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“for the discovery that “for the discovery of a

supermassive compact object
at the centre of our galaxy”

black hole formation

is a robust prediction

of the general theory
of relativity”
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Challenge in GW Science
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Binary neutron stars
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“It’s one thing in physics to write down the equations...

but then you have to solve them!...

That sometimes is easier said than done” Analytic Numerical AnaIYtiC/
Ed Witten (Approx. but fast) (exact but slow) Perturbative



‘GW Precision Data’

10000+ cycles in band @ Design-Sensitivity
10000+ events per year!
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10000+ cycles in band @ Design-Sensitivity
10000+ events per year!
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‘GW Precision Data’

10000+ cycles in band @ Design-Sensitivity

10000+ events per year!
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Theoretical uncertainties
dominate over planned empirical reach

* Equal masses, circular orbits, aligned spins

* Mass ratio :10 \/WW\/\/\NWV\/\N\/\NWWV\MM
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* Non-circular orbits
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We haven’t reached the analytic precision

to distinguish between compact bodies!

10_21 : |
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T W 96 5 /9 4
(“susceptibility”) ? — El/ﬂ? / {]‘ + C + [ e ]:U
o N°LO
+O0@); spy
Qij = celij T

U(v) = Upp(v) + Vidal(v)

e.g. Equation of State
of Neutron Stars

tidal effects



We haven’t reached the analytic precision

to distinguish between compact bodies!

(“susceptibility”) @

vanishes for black
holes In Einstein’s .
gravity (4d) Qz ¥,

Fortschr. Phys. 64, No. 10, 723-729 (2016) / DOI 10.1002/prop.201600064

The tune of love and the nature(ness) of spacetime

Rafael A. Porto*

‘New Physics’
Threshold

Probing ultralight bosons
with binary black holes

Daniel Baumann, Horng Sheng
Chia, and Rafael A. Porto

Phys. Rev. D 99, 044001 (2019)
Published February 4, 2019
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Signatures of Ultralight Bosons
in the Orbital Eccentricity of
Binary Black Holes

Mateja Boskovic, Matthias
Koschnitzke, and Rafael A. Porto

Phys. Rev. Lett. 133, 121401 (2024)
Published September 16, 2024
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NO ‘Standard Model’
Background!



Outline of the (remaining) talk...

Discovery Potential =
Precise Theoretical Predictions

e Partl: EFT for Bound (PN)/Unbound(~!V) states

e Part ll: Boundary2Bound correspondence



Goldberger Rothstein

w0 EFT approach to GW physics RNy
Foffa Sturani (2011)

Kalin RAP (2020)

o Separation of Scales for PN sources: Classical’
4
rsch K T <K Agw €

. | . Effective Field Theory:

Classical effective action (saddle point) one
scale at a time (method of regions)

The effective field theorist’s approach to gravitational |7
dynamics Physics Reports |
Rafael A.Porto  Volume 633, 20 May 2016, Pages 1-104

< > > € point-particle theory
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Goldberger Rothstein
(NRGR 2006)

RAP (2006)

Goldberger Ross (2009)
Foffa Sturani (2011)

ReW|x,] +i Im Wx,]
e, e’ N, e’

binding radiation
J
log (0]0)” =
J

UV Divergences:
localized sources

EFT approach to GW physics Riy

o Separation of Scales for PN sources:

o Effective Field Theory:

Classical effective action (saddle point) one
( P )— %H‘ . '1\4{ . >\<

scale at a time (method of regions)

JW:/DMQ
I

Radiation
modes

| D[] *Son

Potential
modes
Classical ‘loop’ =

iterated Green’s function
+ point-like sources

Classical Electrodynamics in Terms of Direct
Interparticle Action’

JoEN ARCHIBALD WHEELER AND RICHARD PHILLIPS FEYNMAN?
Princeton University, Princeton, New Jersey \

J= —Zmacf(—-da,‘da“)"*—{— 2 (eqes/c)

a<b

X f f 6(ab,ab*)(da,db’) =extremum. (1)

1
Sred(T) = §TGT + V3(GT, GT,GT) + ...

e.g. Duff (70’s);
Damour et al. (90’s)



Goldberger Rothstein
(NRGR 2006)

RAP (2006)

Goldberger Ross (2009)
Foffa Sturani (2011)
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binding radiation

l0g (0]0)” =

']

