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Approach to General Relativity

Our appoach does not start from usual Einstein Field equations.
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Amplitude Approach to General Relativity

Our appoach does not start from usual Einstein Field equations.
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Gravitons are spin 2 particles

* Not suited for all problems. Works very well for asymptotically flat space-times in
context of perturbation theory.
* Well suited for gravitational-wave physics from compact astrophysical objects.




Our Philosophy

“By now the passage of time has taught us not to expect
that the strong, weak and electromagnetic interactions can
be understood in geometrical terms, and too great an
emphasis on geometry can only obscure the deep
connections between gravitation and the rest of physics.”
Steven Weinberg in preface to his book on gravity

This underlies our approach.

e Our starting point is gauge theory. (Strong, weak and electromagnetic)
* Double copy will give gravity direct from gauge theory.

* So far mainly useful for perturbative problems around flat space.



From Tree to Loops: Generalized Unitarity Method

Use tree amplitudes to build higher order (loop) amplitudes.

E 2 — ﬁ ‘ —+ m2 «— on-shell \ /B, Dixon, Dunbar and Kosower (1994)
. NN—
Two-particle cut: .“. * Systematic assembly of
TN complete loop amplitudes

from tree amplitudes.
* Works for any number of
particles or loops.

Three-particle cut:

/B, Dixon and Kosower:

on-shell
\\ ZB, Morgan;

Generalized / ) ; Britto, Cachazo, Feng; |
. . 2 3 Ossala,Pittau,Papadopoulos;

unitarity as a Ellis, Kunszt, Melnikov:

practical tool |, .1 .  Forde; Badger;

/B, Carrasco, Johansson, Kosower
for lOOpS' and many others

Idea used in the “NLO revolution” in QCD collider physics
and high loop supergravity calculations.
Are applying it to gravitational wave problem.



Gravity vs Gauge Theory

Consider the Einstein gravity Lagrangian

/“ curvature /“ Flat-space metric

2 graviton
Lg ravity — ? vV —g R /" Guv — Tuv T “hMV field
5 metric Infinite number of
k= = 327 GNewton complicated interactions

LLL.\,\,M ~ + oo terrible mess
- ;

Compare to gauge-theory Lagrangian on which QCD is based

LYI\/I — iQ F2 On!y t!lree an(.l four
g point interactions

Gravity seems so much more complicated than gauge theory.

Gauge and gravity theories seem rather different.



Three-Point Interactions

o b
Standard perturbative approach: 2,,; )
3
Three-gluon vertex from strong interactions: 1a 7 c

vghe = — g (k1—k2) ptwp (k1 —k2) utmpu(k1—k2)w)

Three-graviton vertex: k? = E? —k? # 0
Gapawp,oy (K1, k2, k3) =
sym| — %P 3(k1 - KaNpausNory) — %PG(k711/k71,:377u.a7707) + %P;?,( k1 - k2nuwnasnor)
+ Fs(k1 - Eanuanuvensy) + 2Ps(k1ukiyvnuanse) — Pa(kiskauNavory)

-+ RB(kIGk?.“, 77;1.1/770;‘3) -+ PG(kla]‘Jlf‘,ﬂ*nu.z/na{j’) -1 2P6(k11/k'2*,' 77;‘3;1.710'0) 12/ /8
+ 2P3(kll/k?lt7);‘3077";‘0’) T 2P3(k1 ' ]‘3277az/77,.-’3077"r#-)] HL\IVZ
A
17

About 100 terms in three vertex
Naive conclusion: Gravity is a nasty mess.



Simplicity of Gravity Amplitudes

On-shell viewpoint has surprising simplicity.

On-shell three vertices contains all information: k,? — 0
i 2~ abc :
gauge theory: a C 3 Only consistent vertices
1 12>4 . . .
H N fabc < with correct dimensions
I 12)(23)(31)
Finstes 240 | .
msteun VLLng ik(nu (k1 — k2)p + cyclic) “square” of
gravity: 1?‘_/,:“' o X (na3(k1 — k2)~ + cyclic) 3:3%;1\/[1118 2 _ a0

i (<12><<1223>>4<31> ) |

Using on-shell methods, BCFW recursion and unitarity method, we can build all
tree and loop amplitudes in the theory.



