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Abstract: The study of scattering amplitudes has uncovered extraordinary dualities linking real-world particles such as gravitons, gluons, and pions.
We discuss how these developments have been amalgamated with classic tools from effective field theory to derive new results relevant to the
search for gravitational waves at LIGO. This approach has produced now state-of-the-art results on conservative orbital dynamics of binary black
holes in the post-Minkowskian expansion. We also comment on recent work extending this framework to include tidal effects and spin.

Pirsa: 20070010 Page 1/36



iiiii

: 20070010

From Gluon Scattermg
to Black Hole Orbits

Clift Cheung
Caltech

CC, Rothstein, Solon (1808.02489)
Bern, CC, Roiban, Shen, Solon, Zeng (1901.04424, 1901.01493)
CC, Solon (2003.08351, 2006.06665)

Page 2/36



Pirsa: 20070010

“ the theory ”

action

|

amplitudes

“the observables ”

Page 3/36



action

program”

1 “ S-matrix

amplitudes

Pirsa: 20070010 Page 4/36



Gauge symmetry manifests Poincare invariance
and locality at the cost of redundancy.

Feynman diagrams

habaghchsy
A(1M2"3M4M5") = (factorization manifest )
A(1T273475")y = A(2T34'5Y) =0
i (13)*
A(1"2%3475") =
01203334 A 1) modern tools
2y (factorization obscure )

A(17273%4*5%) =

(23)(34)(45)(51)
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Gravity suffers also, due to diffeomorphisms.

s

- - —
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P AP e ) A Pa(pop e Pupp Sarire ) Pa g o)
. =Pyl p'ygren™)], (2.6)
-
YT S N—
Sym[—3Py (- p gyt ) —§ P ua(prpryy i) — 1P (g s ) A Fop- oy )
FEPs(p- ™) HEPape g ge g ) AP (pep e ) — P (p - plueo ™)
+1Pulp- prrrmr ey )P u (et g )+ 1P (prp eyt ) R P (7 P )
—4Pulp- e w ) — AP ity g ) Palpprn g ) — 1 Pu (e pnmr g et 4pt graViton vertex
— Palpepr ey )= Pualprp e ym®) — Pt onm e = Pralpep s en)
+ Polp- parentn gt )— Pra(pmprnrn ) — FPu(p - por gy m) — Pra(pop iy eq™)
—Palprptpiegpey)— Pag(pop'mg i n) = Pra(pep'eg en g} 2P (p- p'yreyment ) 1. (27)

(12)°
(13)%(32)?

M(17273%) 3pt graviton amplitude

12)*[34]*
M(17273%4%) = ( >t[ ) 4pt graviton amplitude
stu
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Redundancy is not an affliction of spin. Not even
scalars are safe. Consider on-shell amplitudes in

PPy Y.
Zz = 5(5@ glp) ~— L= E(afﬁ)

At 3pt, 4pt, 5pt, ... you will find they are all zero!

fig) —— ¢ where [f(@)*=g(®)

Field redefinitions: a non-symmetry of the action
that leaves the S-matrix invariant.




lessons from scattering
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Amplitudes can reveal genuinely new structures,
e.g. the duality between color and kinematics.

3pt gluon 3pt graviton
. (12)° o (12)®
-+ - + o
A(la2b3c) — (13)(32> ft‘IbC M(l 273 ) - (13>2<32)2
pyiany  _L12P PO )
A(1a2b3c) - [13][32] f;:bc M(l 273 ) - [13]2[32]2

Simply replace f,,. with the kinematic structure.
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The double copy generalizes to any number of
external gluons and gravitons.

4 = + — 4 ( polarization = e, )
S [ u

l l l “ double copy ”

~

ngn nn nn 4pt graviton +
M4 =— + el + i two-form + dilaton
\ 4 U (polarization=e ;)

Double copy is proven at tree and recycled to
loop via unitarity methods for collider physics,

SUGRA, and LIGO.
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Double copy is weirdly ubiquitous among “nice”
theories with very few coupling constants.

- \.:ll thesry l'. ." 208
# VM thery + F7 = F4 4
L mstruction 1
1, 23 15 alsa passibile 152, L5 Lreg gpecilic g

=i

ntal ray

118, 24 w 300 anly

» BUEY is

284 » caly the

126, 385,

+ 0 Hmst
230, 241, 206

Special Galileon

theor

M o @

* [SIYM theary

DI +

= WA thoary
= Y0 theary

i nown in

DRI + NLEM

wit = Ste]

M+ ¢ theory
th !

Pirsa: 20070010 Page 11/36



Pirsa: 20070010

Double copy is closely connected to open/closed
string duality but goes beyond it.