EFT approach to GW physics Riy

o Separation of Scales for PN sources:

o Effective Field Theory:
Classical effective action (saddle point) one
scale at a time (method of regions)
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binary

PHYSICAL REVIEW D 110, 044046 (2024)

Gravitational radiation from inspiralling compact binaries to N°LO

UV Divergences:

localized sources

Loris Amalberti®,

in the effective field theory approach

Zixin Yang ,“ and Rafael A. Porto®'”
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Galley Leibovich Foffa RAP

RAP Ross  Rothstein Sturani EFT approach to GW physics PN
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Lamb shift and the gravitational binding energy for binary black holes

(ultra)soft
R. A. Porto, Phys. Rev. D 96, 024063 (2017).
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EFT approach to Atomic physics

1 4q- m 3
(€*/4m) (-———-(qa-— aq)- ’ a( In —) ), (24) Space-Time Approach to Quantum Electrodynamics
2m 3m? Amin 8

R. P. FEYNMAN
Department of Physics, Cornell University, Ithaca, New York

which shows the change in magnetic moment and the (Received May 9, 1949)
Lamb shift as interpreted in more detail in B.!®

B That the result given in B in Eq. (19) was in error was re-

9~x
peatedly pointed out to the author, in private communication, 2
by V. F. Weisskopf and J. B. French, as their calculation, com- o\
pleted simultaneously with the author’s early in 1948, gave a R 7
different result. French has finally shown that although the ex- J
pression for the radiationless scattering B, Eq. (18) or (24) above . e
i1s correct, it was incorrectly Jomed onto Bethe’s non-relativistic v o
result. He shows that the relationtn2bm - used by the S
author should have been |In2%..x . I'le‘lﬁls results i H. A. Bethe, The electromagnetic shift of energy levels,
adding a term —(1/6) to tiretogari i - (19) so that the Phys. Rev. 72, 339 (1947).
result now agrees with that of J. B. French and V. F. | Weisskopf, F.J. Dyson, The electromagnetic shift of energy levels,

\ Phys. Rev. 73, 617 (1948).

. 'The author feels unhappily responsible J.B. French and V., F. Weisskopf, The electromagnetic shift

for the very considerable delay in the publication of French’s of energy levels, Phys. Rev. 75, 1240 (1949).
result occasioned by this error. This footnote is a.ppropnately N. M. Kroll and W. E. Lamb, On the self-energy of a bound
numbered. electron, Phys. Rev. 75, 388 (1949).
wltra)soft Lamb shift and the gravitational binding energy for binary black holes
S @m‘@\@\ radiation R. A. Porto, Phys. Rev. D 96, 024063 (2017).
\
bound
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Novel
nonlocal-in-time
memory effects!

Conservative-like
effects from
radiation-reaction square!

(apparent) discrepancy
with PM EFT results
resolved!
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EFT approach to GW physics

‘PM-bootstrapping two-body problem’ = ) I
Differential Equations + boundary conditions from PN! - -
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& - X
/k 2l | ‘PM-bootstrapping two-body problem’ =
- ) Differential Equations + boundary conditions from PN!
spinning - _ _ . : 2
oo | Och(z,€) =Mz, € h(z,e) | kT
elliptic integrals! o /0 oo \/I:—th ’

Y7YY7Yyx
KX XHHNNA

CNCINIINCANCANTTI
(CANCANCANCANCZNN /NN

| Bern et al (2021 )>@><

various aspects
confirmed in

(4)
X com ]
m b(comb) _ (Xc (z) + @) log(1 D, a number of studies

ml Bini et al. (2021)

“Tail effect” ) _ ) 1 Blumlein et al. (2021)
Bethe logarithm Og v Foffa et al. (2021)
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1 ﬁ 7 ¥ ‘PM-bootstrapping two-body problem’ =

. | Differential Equations + boundary conditions from PN!

dissipative - TOTAL!

Ozh(x,e) = M(z,€)h(z,e)

RAANS 5 Gt < )
W/V\%\V\?VV S e C | Val"l.Ofl‘lS anle.CtS
YVXXXXX W = / D [)\r_ail] D [7'_1] D [7'3_1] O tull an;;nb;’;”;;stlz’;dies

AP LA

In-In boundary conditions
(causality preserving)

Bini et al. (2022)
( 0 N ( » — y)> Apfot = Apé‘on ¢+ Apé"iss , Manohar et al. (2022)

Damgaard et al. (2023)
. Jakobsen et al. (2023)
Ap'gons — IRAP‘}.L*
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a ‘PM-bootstrapping two-body problem’ =
Differential Equations + boundary conditions from PN!