Gravity vs Gauge Theory

Consider the gravity Lagrangian _— flat metric .
_—— graviton

2 [
Lgravity = 2 VY I /"QMV = Nuv T+ Khpw field

metric
/12

_ Infinite number of irrelevant
= 327 GNewton

interactions!

LLLV\A- h _ “ . .
| = | coe Simple relation
L v <, + P

Wy to gauge theory

Compare to Yang-Mills Lagrangian
Lypm = iQ 2 Only thljee-point
qg Interactions needed
no

Gravity seems Wmore complicated than gauge theory.



KLT Relation Between Gravity and Gauge Theory

KLT (1985)
Kawai-Lewellen-Tye string relations in low-energy limit:

P gravity Ve gauge-theory color ordered
M;™°(1,2,3,4) = —is1o A (1,2,3,4) AT*(1,2,4,3) .
ME*€(1,2,3,4,5) = is1os34 A¢(1,2,3.4,5) AF°¢(2.1,4. 3, 5)
+ 1513594 A5°¢(1,3, 2,4, 5) A (3,1,4,2,5)

Gauge
Theory Theory

Generalizes to explicit all-leg form. 75 pixon, Perelstein, Rozowsky

1. Gravity is derivable from gauge theory. Standard Lagrangian
methods offers no hint why this is possible.
2. Itis very generally applicable.



Generalized Unitarity Cuts and Double Copy

7 3 QY Q@Y
E@ 12 Lo &
1 4

CGR _ Z Mtree(Ss 6h6 _78) Mtree( _5h5 23) Mtree(ls,5—h5, —6—h6,4s)
hs. he==

= Y it[Alre(30, 6, —77) AtTee(7*, —5hs 9%) Alree(15, 57hs _ghe 4%)]
hs he==

X [Atéree(gs, 6h6, _75) Agree('Ts, _5h5, 23) A::lree(éls’ 5—h5, —6—h6, 13)]

Problem of computing the generalized cuts in gravity is reduced
to multiplying and summing gauge-theory tree amplitudes.
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Duality Between Color and Kinematics

Z.B, Carrasco, Johansson

: momentum dependent 2,/ ’
couplin ~ color factor ,— Kinematic factor P
constan -abc a 3
—gf*“(nuw (k1 — ko), + cyclic) ¥

Color factors based on a Lie algebra: [T%, T°] = j fa¢T°
Jacobi Identity fa agbfba4a,3 + fa4a2bfba3a1 4 fasaa bfba2a3 — ()

Use 1=s/s=tt=u/u
\‘h‘{i :%: to assign 4-point diagram
to others.

s = (k1 + k)2 t= (ki< ks)?
nscs nec, nucu (k1 + ko) (k1 4+ ka)

Atree — g I I u=(k1—|—k3)2
S t U

Color factors satisty Jacobi 1dent1ty. Cy = Cg — Ct
Numerator factors satisty similar identity: |7n, = ns — ny

Proven at tree level

/B, Carrasco, Johansson; Kiermaier; Bjerrum-Bohr, Damgaard, Sondergaard, Vanhove; Cachazo, etc
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Gravity as a Double copy of Gauge Theory

Kawai, Lewellen, Tye; ZB, Carrasco, Johansson

/\ color factor

kinematic numerator

gauge theory gtree _ ; n—2 S CiMi™ o or

(QCD) J Dz ~  Feynman propagators
Ck = Ci — € . )
Y G >1<
2

sum over diagrams
with only 3 vertices

Einstein gravity: /\/l:f{ee — k2 Z 3
- L
n; ~ ka-ksko-e1€2 €364 €54 -+
Gravity and gauge theory kinematic numerators are the same!
Same ideas conjectured to hold at loop level.

Cries out for a unified description of gravity with gauge theory,
presumably along the lines of string theory.

13



Loop-Level Generalization

/Z.B, Carrasco, Johansson (2010)
C; —+- Cj -+ Cl. — 0
n; +n; +ng =0

diagrams numerator color factor

( ) IOOp del 71] ]4J
gn— n—2+2L A Z H ‘)”T D S_ Ha] ])a] gauge thEOI‘y

L+l T, D1 f.;-propagators
(—1) Aloop Z/H @ P> Myl J ravit
(/222 e [ 2P S T,y BT
‘\symmetry
factor

* Loop-level conjecture is identical to tree-level except for symmetry factors and integration.

