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Quantum Field Theory Tools

l

Precision Gravitational Wave Science
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Quantum Field Theory Tools

Precision Gravitational Wave Science

Cheung, Rothstein, MS (PRL 18)

Bern, Cheung, Roiban, Shen, MS, Zeng (PRL 19, JHEP 19)
Cheung, MS (JHEP 20, PRL 20)

Cheung, Shah, MS (PRD 20)

Bern, Parra-Martinez, Roiban, Rhuf, Shen, MS, Zeng (PRL 21)
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GGravitational Wave Science

| | I I

2015 2020 2025 2030+
LIGO LIGO/Virgo + KAGRA, LISA
INDIGO, ... Einstein Telescope

Cosmic Explorer
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(GGravitational Wave Science

Ga,b — 87TTab —

Decades of heroic effort.
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GGravitational Wave Science

Ga,b — 8’7TTab —

Decades of heroic effort.

post-Newtonian self-force numerical relativity
G~v? gl m/M < 1

4PNpo14 = 6PN 1SF(1990) = 2SF
N
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Turn it into an easier problem

?

Relativity

Tools of Theoretical High Energy Physics

onshell methods, advanced multiloop integration, effective field theory

Factorize states from underlying dynamics
(W|aOu|v)
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Does it work?

G + v2 + v* + 0® + % + 010 + 12 4+ ..
[G2(1 + v + 0" + 0%+ 0° 4+ 00+ 0+ --J
G321 + 0% + ot + % + o8 + 010 4+ W2 4+ )
G4(1+U2+U4—|—U6—|-U8—I—U10—|—’012—|—---)
G+ v + v* + o + o+ 0+ !+ )
GS(1 + v2 + vt 4+ o8 + ¥ + 010 4 2 4 )
G'(1 4+ v? + vt + % + ® 4 010 W2 4 )

Cheung, Rothstein, MS PRL18

Pirsa: 21060000 Page 10/32



Does it work?

@+ v + v + ° + 0° + 0° + 0?4+ -
@+ 0+ 0" +0° +0° +0° + 07 4
@+ o+ 07+ o° + 0° + v+ v+
\G(+ 4t + 4+ o104 12 4
G°(1 + v° + v* + % + % + 0% + 0% 4 )
GS(1 + v2 + vt 4+ o8 + ¥ + 010 4 2 4 )
G'(1 4+ v? + vt + % + ® + 010 W2 4 )

Cheung, Rothstein, MS PRL18
Bern, Cheung, Roiban, Shen, MS, Zeng PRL19
Bern, Parra-Martinez, Roiban, Ruf, Shen, MS, Zeng PRL 21
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binding energy
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Theorists at LIGO are interested

Antonelli, Buonanno, Steinhoff, van de Meent, Vines 2019
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orbits to merger
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orbits to merger
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NEW! from Alessandra Buonanno’s recent talk at GGl

Crucial to push PM calculations at higher order, and resum them in EOB formalism.
(Damour 19,Antonelii, AB, Steinhoff, van de Meent & Vines |9, Khalil, AB, Steinhoff & Vines in prep 21)

(Khalil, AB, Steinhoff & Vines in prep 21)

Ey/u
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GW cyeles before merger
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Encouraging (local-in-time) 4PM results!

GW cycles before merger

10 5 4 3 2

acal EOB.— t
H228 B0 (v M /e)

mass ratio ¢ = 1]

A8Jaus Sulpuig

1020
=0.02[
=0.03
~0.04F
= HERR
= -0.05
HiGE
—0.06F — Himr
1PM
| oy e—
—0.08
0.2
= 04
£
fe5)
o 0.0
=3
<] T
current (uncalibrated) Hamiltonian
. -0.21
used to build EOBNR waveform *?% ..

models for LIGO/Virgo

0.04 0.06 0.08
GMSQ
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NEW! from Alessandra Buonanno’s recent talk at GGl

Crucial to push PM calculations at higher order, and resum them in EOB formalism.
(Damour 19,Antonelii, AB, Steinhoff, van de Meent & Vines |9, Khalil, AB, Steinhoff & Vines in prep 21)

GW cycles before merger GW cycles before merger

Encouraging (local-in-time) 4PM results!

