ? HJ, Ochirov [1906.12292]

Lagrangian determined by matching to double copy of QCD ampl. 

non-Jordan family” (in 5D) [76] and the Luciani model (in 4D) [77]. More precisely, the

double copy (QCD) ⌦ (N = 2 SQCD) between two four-dimensional massless theories

gives amplitudes in the N = 2 Luciani model [34, 37]. Truncating away the N = 2

supersymmetry should give the double copy (QCD)⌦ (QCD) albeit in the massless case.

In sections 2, 3 and 4, we work out much of the structure of the Lagrangian that results

from double copy (QCD)⌦ (QCD), by matching a Lagrangian ansatz with the amplitudes

from the double copy. To construct the amplitudes, we exploit the little-group structure

of the massive particles by using the massive spinor-helicity formalism [78]. The resulting

Lagrangian inherits non-trivial matter interactions from the supersymmetric parent theory.

However, the non-zero masses make the interactions considerably more complicated than in

the Luciani model [77]. See refs. [35, 79] for other recent massive double-copy construction

for gauged supergravity theories which may o↵er some guidance to the massive Lagrangian.

The gravitational Lagrangian has to satisfy certain properties in order to be compatible

with the double copy (QCD) ⌦ (QCD). First, for N
f

= 0 the Lagrangian should match

Einstein gravity coupled to a dilaton and axion, called “axiodilaton gravity” henceforth.

The 4D renormalizability of QCD imposes, by dimensional analysis, that the resulting

gravitational Lagrangian have at most two derivatives in each term. Similarly, masses can

appear at most quadratically, and each power of m lowers the number of derivatives by

one. Moreover, the massive vector fields contain longitudinal modes, which in the massless

limit behave as "µL ⇠ pµ/m. Since they must produce well-behaved scalar interactions in

the massless limit, each explicit vector field V
µ

must be multiplied by one power of m, or,

alternatively, be part of a covariant field strength V
µ⌫

= 2@[µV⌫] that is insensitive to V µ ⇠
pµ. By dimensional analysis, this limits the vector fields to appear at most quadratically

in the Lagrangian. Finally, one should expect to obtain interactions consistent with a

truncation of the Luciani model [77] in the massless limit. However, this is quite a delicate

matching, both because of the needed supersymmetric truncation and since the longitudinal

vector mode should non-trivially combine with the scalar modes to form the complex scalars

of the Luciani model. More work is required to work out the details of this last matching.

For convenience of the reader, below we quote all the determined terms in the gravi-

tational Lagrangian obtained from the double copy of QCD,

L(QCD)2 = � 2

2
R+

@µZ̄ @µZ
�
1� 2

4
Z̄Z
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– 5 –

How do we write down all-orders Lagrangians in general DC theories?
� Nagy 



What is the Kinematic Algebra ?

Monteiro, O’Connell (’11)Self dual YM in light-cone gauge:  

Lie Algebra:

YM vertex

Generators of diffeomorphism invariance:

-- If YM numerators obey Jacobi Id. à kinematic algebra should exist!
-- Algebra may dramatically simplify GR integrand construction. 
What is known?

Beyond the simplest helicity sectors (NMHV)
Chen, HJ, Teng, Wang [1906.10683]

tensor generatorvector generator

� Adamo
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Thanks for a very interesting conference!

Many Thanks to: 
Zvi, Clifford, Donal, 
John Joseph, Radu and Ira

- A better understanding of gravity perturbation theory and
- A bright future for applications to GW calculations. 

Outlook