* Double copy works if numerator satisties duality.
* Finding such numerators is nontrivial at high loop orders.
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BCJ

Gravity loop integrands are free!

Ideas conjectured to generalize to loops: color factor\'

7 T Ci = C; — C;j

. . kinematic )
(k) (7) V) numerator

If you have a set of duality satisfying numerators.
To get:

sauge theory —> gravity theory
simply take

color factor — kinematic numerator

Cip=—p Ny Double copy construction

Gravity loop integrands follow from gauge theory!

15



Generalized Gauge Invariance

/B, Carrasco and Johansson

/B, Dennen, Huang, Kiermaier ( loop _ dDL
Tye and Zhang gauge theory - 2+2L‘A E/ 27T DLS Ha paj
dPtp 1 Aje;
n; — n;+ 24, Z/ TS T pg:o

Above is just a definition of generalized gauge invariance.
Includes ordinary gauge invariance.

. ( ,)L+1 loop / (ID])I ke ﬁJ
graVIty (f/ )= 2+2LM Z H (27) D S Ha] ])a]
dD Lp LAy,
n, — n@_l_Az ;/ (27T>DL Sj Haj pczyj

* Gravity inherits generalized gauge invariance from gauge theory!

Cancellations at integrand level

* Double copy works even if only one of the two copies has duality manifest!



Three loop V=4 sYM integrand in BCJ Form

DO

N=8sugra: (N=4sYM)x(N=4YM)

2

N // 7/
| T IX
L (a) 1 (b) ¢ 1 (c) 4
, \ 2 3 > 3
\\/‘ \/i 7
Z -
e PR ANy JE \ X
" Lo 4 Lo 4
2 3 2 3 2 : 3
{6 ,A
- —~|— /‘Z e N=4sYM numerators
1/79;) 4 7wy O
A A 3 ; N =38 sugra numerator obtained by
I ( >-<I’\_/{ squaring them.
S S TR ST
Integral 1| N = 4 Super-Yang-Mills (v/N = 8 supergravity ) numerator
(a)—(d) s° Overall factor of sz A4tree
(e)—(g) (s(—735 + Tas +t) — t (725 + Tas) + u (725 + T35) — s )/3 ,
(h) (8(2715—716-|-2726—727-|-27'35-|-736-|-T37—u) S — (p1 ——p2)
+t (Ti6 + T2 — T37 + 2736 — 2715 — 2797 — 2735 — 37117) + 87 ) /3 2
. (T16 + T26 — Ta7 36 | 27 3 17) )/ t = (py + p3)
(1) (s (—725 — T26 — T35 + T36 + Ta5 + 2t) l
+t (T26 + T35 + 2736 + 2745 + 37a6) + uT2s + 57 ) /3 Tij = 2p1 - by
(J)-() s(t —u)/3 17




Applications to Black Hole Physics

Wouldn’t it be really neat if every classical solution in gravity
could be mapped to a double copy of classical solutions?

Where to start? Obviously the coolest place possible: black holes.

Monteiro, O’Connell and White
—>
black hole point charge
Special coordinates: Kerr-Schild coordinates:
Schwarzschild 2m
p— r) = ——
black hole Jpv = Nuv T ¢k“k” b(r)
k 1s null
Coulomb L Q
point charge A“ o ¢k“ ¢(T) — .

Schwarzschild ~ (Coulomb)?



Double Copy tor Classical Solutions

Goal is to formulate gravity solutions directly in terms of gauge theory

Variety of special cases:

Schwarzschild and Kerr black holes.
Solutions with cosmological constant.

Radiation from accelerating black hole.

Maximally symmetric space times.
Plane wave background.

Gravitational radiation.

Monteiro, O’Connell and White;

Luna, Monteiro, O’Connell and White;

Luna, Monteiro, Nicholsen, O’Connell and White;
Ridgway and Wise; Carrillo Gonzalez, Penco, Trodden;
Adamo, Casali, Mason, Nekovar:;

Goldberger and Ridgway; Chen; Still no general understanding.