10 20 10 5 4 3 2 020 10 5 4 3 2
-0 U'I\ mass ratio ¢ = 1] —~0.02 AN mass ratio ¢ = l,‘
= . o ’ 1 g
= -0.03 = -0.03 15
o 1 O
a & 1 g
g —0.04F 1 ¢ —0.04F 1 ¢a
= 2 g i HEoB . ] (JD
= & 005 e Hipi 1 = —0.05 1PN & 2
£ - ! B S E
> ~0.06F Hipyt Mg, N —0.06F — Himr g ]
;_i =0 (drop ML /e) NG Higg 0% (drop Mife) el :
s —0.07f --eeee HEOB 007 mswansas HEQR
£ pimmmmnons NR o e NR i
% —0.08F . ] -0.08F . 1
=] 0.2} / 0.2 ]
S — o1 7 — 01
< 2. 4 Z.
X = 0.0 s T L .0
<1 o1 <A _paf
current (uncalibrated) Hamiltonian
—0.2f X —0.2F
. i used to build EOBNR waveform A
0.02 0.04 0.06 0.08 models for LIGO/Virgo 0.02 0.04 0.06 0.08

GMQ GMS)

Interesting exchanges between GR and HEP
Bini, Damour, Geralico 2019, %020, ... Blimlein, Maier, Marquard, Schéfer 2021
Damour 2019 Damour 2020
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Hybrid Waveforms

Insplral Merger Ring-
down

0.30 0.35 0.40 0.45
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Hybrid Waveforms

Inspiral Merger Ring-
down

1 {Perturbation Theory| |Numerical Relativity

(T

10-21)

0.30 0.35 0.40 0.45
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Scalable pipeline using tools from QFT ?

1 1
_ D. /—|_ s YV — m2p2
S—/d K i q 167TGR+21_21:2 (v¢zv¢z mz¢z)
(E1,p) (E1,p')
(E27 _; ) _(527 _pl)
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Scalable pipeline using tools from QFT:

Classical limit is taken at the earliest stages.
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FuII integration of quantum loops won’t scale
E1 p)

(EQ) _p E2 _p

q<<m

“In reality classical effects are smaller than quantum.” - Aneesh Manohar

C
2 Q
MaED ~ (Q—Qi) (2) e~1071Qp

pl N L
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Full integration of quantum loops won'’t scale

(Elvp_)> LE>17PI)
q
(EQ, _;F _(2323 _p/)
q<<m

“In reality classical effects are smaller than quantum.” - Aneesh Manohar

C
2 Q
MaED ~ (Q—Qi) (2) e~1071Qp

plm m

2

C
- Q |
MR ~ (q) (i) Mg ~ 10%m,,

iy 2
mplm m
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Classical limit is simple. A
1
P - 1 — m? = T o dD M o
S = fd —g GR+ 221;2 (ViVei — m2e: )] SGF e x Fy

F# = ayh,tw - Ea#h + avhpa(CI hyunpo + CQhupnya + Clihpcrn;w + C4hucr77,up + g57]m/77pah + Cﬁnupnyah)
Guv = Nuv + h/ﬂ/ T flh,uph‘yp + £2h,uuh + 537],uuhp0'hpﬁ I §4nuuhf2

1 i
AS = / d'2v/=g 5 ClaysC**"” > ()\ $26H5Y + 4V“V"¢7;vaaqﬁi>
i=1,2 m;
Cheung, MS

Y VW IX VVY VY
A TRERZARN
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potential :  (w,£) ~ (|ql||v|,|q|)

soft :  (w,€) ~ (lgl,|g]) — -

radiation :  (w, £) ~ (lql|v], |q[|v])
NRGR Goldberger, Rothstein

Loop energies

/;—:%Iww ZSU Res T(w,w') \/: :\:/—%— SZ

Wijs L«J ij —
(i,9) ——
matter poles

D =

Cheung, Rothstein, MS

1+v? +vt+0® +0% 4+

|

Static limit boundary condition  Qptain from differential equations.
in the potential region

