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Abstract: The double copy relates scattering amplitudes in gauge theory and gravity. But interaction potentials (and spacetime metrics) can be
extracted from amplitudes, and so the double copy leads to a relationship between classical solutions of gauge theory and gravity. In thistalk | will
describe this relationship, provide a perspective on the Schwarzschild metric as a "square” of the Coulomb charge, and take a look at the "square
root" of the Kerr metric.
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Invitation

Usetul tool: amplitudes

_____ o X

Amplitude: sum of Feynman diagrams
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Invitation

Usetul tool: amplitudes

Higgs
candidate
event

CMS/CERN
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Invitation

Usetul tool: amplitudes... in gravity?

A
A
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Invitation

Useful tool: amplitudes... in gravity?

T

Graviton
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Invitation

Good idea: the double copy

Yang-Mills theory
Electromagnetism with charged photons
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Invitation

Good idea: the double copy

Gluon

Yang-Mills theory
Electromagnetism with charged photons

Gravity = Yang-Mill3?
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Invitation

Good idea: the double copy

Connects different areas

Use LHC methods for gravitational wave physics

Makes calculations in gravity easier
Different to geometric viewpoint on gravity
Hidden simplicity in gravity
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[nvitation

Good idea: the double copy
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Outline

1. Amplitudes & the double copy
2. From Coulomb to Kerr
A

3. Beyond perturbation theory

4. Conclusion
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Amplitudes & the double copy
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Why amplitudes?

Why are amplitudes relevant to gravitational waves / scattering?

Universal time evolution operator in QM

9y 222 (U (00, —00) )

N

Initial state Final state

Far past Far future
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Why amplitudes?

Why are amplitudes relevant to gravitational waves / scattering?

Universal time evolution operator in QM

|,{/)> time—)»r:x;«> Sh/x’) U(—OO, OO) _g—1 I T

Matrix elements of T are the amplitudes

AP1---Pn = Q1. Gm)d" (Zp@ — qu) =(q1-..gm|T|p1-..pn)

3
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Why amplitudes?

Why are amplitudes relevant to gravitational waves / scattering?

Amplitudes tell us about long-time evolutionJ
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The double copy

“Double copy”: for amplitudes, gravity = (Yang-Mills)*

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

YM 2 A=gf®(e1-€ex€3-p1 + € - €361 - P2 + €3 - €1€2 - P3)
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The double copy

“ ., . . _ . 5.
Double copy”: for amplitudes, gravity = (Yang-Mills) ;.0 1ewelten, Tye
Bern, Carrasco, Johansson

“Colour charge”

| |

YM 2 A=gf®(e1-€exe3-p1 + € - €361 - P2 + €3 - €1€2 - P3)
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The double copy

“Double copy”: for amplitudes, gravity = (Yang-Mills)*

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

1 Momenta

b
YM 2 A = gfa' C(61 * €2€3 * P1 + €2 - €3€1 -—I— €3 * €1€9 - pg)

h

3
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The double copy

“Double copy”: for amplitudes, gravity = (Yang-Mills)*

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

1
b
YM 2 A=9gf%€e - €2€3 1+ €2 - €3€1 - Pa + €3 - €1€2 - P3)
3
1
2 2
GR M = k(€1 - €2€3 - P1 + €2 - €3€1 - Pa + €3 - €1€2 - P3)
Pirsa: 21100022 3 elfy = elibpg(;/lg/57




The double copy

“Double copy”: for amplitudes, gravity = (Yang-Mills)*

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

1
b
YM 2 A=gf*(e1-€a€3-p1 + €2 €3€1 - P2 + €3 - €162 - P3)
3
1 ) Polarisations
2
GR M = KZ(El * €2€3 * P1 —|—‘ P2 + €3 - €1€9 ¢ pg)
| L2 * 2 %
Pirsa: 21100022 3 6]_ — 61P§g 20/57




The double copy

“Double copy”: for amplitudes, gravity = (Yang-Mills)*

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

1
b
YM 2 AzgfaCG1'6263'P1+€2'€3€1'p2+€3'€1€2'P9
h r 3
3
Straight squares
1 A J
2 2
GR M = K[(€1 - €2€3 - p1 + €2 - €3€1 - P2 + €3 - €1€2 'P3D
W _ _pov
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The double copy

“Double copy”: for amplitudes, gravity = (Yang-Mills)*

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

YM A= gT% - (p2 — p1)

GR O~ M =k(e: (p2 —p1))?
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“Double copy”: for amplitudes, gravity = (Yang-Mills)*

YM

The double copy

A= gTa@pz — @

3

A

Straight squares

GR @~ M= WG"(Pz —p1)@

irsa: 21100022

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson
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The double copy

“Double copy”: for amplitudes, gravity = (Yang-Mills)® y .. .. 1 owetien Tye

YM

A= QTGQ(PQ — @

A

S

Straight squares

GR Qw M= WG"(])Q —P1))3

Pirsa: 21100022

Bern, Carrasco, Johansson

R

i
%, I rd

Point charge: Coulomb field g e

- } .-

' 3

Some kind of square?