Luna, Monteiro, Nicholson, Ochirov;
Bjerrum-Bohr, Donoghue, Vanhove; But plenty of examples.

O'Connell, Westerberg, White; Kosower, Maybee, O’Connell; Adamo, Casali, Mason, Nekovar
etc

19



Web of Theories
ZB, Carrasco, Chiodaroli, Johansson, Roiban arXiv:1909.01358, Section 5.

NS
>

Double copy links various theories through their component theories.

20



Summary
In a very precise sense:

Gravity ~ (gauge theory) X (gauge theory)

Examples of Applications:

* 4,5 loop supergravity to study nonrenormalizability of gravity theories.

/B, Carrasco, Dixon, Johansson, Roiban; ZB, Davies, Dennen; ZB, Carrasco, Chen, Edison, Johansson, Roiban,
Parra-Martinez, Zeng

* G3— G5 corrections to Newton’s potential from GR (all orders in velocity).

B, Cheung, Roiban, Shen, Solon, Zeng (2019)
B, Parra-Martinez, Roiban, Ruf. Shen, Solon, Zeng (2021)
B, Herrmann, Roiban, Ruf, Smirnov, Smirnov (2024)

N N N

21



Understanding UV of Gravity

22



Quantum Gravity

Often repeated statement:

“Einstein’s theory of General Relativity is incompatible with quantum mechanics.”

To a large extent this is based on another often repeated statement:

“All point-like quantum theories of gravity are divergent and non-renormalizable.”

Where do these statements come from and are they true?

23



UV Behavior of Gravity?

K = \/ 327Gy <«— Dimensiontul coupling

H D, o..pxplp? ...
p P Gravity: /H d p@ hP;j Pj

D propagators
* Gauge theory: / H propaga Cors

* Extra powers of loop momenta in numerator means integrals are
badly behaved in the UV and must diverge at some loop order.

* Much more sophisticated power counting in supersymmetric theories
but this is basic i1dea.

* With more supersymmetry expect better UV properties.
* Need to worry about “hidden cancellations™.
/N =8 supergravity best theory to study.

24



Test case: /N =8 Supergravity

The best theories to look at are supersymmetric theories.

Supersymmetry relates bosons (forces) and fermions (matter)

We first consider /V = 8 supergravity.

Einstein gravity + 254 other physical states

Reasons to focus on /V > 4 supergravity:

 With more supersymmetry expect better UV properties.
 High symmetry implies technical simplicity.

In the late 70’°s and early 80’°s supergravity was seen as the
primary means for unifying gravity with other forces.

Ferrara, Freedman, van Nieuwenhuizen
25



Opinions from the 80’s

If certain patterns that emerge should persist in the higher
orders of perturbation theory, then ... N = § supergravity

in four dimensions would have ultraviolet divergences

starting at three loops. Green, Schwarz, Brink, (1982)

It 1s therefore very likely that all supergravity theories will diverge
at three loops 1n four dimensions... The final word on these 1ssues
may have to await further explicit calculations.

Marcus, Sagnotti (1985)

Note the lack of certainty and caution in these opinions.

26



N = 8 supergravity: Where is First D =4 UV Divergence?

3 loops Green, Schwarz, Brink (1982); Howe and Stelle

N=8 (1989). X
Marcus and Sagnotti (1985)

5 loops Bern, Dixon, Dunbar, Perelstein, Rozowsky

N=8 (1998); Howe and Stelle (2003,2009) X

6 loops Howe and Stelle (2003) X

N=38

7 loops Grisaru and Siegel (1982); Bossard, Howe,

N=8 Stelle (2009);Vanhove; Bjornsson, Green
(2010); Kiermaier, Elvang, Freedman(2010); ‘?
Ramond, Kallosh (2010); Biesert et al (2010); °
Bossard, Howe, Stelle, Vanhove (2011)

3 loops Bossard, Howe, Stelle, Vanhove (2011)

N=4 X

4 loops Bossard, Howe, Stelle, Vanhove (2011)

N=5 X

4 loops Vanhove and Tourkine (2012)

N=4 v
9 loops Berkovits, Green, Russo, Vanhove (2009) X
N=38

“shut up and calculate”

/B, Kosower, Carrasco, Dixon,
Johansson, Roiban; ZB, Davies,
Dennen, A. Smirnov, V. Smirnov;
series of calculations.