* gluon ® gluon = graviton

* pion ® pion = special Galileon

* gluon ® pion = Born-Infeld photon

These theories keep appearing in amplitudes
discoveries, e.g. BCJ, CHY, amplitudedra.




Another lesson from the study of scattering
amplitudes: gravity is the mother of all theories!

graviton
higher
spin
I gluon BI photon

VANVA

scalar 3 pion Galileon
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Simple “transmutation operators” generate lower
spin amplitudes from higher spin amplitudes.

0
1. =
Y a
0 0

1. = -
" oe)  0(ple)
0
I; = Z PiP; I gluon — 1 pion
= 5 e

2 gluon — 2 scalar

I gluon — 1 scalar

We proved transmutation for all graviton, gluon,
pion tree amplitudes + explicit checks up to 8pt.
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This is distinct from textbook grand unification.

higher
energy

I SU4) ® SU(2)2

lower
CI]CI’g}’

3) ® SU(2




Another lesson from the study of scattering
amplitudes: gravity is the mother of all theories!

graviton
higher
spin
I gluon BI photon

= /N /N

scalar 3 pion Galileon

Pirsa: 20070010 Page 16/36



irsa: 20070010

Remarkably; hints of a double copy have appeared
in classical solutions. The Schwarzschild metric
in Kerr-Schild gauge is

( monopole )?

B 2GM
blackhole —> g =1, + TA)MAL,

At present it is not known how this observation is
directly linked to the amplitudes double copy.

Nevertheless, in recent years, the amplitudes field
has mobilized to make real bonafide progress
relevant to gravitational wave physics at LIGO.
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The binary black hole merger has three phases.

[nspiral

- - . -
P 4

o

Post — Newtonian
[heory

perturbation theory
is applicable here
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Conventional perturbative computations in
gravitational wave physics center on the “post-
Newtonian” expansion, based on

GM
Ve — « 1
&

which is tiny and perturbatively calculable during
the inspired phase of the merger.

The so-called “post-Minkowskian” expansion
parameter is G, and we call it perturbation theory:
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map of perturbation theory

oPN 1PN 2PN 3PN 4PN 5PN 6PN 7PN

1PM (1 + 0?2 4+0v* 4+ 0% +0® +00+02 40 +..)G
2PM (1 4+ 02 4+ vt + 0% + 08 +01%+0124+...)G?
3PM (1 +0*+0vt 4+ 0% +08 +0104...)G°

M (1 + 02+t + 08+ 08+ )G

sPM (1 +’U2+’U4+“uﬁ+---)(}'5
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map of perturbation theory

oPN 1PN 2PN 3PN 4PN 5PN 6PN 7PN

PM (1 + 02 4+0v* 4+ 0 +0® +00+02 40 +..)G

2PM (1 4+ 02+ vt + 0% + 08 +01%+0124+...)G?

3PM (1 +0*+0v* 4+ 0% +08 +0104...)G°

1808.02489
M (1 + 0%+ ot + v o )G
1901.04424 | _
2003.08351 sPM ( 1 + 22 + o + 5 +) IeL

20006.06665
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LIGO will continue to probe PN corrections.

103 | yv.&+T % T+ i
107 |
10' | v s
S E E
= ) ] H ]
10° -
: B B g ]
[ &8
i :
g D] GW150914 |
102l V¥ VVW 10737-3039 |.
OPN 05PN 1PN 15PN 2PN 25PN 3PN 3.5PN
Newton Einstein Ohta (1974) Blanchet (2000) Blanchet (2015)
(1686) (1938) Damour (1981) Damour (2000) Damour (zo14)
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Can amplitudes give an efficient and scaleable
path to higher PN? Naively, there are issues.

* black holes # SYM gluons

(double copy, recursion, etc. all apply to masses)

* LIGO does not observe scattering

(NRQCD solved the amplitudes / potentials map)

All these puzzles have been surmounted. New
results on conservative dynamics, radiation, spin,
finite size effects are appearing swiftly.
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The n loop amplitude encodes all corrections up
to (n + 1) PM order and at n PN order.

A(p,q) ~~ { } GA+v2+--)
i { +} I
_|_ { +...} G31l+v2+-)
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Puzzle #1: how is this process perturbative?

0) classical
GM~ > 1 black hole

Puzzle #2: what happened to “classical = tree”?