A 4
Point mass: Schwarzschild \E '%

Page 24/57




The double copy

Why is there a double copy?

1. String theory

33
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The double copy

Why is there a double copy?

2. Uniqueness

irsa: 21100022

1] = e /2]1], |2] = e2/2]2), 3] — /23]

= A = #g

[12]*

[12][23]31]

fabc
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The double copy

Why is there a double copy?
2. Uniqueness  [1] — €'%/2|1], |2] — €%2/2|2], |3] — €'%3/2|3]
a3
[12]* e
+ - aoc
;}w ’ = A= 9’
-
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The double copy

Why is there a double copy?
2. Uniqueness  [1] — €%/2|1], |2] — €%2/2|2], |3] — €'%3/2|3]
1+
;}M g > 4= #9 ™
3- r
1++

B [12]4 :
1? AN = M= s ([121 23] [311)

3—— Benincasa & Cachazo




The double copy

When is there a double copy?

/ Tree-level YM & gravity
/ Tree supersymmetric YM & gravity

/ Many examples of loops
h
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The double copy

When is there a double copy?

Tree-level YM & gravity
Tree supersymmetric YM & gravity
/ Many examples of loops
/ Dimensional reductions of these

Scalar cases: (non-linear sigma model)? = (special Galileon), ...

Bern, Carrasco, Johansson
irsa: 21100022 Cachazo, Ellfs¥tan




The double copy

When is there a double copy?

Heard of a theory?
Then it’s (probably) involved in the double copy

\Fatai=liEasc2iacianiaisi“ N Al alailala]

Bern, Carrasco, Johansson
Pirsa: 21100022 Cachazo, Ellfz ¥an




The double copy

Why is there a double copy?

3. We don’t really know

Universality in quantum field theory
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From Coulomb to Kerr

@ - @~

Square

(Gravitational field of point mass) = (Electric field of charge)*?

Need interactions to
distinguish E&M from YM!
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From Coulomb to Kerr

@ - @~

Square

(Gravitational field of point mass) = (Electric field of charge)*?

There’s a bug;: All momenta must be physical
p—k
! (p—k)?=m*=p* k=0
_]f =2p-k=0

Takep:(m 0 O 0)
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From Coulomb to Kerr

@ - @~

Square

(Gravitational field of point mass) = (Electric field of charge)*?

There’s a bug;: All momenta must be physical
p—k
! (p—k)?*=m*=p* k=0
_]f =2p-k=0

I

- Nanon-trivial solution! page 35/57

D Takep:(m 0 O 0)




From Coulomb to Kerr

Get around this...

1. Analytically continue to complex momenta

Take p = (m 0 O 0) A (0 o0 E) Britto, Cachazo,
Feng, Witten

2. Compute classical fields in metric signature (+ + — —)

Takep=(m 0 0 0)k=(0 £ 0 E)
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From Coulomb to Kerr

Signature ( + + — — ) is a bit unusual...

Point

source
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From Coulomb to Kerr

Signature ( + + — — ) is a bit unusual...

Point
source
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From Coulomb to Kerr

Signature ( + + — — ) is a bit unusual...

Point
source

Time evolution
S-matrix

irsa: 21100022 Page 39/57




From Coulomb to Kerr

@ - @~

Square

Measure expectation of field strength / curvature

(z) = (P|STE. (2)S|v) ¥(z) = (Y|SIR....(z)S|¥)

Field strength (Weyl) curvature
operator operator
Linearised!
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From Coulomb to Kerr

@ - @~

Square

Measure expectation of field strength / curvature

= (Y|STF.(z)S|4) = (Y|STR....(z)S|¥)

K Spinor forms \

(closer to amplitudes)
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From Coulomb to Kerr