Parra-Martinez, Ruf, Zeng
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Amplitudes
M = 16W§V2M4\q|_2(202 — 1)

My = 6m2G*v* M®|q| (50% — 1)

(1+2v(c —1))(5— 6002 + 1200% — 6402)
3(02 —1)2

1402 + 25 h
o (T g1 190yl
O“ —

Ms = 27G3v* M° log ¢° [
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2 —3e

t
M4(q):G4M7V2\q\ i 2 ML+ v T4+M£

43 ;2
b 35(1—180%+330%) . - arccosh(o)
M4—_ 8(0‘2—1) M4:h1+h210g(T)+h’3—02_1
osh 27 2 I 1 ;
M = hg + hslog (=) +hﬁ% + h7log(o) — ; + hg %j() + hg {ng (352) + 3 log” ("Tﬂ)}

+ ho [Liz (L) - %1 + b |Liz (152) - Lip (m) n %2] +}12_2<‘;g20 1;;32) Lia (\/:) Li (- \/5:;})}
+ :f}l |:Li2 (1*0’* o ) Lip (1 ot+vo ) (\/%) —5Lia (—\/g:ﬂ) + 2log (%l) arccosh(a)]

+hoK? (23) +hUK(°' L)E(22) + ik (;})

[y

1

he = e (1237 + 79590 — 2518307 + 129150° + 181020
121050° — 95720° 4 297307 4 58160° — 20460”)
1151 — 33360 + 314807 — 9120° + 3395 — 5520° + 2100° e — 9 (—852 — 28307 — 1400 + 750°)
12(o2 — 1) = 302 — 1)
1 . - ET.T, . 5
hy = 5 (5 — T6o + 15002 — G0o> — 350.4) hs = 82— 1) (—304 — 990 + 6720° + 4020° — 1926 — 7190
3+ 20 — 4160° + 5400" + 2405° — 1405°
hy = u%f—) (11 — 3002 + 350™) . )
Ch . hy = 5 (52 — 5320 + 3510” ~ 4200” + 300" — 250°)
_ - = 4 qas 6 .
hy = ]44(02 — I)Qrﬂ( 45 + 2070% — 14710 + 133490 hao =2 (27 + 9002 + ;}304)
_ 3756607 + 1047530 — 123126° — 1027500"° — 10549801 hiy =20+ 1116* + 300" — 250
. 4 ‘ . 2
+ 13474502 + 838440 — 1019796 + 136445"° + 108000*°) gy = S04 ;‘5"5" f])““”"
202 —
1 ;
= 1T (1759 — 47680 + 34070° — 13160° + 9570 h 1183 + 29290 + 266002 + 12000
13 = - -
: & 2(c2-1)
— 672 3410° + 1000 3
Tt i % 1007 . 7(169 + 3800%)
Ty S
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L = Lyin —/W V(k, k') AT(K"A(k)BT(—k')B(—k)

Cheung, Rothstein, MS

[TT+TY A AT AT+ )+ (o = ooal O+ O,

“amplitude-action” relation

iM(q) = /J (5 1)
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Cq =

D:

Hamiltonian

m"'_ \/m+zcz (ﬂ)

2,,2
C1 = v 77; (1—20’2) §:E1E2/E2
2m3 |3 vo (1-20%) v2(1-¢)(1— 202)2
cg = —5— |7 (1-50%) - - 32
v |4 83 27°¢
2 [ 1 4v (3 + 1202 — 40%) arcsinh, / 21
=% |3 — (3 — 6v + 206v0 — 540” + 108v0” + dvo®) — N/
3vy(1-20%) (1-50%) 3vo (7—200%) 12 (3+8y— 36— 1502 — 80y0? + 15602) (1 — 20%)
2(1+7)(1+0) 2v¢ 4y3¢€2
23(3 — 4€)0 (1 —202)° VA1 —2¢) (1 — 262)°
,->—1£3 + 27ﬁ§4 )