«—— This is what we are most

interested in.

Weird structure.

<«— Anomaly-like behavior

of divergence.

<«+— Retracted, but perhaps to be

unretracted.

Track record of predictions from standard symmetries not great.
Conventional wisdom holds that it will diverge sooner or later.

27



Supersymmetry and Ultraviolet Divergences

Bossard, Howe, Stelle; Elvang, Freedman, Kiermaier; Green, Russo, Vanhove ; Green and Bjornsson ;
Bossard , Hillmann and Nicolai; Ramond and Kallosh; Broedel and Dixon; Elvang and Kiermaier;
Beisert, Elvang, Freedman, Kiermaier, Morales, Stiecberger; Bossard, Howe, Stelle, Vanhove, etc

Poor UV behavior in N = 8 supergravity unless new types of cancellations
between diagrams exist that are “not consequences of supersymmetry in
any conventional sense”

Bjornsson and Green

N =4 sugra should diverge at 3 loops in D = 4.

* N =15 sugra should diverge at 4 loops in D = 4.

* Half maximal sugra diverges at 2 loops in D = 5.
N =38 sugra should diverge at 5 loops in D = 24/5.
* N =8 sugra should diverge at 7 loops in D = 4,

Consensus agreement from all power-counting methods.

28



Scorecard on Symmetry Predictions

* N =4 sugra should diverge at 3 loopsin D=4. X
« N =5 sugra should diverge at 4 loopsin D=4. X
 Half maximal sugra diverges at 2 loops in D =5. X
* N =8 sugra should diverge at 5 loops in D = 24/5./
* N =38 sugrashould diverge at 7 loopsin D=4, )
N =15 sugra should diverge at Sloopsin D=4. ¢

/B, Davies, Dennen (2012, 2014); ZB, Davies, Dennen, Huang(2012)
/B, Carrasco, Chen, Edison, Johansson, Roiban, Parra-Martinez, Zeng (2018)

key questions

* UV cancellation of V=3 supergravity at 4 loops in D = 4 definite mystery.

Standard symmetry arguments do appear power enough.
Freedman, Kallosh and Yamada (2018)

What is the difference between N=5 and N =8?
D = 4 has extra cancellations.

Edison, Herrmann, Parra-Martinez, Trnka (2019)

Goal is to provide definitive answers. Key target N =5 supergravity at 3 loops.

/B, Chen, Edison, Gopalka, Jones, Herrmann, Roiban, Ruf (ongoing)
29



Enhanced UV Cancellations

/B, Davies, Dennen (2014)

Suppose diagrams in all possible Lorentz -
covariant representations are UV divergent, N7
but the amplitude is well behaved. g

* By definition this is an “enhanced cancellation”.” « g 0
* Not the way gauge theory works. > A

* Normal formulations don’t display these. 0 ® 2

_—already log divergent

N =4 sugra: urEYM XN=4sYM
YA gra: p

3
N=4 ;]
sugra 1 \

/:4 ng ~ s tAY (p-q)?e1-pea-pes-qes-q+ ...
p~__4 This diagram is log divergent
3 loop UV finiteness of N =4 supergravity proves existence of

“enhanced cancellation” in supergravity theories.
30



N =5 Supergravity Four-Loop Enhanced Cancellations

/B, Davies and Dennen

Industrial strength software needed: FIRE and special purpose C++

Crucial help
N=5sugra: (N=4sYM)X(N=1sYM) from (Smirnov):

N=4sYM N=1sYM

Certain diagrams
necessarily UV divergent.

Enhanced cancellation: N =5 supergravity at 4 loops
UYV finite despite the fact that individual pieces are divergent.

