Perspectives on the double copy:
Outlook and Summary

Henrik Johansson st cnd Ale
Uppsala U. & Nordita %L{
%ﬂdf &

Dec 13, 2019
UCLA

QCD Meets Gravity \
NORDITA

Ragnar
Séderbergs
sssssssss




Double copy

1

1
Gauge theory > Gravity Z(F’“’)z — 5\/§R

Gauge symmetry > 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 problemsto work on...



Opportunities of the double copy

® Hidden structures in gauge theory
-> BCJ relations
- kinematic Lie algebra (CK duality)
® Unified framework
- web of theories (theory classification)
- recycling of calculations
® Generality of the DC
- amplitudes (& form factors in gauge theory)
—> BH solutions

- classical scattering/radiation
- curved backgrounds, off shell ?

® Deeper physical understanding of DC ?



Textbook perturbative gravity is complicated

2
L= E\/ER, Guv = Muw + K'hp,v
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~ 100 terms!

?1 — Bjerrum-Bohr
higher order
vertices... ~ ~
complicated
diagrams:

~ 104 terms ~ 107 terms ~ 102! terms ~ 103! terms



On-shell simplifications

AAAAs Graviton plane wave:  ¢#(p)e”(p) e

ko
2
K2 M3
K, = UK (77#1 pua (k1 — ko), + cyclic) (77,,1,,2 (k1 — k2)us + cyclic)
"N 12
by 1 L Yang-Mills vertex

Gravity scattering amplitude:
(— Yang-Mills amplitude

¢
MCR(1,2,3,4) = ZAYM(1 9 3 4) @ AYM(1,2, 3, 4)
u
Kawai, Lewellen, Tye

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

gravity - (gauge th) ® (gauge th) Bern, Carrasco, HJ



Squaring of YM theory

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

E.S.

Yang-Mills

o,

pure Yang-Mills
N=4 super-YM

Gravity
e
M \ squared
numerators
s (BCJ double copy)

— Einstein gravity + dilaton + axion

— N =8 supergravity
= Dixon, Parra-Martinez, Teng, Herrmann



Why/How double copy works ?

3 ingredients are often sufficient:

‘ Spectrum (2pt) ‘

+
‘ Interactions (3pt) ‘ = - consistent amplitudes

+

‘ Gauge symmetry (4pt) ‘

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



States are obtained by tensoring Lorentz reps. = Chiodaroli, Nagy

(gravity states) = (gauge th. states) ® (gauge th. states)

B ~ A, ® A,
(diffeo) ~ (gauge) ® (gauge)

h+_|_ = A_|_ X A+ §b — A+ RA_+A_® A+ (dilaton)
B = A 160 A a=AL ®A_ —A_® A, (axion)
—(6}‘)%] = 5£(i5i)) (graviton)
More precisely | (:B)i = lie] (B-field)
in D dim: 7 8 ci i,
() = 5123 (dilaton)



Matter spectrum

— Chiodaroli
Matter spin 1 local global
o ~
@ a
A=A, ®¢

(local symmetry) ~ (gauge part) ® (global symmetry)

Matter spin 3/2 \Ifzf — AH» ® )\a

(local SUSY) ~ (gauge) ® (global SUSY)

Tensors: 1@ af _ = \*® )\5 ~ qﬁ + A + Bp,u + CMVP 4+ .
Spin 1/2: ’lpg = XN OF Spin O: Hab — ¢ & qu



Spectrum - broken symmetry

i Chiodaroli, G din, HJ, Roib
Spontaneous symmetry breaking: iodaroli, Gunaydin oiban

broken local broken global
./ -/
spin 1. W; — WM X sz (massive)
W,=W,.®¢p
(local etry) ~ (gauge) ® (global symmmetry)

Spin 3/2: \Ilz — A'u X )\a (massive)

(SUBY) ~ (gauge) © (explieitsym.)



Interactions

MCR(1,2,3) = A(1,2,3) x A(1,2,3)

h A A
on-shell: % — § X %
(P h  AH A AY A
h A A



Interactions - matter

MSR(1,2,3) = A(1,2,3) x A(1,2,3)

h A A
on-shell: % — % X %
// \\
A A A A 97 T
A A ¢
&S ZQ@ 46@%% :
— X l
7 N\
// \\
A A A A O O

many more examples....



Higher-derivative interactions

MSR(1,2,3) = A(1,2,3) x A(1,2,3)

A A

GaussBonnet: GB ~ R? — % X %
A A A A

YM F3

A A

cubic Riemann: R3 = % X %
A = A A o A

Dixon, Brodel; Bern, Edison, Kosower, Parra-Martinez; Nohle, HJ; ... = Rodina



Gauge & diffeo invariance

cubic diagram form: BC

pzee = N TR pqGR N D
D

et D i
1€cubic 1€cubic
gauge invariance: C; — Cj — Cg Jacobiidentity
diffeo invariance: n; —nN; = Ng kinematic Jacobi Id

= Chiodaroli, Nagy

CK duality Ci 7 My - kinematic Lie algebra 2



Example: axion-dilaton gravity

Consider double copy of D-dimensional pure YM:

i (5h>f‘]u = 5L(i€i>) (graviton)
States: - (5B)f‘ju = 555,{] (B-field)
Ei Ej 52 ;
a () = 5 i 2] (dilaton)

Amplitudes consistent with the theory:

1 1

1
= [dPay=g [—2R+ ;
In 4D this is axion-dilaton gravity:

§— / e/ =g HR + iaﬂqsa“qs + ie-wayxa“x}

Symmetry X — —X allows for consistent truncation of scalars

¢ —= —¢



Example: pure GR

1 .
Pure 4D Einstein gravity: S = 5 / d*z\/gR HJ, Ochirov

Does not match YM2 spectrum: Y M X YM = GR -+ gb + a

Deform YM theories with massless fundamental quarks

(YM + quark) ® (YM + n¢ quarks)

= GR + 2(ns + 1) scalars
Anti-align the spins of the quarks > gives scalars in GR

e.g. P=qRq+qRXq become ghosts if
a=q®7-q0q =1




Example: YM-Einstein theory

GR+YM amplitudes are “heterotic” double copies
Chiodaroli, Gunaydin,

GR+YM=YM® (YM + ¢3) HJ, Roiban

P~ AR @ AY
AP~ AP @ ¢°

N=0124YME  N=0124SYM  YM+
supergravity

Note: A=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: ,
YM ® (YM + N adjoint fermions) = GR + N U35

According to conventional wisdom \1’3/2 must be a gravitino
and N <8 is the number of supersymmetries

What goes wrong? The theory
YM + N adjoint fermions + . ..
only obeys color-kinematics duality if supersymmetric> AN < 4

Kinematic Jacobild. = Fierz Id. that enforces SUSY
Chiodaroli, Jin, Roiban



Web of double-copy constructible theories

— Chiodaroli

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



Some open problems

20



Gravitational radiation

LIGO/VIRGO observations - motivates high-order PN, PM calcs.

BH gravitational scattering Non-abelian gauge-theory process
black hole, M charge @);

\/ detector \Z/ detector
MW ZZM“

S $

/SSSS\ /{S\
black hole, m charge ¢;
Using double copy for GW, Goldberger, Ridgway; G, R, Prabhu, Thompson; G, Li, P
potentials and observables : Luna, Monteiro, Nicholson, O'Connell, White;

. Shen;

gey prlolt))!le.mS. Plefka, Steinhoff, Wormsbecher, Shi, Steinhoff, Wang;

scalability _ Maybee, O'Connell, Vines;

— Solon, Zeng, Maier Bern, Cheung, Roiban, Shen, Solon, Zeng; [...]

- higher-spin extensions
=



Removing the dilaton ?

For massive processes the dilaton couples to mass

‘Cmatter N _g(a,u,@ausp = m2€_ SESD) s

| 7 see e.g.
:: 7 Luna, Nicholson, O’Connell, White;
; Plefka, Shi, Wang

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

However, methods not completely satisfactory: = Solon

> What it the most efficient approach?

- Is removal complete for all physical processes?

- General framework for different theories? (cf. for pure GR)



Lagrangian for massive (QCD)x(QCD) ?

What is the square of QCD 2 HJ, Ochirov [1906.12292]
Gluon: A“ R A, ~ h'u,/ DZdZ
Massive quarks:  @; & q; ~ ‘/i“ D ©;

Lagrangian determined by matching to double copy of QCD ampl.

Ny 2

2 0,2 "7 | 3 N K — K5
Liqopy = — SR+ 1272 + ; {—ﬁvw,,v,ﬁ +m? mw[1—§(z+2)+§ZZ]
2
+ 0.y 0o, — Mg, {1 - g(Z+Z) + %(Z2+Z2+ SZZ)]

iR * * 7 7 * *
| (01 Viut Vi )OM(Z = 2) = (2= 2)(0"; Vit V5,00

i/{’2 * * 7 o4 /{2 * 7 o4 *

= Vit Vi) (2002 — 20" Z) + & [% 0,2 0" 2+ 220, 8“%] }
s K 2 2

+2 {gsoff £ |02} 0", — 3l g3, +2m IV VY |
2,7=1

2

K * % * T 7% * *
+ S, GGV + o ViV + 2000,V V] | + O,

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



What is the Kinematic Algebra ?

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

Self dual YM in light-cone gauge:  Monteiro, 0'Connell ('11) P2
— Adamo

Generators of diffeomorphism invariance: P3
Lie Algebra: |1, , L,,| = i.X(p1,p2) Ly spy = 1Fpp, Li
YM vertex
Beyond the simplest helicity sectors (NMHV) oo ooy ooy Jeo
Chen, HJ, Teng, Wang [1906.10683] “f ‘(&é‘é
1

Je, (p) * Je,(pi) = €ipJe,(p+ i) — 5-1@ 2e,2(p+p) (P + Di)

k vector generator k tensor generator



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

Thanks for a very interesting conference!

QCD Meets Gravity 2019

December 9-13, 2019
Location: IPAM, UCLA

This is the fifth in a series of meetings for researchers
interested in the remarkable correspondence between
Yang-Mills theory and gravity, known as the double-copy

construction. An early manifestation of this is the KLT Many f ! ﬁanﬁs to‘
*

relations. The BCJ double-copy construction has greatly

simplified multiloop perturbative computations in gravity / t’/ d’ [
theories, leading to new insight into the ultraviolet Zw, C 1/ 01’ 9 ®0na b
" properties of gravity theories. Currently there an intense

global research activity to understand the origin of the ﬁ j ﬁ R‘a’d, d,q
relation as well as to apply it to more general classical go n oselp ) u an ra
solutions in General Relativity, including the important

problem of gravitational radiation from compact

astrophysical objects. This meeting brings together experts in both gauge and gravity theories including

supersymmetric extensions, and focus bringing the methodologies developed for gauge theories to handle problems

in gravity.
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