17y y - E3¢3 3¢3 _ ‘

]:é;z [MZ""V(%‘FML—IOMQ)} —&—DS{ f } | p2 {(Epf i E§(3§ 1)) C‘f—QEZ&Q(:%cQ}
1 46 -1 2E3%¢® Ef(3¢-1 AE2e2

+ (25 |Bsaa+ @)+ (55 + EE+ BB D d ot (0-39 - 55 ) da

d
102
(p 19
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Theoretical Structures

Lorentz invariant, on shell

High-energy behavior

aG32miing? | 483+ 1202 — 404)&1‘081nhﬁ

Ms = pzs
? 62¢ o2 —1
= —81G’s* In(—t) ln(mlm2)
S
s Zl 2 4
~ |log (—) —log | — 0 .
{ m? ( 2)} radiation
Regge limit Di Vecchia, Heissenberg, Russo,
Veneziano 20; Damour 20

Exponentiation >

Y iM(q) = /J (") 1)
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Mass dependence My ~ G [my ™ m3 +mYm3 + - + {1 < 2}]

My ~ G [mim3]
My ~ G? [mim3 + {1 + 2}]
Mz ~ G3 :m%mz + mimj + {1 <> 2}]
My ~ G* [mim3 + mim3 + {1 < 2}]
Ms ~ G® Zm?mQ + mims +mims + {1 < 2}}
Mg ~ G® [m{m3 + mim3 + mim3 + {1 + 2}]
OSF

Test-particle in Schwarzschild (and beyond)

1 1S0O T
M(p,7) = 5 [m2(1 - ghe(r) - B* (14 450

I VVVYIYVTTYTY

Cheung, Shah, MS
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Mass dependence My ~ G [my ™ m3 +mYm3 + - + {1 < 2}]

My ~ G [mim3]
My ~ G? [mim3 + {1 + 2}]
M3 ~ G* [mim3 + mimy + {1 < 2}]
My ~ G* [mim3 + mimg + {1 < 2}]

Ms ~ G® [m§m3 + mims + mims + {1 < 2}]

Mg ~ G® [m{m3 + m§m3 + mim3 + {1 & 2}]

OSF 1SF
Test-particle in Schwarzschild (and beyond) Bootstrap from 1SF (~m/M) results
B 5 50 5 g (r) Bini, Damour, Geralico
Mo(p.r) = 55 |m®(1 = g (r)) = B° (1+ 5563

I VVVYIYVTTYTY

Cheung, Shah, MS
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Mass dependence My ~ G [my ™ m3 +mYm3 + - + {1 < 2}]

My ~ G [mim3]
My ~ G? [mim3 + {1 + 2}]
M3 ~ G* [mim3 + mimy + {1 < 2}]
My ~ G* [mim3 + mim3 + {1 < 2}]
Ms ~ G® [m§m3 + mims + mim; + {1 < 2}]

Mg ~ G® [m{m3 + m§m3 + mim3 + {1 + 2}]
: OSF 1SF 2SF

B

Test-particle in Schwarzschild (and beyond) Bootstrap from 1SF (~m/M) results

1 5 o . 7% (r) Bini, Damour, Geralico
Mo(p,7) = 5 [m2(1 - ghe(r) — B* (14 4503

I VVVYIYVTTYTY

Cheung, Shah, MS
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Gravitational wave science has opened up a new direction in
theoretical high energy physics.

Classical binary dynamics has the hallmarks of a great
problem in theoretical high energy physics.

This program is in a nascent stage.

Page 31/32



Mass dependence My ~ G [my ™ m3 +mYm3 + - + {1 < 2}]

M~ G m%mg]
My ~ G? [mim3 + {1 + 2}]
Mz ~ G* [mim3 + mim3 + {1 < 2}]
My ~ G* [mim3 + mim3 + {1 < 2}]

Ms ~ G® :m?mg + mims +mims + {1 < 2}}

Mg ~ G® [m{m3 + mim3 + mim3 + {1 + 2}]

OSF

Test-particle in Schwarzschild (and beyond)

1 iso 180 (e
Mo(p,r) = 5z [m*(1 = ghe(m) = B2 (1+ 255 )|

I VIYTYIIYITTY

Cheung, Shah, MS
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