31



382 nonvanishing numerators in BCJ representation

ZB, Carrasco, Dixon, Johansson, Roiban (N =

> o Sl e ¥ i <
o L YEC ya e X7y e

4 sYM)

32



N =35 Supergravity Divergences at Four Loops

/B, Davies and Dennen

graphs (divergence) x u/(—-i/(47r)8(12)2[34]23tAt“’°(§)10) graphs (divergence) x 'U'/(—‘i/(47f)8(12>2[34]25tAtree(%)10)
L B+ B — SRS + B + R+ 1) 3300+ S — ontee] 4 Lm0 1 gt st
+ 1 [C3 (—362234283 2 25TIONLL oy IOISATTC;2) | ) (TSSSES 2 | 2EUMT,  STI6EY2) +4 [CB (— 1442019 2 | 39520070y | 583653142) | ¢, (1052150 2 | 509789 4 121001;2)
52 R+ S+ ) + R BB R 2 (SR ML SR ¢ (SRR SR+ A
a0 + Ligy (-BATTIAT 2 382194721 oy, ALTATOSS142) _ ¢, (39624012 4 3081081 ¢  112081813,2) - +1 [Cs (100843 2 | ITLISOAS oy  3026671,2) (114353032 4 239009997 oy 4 22911783,2)
+ G (B 5 . I e L st — 220928888381 £2) — (o (Peapior s + Tprnan st 1 (223300433319 2 ITSTIXMISAT oy | 951650436383 )
+ Sxsitoo t) + Tlep (—G5ss" — Sovtoos ot — Jossosat) — S2 (Vssomam s — G (G s + 3gaeen ot + 1530555%42) + Tlep (—Fons” — 1 Pnast — Tomet’)
+ 72?3327771334907131" + 175232()?235461?234()'4 7t2) + D6 (_9505219%70732 - 21604244901 st — 25651209165()7tQ) + S2 (—WE’?O@OSS”QQ — —l—gggm—694-703484918t = m713§12§71 t2) + D6 (—%%'5‘0201-32 — mgsgl.”g st — %%%ﬁ%t‘z)
4 L09ISOUTAATT 3 | 16950492195001 ;) 213§_2122998269t2] _ 3STIS062UTRAL 2 1611501825201 ;4 | 239;084@08777t2]
- [—g-ggggggﬁ — 36TS8TT 5t 4 ;}g}%%%#] - [%%3%32 — 201607201 ot — %g%gg%%#] 1 [_%%%%552 oS, g tz] +1 [_ 68021833 2 _ 36852103 4 _ 298377299t2]

2211840 T8RAT360 1769472 T1327104° T 142368 248832 " m#) +Ca (- 14510477125 s — ??gggg st — 9972%1‘2)

1 [, (36448033 2 455880533 ,
+= [<3 ( 2764800 © 5764500 St — 1382400 ¢
6797481 (2 | 1172069 ;4 | 978427 t2) _ 304243754383 2 _ 2032063711381 4 _ 251:98086613t2]

+ 212_ [43 10895518382 + 653019571 st + 9453043t2) +( ( 5502451 2 36758778t + 11269 t2)
1