Measure expectation of curvature component in classical limit

\
4
K 1

S 99 (2) = Re / d*k S(K2)3(k - p) |K)? e~k

I

% UMW (1) = Re / d*k6(k*)6(k - p) |k)* e F @

h
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Amplitudes:
double copy

Monteiro, Peinador Veiga, Sergola & DOC
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From Coulomb to Kerr

Measure expectation of curvature component in classical limit

-t / I '\‘ -
> . n
] I 4

2 @Ooul(z) — Re / d*k 5(k*)5(k - p) k)2 e k"
A

Spinors (derivatives)

A

? UMW (1) = Re / d*k6(k*)6(k - p) |k)* e~ F

Monteiro, Peinador Veiga, Sergola & DOC
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Amplitudes:
double copy
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From Coulomb to Kerr

Perform integrals

T (z) = [@&% 62 = (spin structm% —I—@% — % —y?)(- }
— 22—y

Usual Coulomb: £, = iz

O(t1)
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From Coulomb to Kerr

Perform integrals

PSehw () = { . m2 23(Spin structure)?
Vi3 — 2% 5y

Usual Schwarzschild: t, = iz

O(t1)

Coulomb Schwarzschild (linearised)
A
L \ T ! 7
-~ N Double copy

“et—e + o> B
x'[/ l \\\
y ]\
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From Coulomb to Kerr

Spin of Kerr
Small step to Kerr (linearised) P

MSChW _ (ACou1)2 MKerr — (ACOul)Zekh-a
“Minimal coupling”

Arkani-Hamed, Huang & Huang
Arkani-Hamed, Huang & DOC
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From Coulomb to Kerr

Spin of Kerr
Small step to Kerr (linearised) P

MSchW _ (ACou1)2 MKerr — (ACOul)Qek-a
“Minimal coupling”

Arkani-Hamed, Huang & Huang
Arkani-Hamed, Huang & DOC

UKot (g) = Re / d*k 6(k*)o(k - p) |k)* e~ (21 +Mk
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From Coulomb to Kerr

Spin of Kerr
Small step to Kerr (linearised) P

MSchW _ (ACou1)2 MKerr — (ACOul)Qek-a
“Minimal coupling”

Arkani-Hamed, Huang & Huang
Arkani-Hamed, Huang & DOC

wKerr(2) — Re [ d4k5(k2)5(k-p)|k>4e—*”“')+Mk
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From Coulomb to Kerr

Coulomb Schwarzschild (linearised)

S Double copy

. + e e o s

“Newman-Janis shift”

X = Xx+ia

Y

Kerr (linearised)

<
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From Coulomb to Kerr

Coulomb Schwarzschild (linearised)

~N*/ -~ Double copy

s i—s B — e

“Newman-Janis shift”

X —=>Xx+ia xX—=>x+ia
v A J
\/Kerr Kerr (linearised)
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From Coulomb to Kerr

In (2,2) got ¥ = f +% Same idea for dynamics in Minkowski:
3

N
? - s |

Cristofoli, Gonzo, Kosower & DOC
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Beyond perturbation theory

Can we make any exact statements? @

2

— N Im
[\Ijgﬁhwé(mjf £PEE0 = 2(2 + y2 + 22)3/2 [(61)2 N (62)2]

Exact classical
curvature spinor
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Beyond perturbation theory

Can we make any exact statements? @

[‘I’i%h%(“jgagﬁggé T 2(a? +~§:1+ 22)3/2 [[(51)2 _ (62)2]2]

Exact classical
curvature spinor
Spin structure

Pirsa: 21100022




Beyond perturbation theory

Can we make any exact statements?

Linear approximation

/ is exact!

chw « 3m 2
[ csxﬁhfy&( jg 665’76 2(3,;2 —|—y2.+ Z2)3/2 |:(£1)2 o (52)2]

Exact classical
curvature spinor

Depends on specific choice of basis vectors |

Pirsa: 21100022
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Beyond perturbation theory

err 87 Q 3
T @ECOE =~ G (€ €]

Can we make any exact statements?
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Beyond perturbation theory

Exact relationship S ¥,g,6 = P(08Pns) “Weyl double copy”
Luna, Monteiro, Nicholson & DOC

k

/ Saw that perturbative expansion is double copy of amplitudes

/ Many examples!
/ Lack understanding of basis choice in quantum point of view )—~
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Conclusions

1. Amplitudes - “atoms of dynamics”
2. Double copy:
 Aid to calculation
* New connections between LHC & gravitational wave physics
« Schwarzschild = Coulomb?
3. Curiosities:
- Newman-Janis shift?

+ Physics from ( + + — — ) signature?
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