E < 1 classical orbital
J angular momentum

Since J/h ~ p/q > 1, this requires a controlled
eikonal expansion in s/t > 1.
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full theory

amplitudes
methods

double copy or
Feynman diagrams

generalized
unitarity

integration

multi-loop
integration

full loop

amplitude

tree

A= 2 $L0) (0]

A(p,q)

effective theory

build
ansatz
effective BH
V(p, q) Lagrangian
Feynman
diagrams
AEFT Z d]gg"l" (1) integration
multi-loop
identical integration
physics
- EFT loop
o AEFT(p, Q) amplitude
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gluons
( double copy) l Agrav — AYM X AYM
gravitons
1 A dAgrav
( transmute ) e
alEEs d(eey)

massless scalars + gravitons

¢1Py+grav ¢ p,+grav

Pi1P2 = PPy — mm,

(add mass) l A =4

massive scalars + gravitons
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Use generalized unitarity to build integrands from
trees. Feynman diagrams also doable at low loop.

2 3 2 3 D 3 2 3
sl 6] 7 Y \y X
4 1 4 1
(2) (3)
2 3 ) 3
\)/ ]

1 4 1 4

S

(5) (6) (7) (8)

Since we want classical dynamics we can drop
numerous self energy and contact diagrams.
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Define a general Lagrangian for the EFT in which
the interaction is the conservative potential.

ZLgrr = E j ¢j(—P)(ia: e \/P2 # mj) P4(p)

A=12°%D

- J V(p,p) ¢! () (p) §)(—p") px(—P)
p.p'

This eftective theory is obtained by integrating
out potential mode gravitons in the full theory. It
straightforward and mechanical to incorporate
spin, tidal effects, and radiation.
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Our result is now the state-of-the-art in PM, and
matches all known results at overlapping orders.

el 2
V(p, r) = Z Cn(P )

R
i=n |r|
22
cp = Vﬁy;n (1 — 20’2)
2.3 [ 4 92 2(1 _ _ 9,22
CE:V;TI 3(1—552)— vo (1 20)_1;(1 6)&12 207?) !
76 |4 7€ 2v°¢
- S 4v (3 4 1202 — 40*) arcsinh, / 252
i e vﬁ};z-, {%(? — 6v + 206ve — 5402 + 108vc? + 4:/0'3) — ( \/o_'z—ll 2
3y (1-20%) (1-50%) 3w (7—200") | 253 —48)o (1- 252)
2(1+v)(1+0) 2v€ e
v (3+8y — 3¢ — 150% — 8070° + 15¢0%) (1—-20%) | v4(1-2) (1 252)°
4y3£2 2496¢ '
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LIGO/Virgo folks have continued to ask for more
perturbative orders. We are happy to oblige.

Energetics of two-body Hamiltonians in post-Minkowskian gravity

Andrea Antonelli,! Alessandra Buonanno,'? Jan Steinhoff, Maarten van de Meent,! and Justin Vines'

' Max Planck Institute for Gruvitational Physics {Albert Einstein Institute), Am Mihlenberg 1, Polsdam 14476, Germany
? Department of Physics, University of Maryland, College Park, MD 20742, USA
(Dated: January 23, 2019)

arbits ti merger
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Finite size corrections are crucial for neutron star
mergers. We can also include tidal effects from
the mass and current quadrupole moments.

I (worldline vs QFT)

[\/_ o eadd) (/1 P15 + V”V”QSAV Y qu)

A=1.2 A

Then compute the tidal corrections to scattering.
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Applying the same tools as before yields state-of-
the-art results for leading tidal effects in PM.

00 n 2
AV(p,r) = ZM

| n+4
n=2

|r

__3my T B 9 i
Ay =~ [0 + (11 - 300 + 350Y)]
Ace — 15m3 [ 82 myo(5 — 20%) i 6my sinh™"/#5+ e m2(305 — 36302 — 1100)
€= 3m%e "M\ 5 (02 — 1)2 (02 — 1)5/2 i 560

. : P | _
_ (5401 — 1950° — 940*)  my0(673 + 21680%) | I (33 + 4740? + 4400*) sinh ™" /#5+
80 202 — 1) (02 — 1)572

L Mo a2 aea] BBz —m)
+2(1 - 202) [4A1 + 25 (11 - 300% + 350 )] T
3vm3 o M 3 2 m 2 1
e {ym —£)(1 - 202) [4)\1 + g5 (11— 3002 + 350 }} + 43¢0 [4,\1 + 35(26 — 9507 + 1050 )}
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conclusions
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* Scattering amplitudes have uncovered hidden
structures lurking inside real-world theories like
gravitons, gluons, and pions.

* We have fused cutting edge tools like double
copy and generalized unitarity with classic
methods from EFT matching to formulate a new
approach to the binary inspiral problem.

* We have derived the now leading PM results for
spinless black holes, also including tidal effects
from finite size corrections.




thank you!
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