+ 52 (357104 5 e izl s e e sy +52 (13010830 2, 1340033, , 26303855,2) _ 68286245653 2 20610600431 oy 35170.1043553t2]
1 33327650 2 , 13276219 22951887 ,2 12209887 2 , 258056147 46913759 ,2
"‘?[45( 793880 5- + “sasve St + “Tatamo t) + Ca (Tiase0-s” + “aos2s0- st + Sxosvi0 ) 1 2362679 2 178668311 1268313 ,2 124344121 2 491722333 68141300 ,2
3160 + ¢ |¢s (—=0516 5 — “omte0 5t — “To2m0 1) + ¢4 (—TRa3200 5~ — “I843900° 5t — “021600 1 )
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3 12998169600 265420800 U — ~12008169600 2 \ 30813120 53084160 °° (630084012007 3 1250670277213 4 6913218302303,2)
4 80304451 42y | ep (16797481 2 4 1172060y 4 OTSAZT2) 4 g (10516080803 2 SATATTI2000 663552000 14436928000
1502524807 T7015904 22T 7T T TIIOT 976640 + (o (332368061 02 4 35500670 oy | 22769980142) 4 Tiep (13910830 .2 |, 1340033 4 4 263038552
4 380045625320, | 16039337580,2) | pyq (503413 2 | 12349607y 3661 42) " . TO906560 2230158 . SEISHG
T 53084160 °U T T 159252480 © 23040 © T 7552060 °¢ T 184320 182 (188312318729 §2 o 110749820741 o | 5056‘299197t2) +D6(1220779 §2 4 44791 11598311(2)
99532800 16588800 © T 3081312 © 76300 6912 °¢ ~ 230400 ©
_ 166777358250461 (2 _ 565137511420117 (4 _ 2162055712141 42 N _ ' ,
1146617856000 1146617856000 °© — ~191102076000 L 2755666207013 2 | 5620513975800 , _ 196197363193 ;2
28665446400 35831808000 1769472000
1 [285800 2 | 1058273 ,  275869,2| 1 [_ 380320649 o _ 74703227 4 . 1247019192 -
T | 248332 331776 °U T 663552 =7 | T 106168320 1179648000 T 150252480 © 1 [756421 2 | 985421 ., o 163739,2] , 1 [_ 1670161 2 415193 4 | 4863881,2
o7 | 9053285 T Gexmsa St + GEasnal | T = |~ Tessexo® T 22114 St T 24ss30°
1 1371419 2 236241539 4326077 ,2 285800 2 , 1058273 275869 ,2 I , , i , N
+3 [Ca (—6a00-5" — Trosozo0 5t + Fremoot ) + C2 (omTss” + Tossss 5t + Jrrst ) +4 [Cg (13986152 4 162938 st + 02 t2) + (o (535521 52 + 3322 st + 15303342)
8120143 2 |, 1893280 92293 ;2\ _ 58867708103 2 , 71191202711 83016363427 ;2 _ o . _ .
+ 52 (Tgamsss° + 55006 5t + segsezt ) — SseesiacionS. + “3iss0i0600 St T drrrsraaco ¢ ] 192 (1857450 2 | Tisd0as | A161006,9)  SpUSSIGISS 2 SESMadAr; | %#]
7 , ,
4 L[y (- 15205632 _ 1178TETSGL y  595491677,2) _ o, (6530020 2 | B1IITEI0 26656632
e |S5\T 736861 § T TI47d560 o0 T TI474560 ¢ 4 \o21600 ° T TT3T2R00 OF T TR43200 ° 1|, (1094509 2 3657001 o4 | 521016142 - (11254769 2 | 120860053 4 | 237177432
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Adds up to zero: no divergence.ﬂ Enhanced cancellations!
No standard (super)symmetry explanation exists. Origin is a mystery.
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N = 8 Supergravity at Five loops

/B, Carrasco, Chen, Edison, Johansson, Roiban, Parra-Martinez, Zeng (2018)

2 » 3 Bl 3 2 - 3 2 - 3
2
1 \
4 4
1 1 4 1 4

This is UV finitein D =4

Evaluated leading ultraviolet divergence (D = 24/5): , ,
diverges don’t cancel in D = 24/5

16 X 629 /K 12 1 1 positive
5 2\2 1 ftree | definit
Mfl ) leading: o (5) (s* + t* 4+ u*)*stuM} (E e @) OIiV;@nemece

Key point: “Impossible” calculations are doable.

Want to harness this for gravitational waves

SIDE COMENT: At the time this calculation was rather difficult because no BCJ representation has been found for N=4 SYM 5 loops
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N =5 Supergravity at Five Loops?

Do the enhanced cancellations continue to S loops? Is four loop result an accident?
N=5sugra: (N=4sYM)X(N=1sYM)

S-loop 4-pt N =4 sYM amplitude:

Despite considerable effort, no one has succeeded in finding a BCJ form
for the 5 loop V=4 sYM integrand.

BCJ and double copy easy on cuts.
How to combine the cuts for complicated expressions?

New Solution: Identify a basis of (nonplanar) integrand terms.

Basis designed to make “cut term = integrand term”.
/B, Hermann, Roiban, Ruf, Zeng (to appear)

double copy easy

Stay tuned. We are back to working on /V =3 sugra at 5 loops. First V=1 sugra at 3 loops.
/B, Chen, Edison, Gopalka, Hermann, Roiban, Ruf (ongoing)
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Summary

Double copy gives us gravity amplitudes from corresponding gauge theory ones.

1. Usetul for high-loop studies of ultraviolet properties of supergravity.
2. Next lecture will present applications to gravitational-wave physics.
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