O:h(z,€) = M(z,€) h(z, €)

Conservative +
dissipative = TOTAL!

7

Kalin Liu RAP (2020) |

Dlapa Kalin Liu RAP (2021) |
Dlapa Kalin Liu Neef RAP (2022) |

oV, ov, AL,
s = 17 apl™ 55

M’a «
AOLS OX oo+ R
5 "

Driesse et al. (2024) SPM (1SF)

—((k + Q)znaﬂpw’v(? + k27776]w/’aﬁ)]}
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Conservative + ; _ _ — ]
dissipative = TOTAL! BZW p— / D I:)\I‘ald] D [7- 1] D |:f,- 1] ezsfull

Family of integrals

/H A%,  §(fi-ua,) 13[ 1
wd/2 (£4;-uy —i0)n L1 DYk
i=1 k=1 T {(£° £i0)2 — £2,...)

pot __ 1 ,U2
A

rad . 1 vgo_2 "
e (£ — q)?] [£%] /k & — (£2)2] O

—2€



Kalin RAP (2020)

Kalin Liu RAP (2020)

Liu RAP Yang (2021)

Kalin Neef RAP (2022)

Dlapa Kalin Liu RAP (2021)
Dlapa Kalin Liu Neef RAP (2022)

Conservative +
dissipative = TOTAL!

EFT approach to GW physics "/ —<

Paidd 1i / D [)‘r_a}i] D [7'_1] D [7'3_1] Ofull

Schwinger-Keldysh Formalism

/H

Family of integrals

d¢;

7d/2 (-

_ k
K=4 T (£ 4 0)?

Boundary conditions: Method of regions

bo—q

6(41 - u1)6(La - u1)d (43 - ug)

—2,.)

e 02,63 £5(02 — @)% (€3 — q)% (41 — £2)% (L2 — £3)2 (43 — £1)?

pot: ki~ (veo,l),
Irad : k1 ~ (Yoo, Vso) 5
2rad : k1 ~ (Yoo, Vo) 5

k2 ~ (voo, 1),
kg ~ (vooa 1) 3

k2 ~ (vomvoo) )

eN ('ch), 1),
l~ (voo, 1),
l~ (Vs,1),

(£n,k1) (€-n,k2)

/!

“Bethe logarithm” 10g?} «—

FROM pole in tail region
(aka Lamb shift)

Voo

2¢€



Conservative +
dissipative = TOTAL!

Perfect agreement
with PN
(Bini-Damour
-Geralico)

cl'&z — —m1m2
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PHYSICAL REVIEW LETTERS 130, 101401 (2023)

Radiation Reaction and Gravitational Waves at Fourth Post-Minkowskian Order A1) Pl = c(';)b) b_“
=Clp 3

Christoph Dlapa ,1 Gregor Kéilin,1 Zhengwen Liu ,2’1 Jakob Neef ,3’4 and Rafael A. Porto®'
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Conservative +
dissipative = TOTAL!
4115, .2 2 2 2 .
ABSPM _ _ G JZI v {1571' (v*—1) (27 (v* — 1) hay +2h350) + 64 (45hgg — hyg) N hag 5 — arccosh?(1) ( 16hs3 + 32h547/2)
Perfect agreement - 144007 ~ 1) 144077 (7" ~ 1) O*-D7 (62-1)
with PN _ hsslog(2) arcco:h(fy) N hs7 log (72?) ar(;cosh(’)’) _ hsglog(v) a.rccc;sh('y) + arccosh(y) ( hsi o 1652 : 2)
(Bini-Damour t0*-1) 107 -1) 1007 - 1) 807 (2~ 1) 512 —1)"
2
-Geralico) hsoLia (\/253)  hselia (153)  hsrLia (VA2 —1—17) hesliz (— (v=vr7=1) )
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g) The Feynman-Diagram Approach THE GENERATION OF GRAVITATIONAL WAVES.
Any classical problem can be solved quantum-mechanically; and sometimes the quantum solution is easier than IV. BREMSSTRAHLUNG*R
the classical. There is an extensive literature on the Feynman-diagram, quantum-mechanical treatment of gravita- . _ . ShworJ. Kovics, Jr. 19771
tional bremsstrahlung radiation (e.g., Feynman 1961, 1963 ; Barker, Gupta, and Kaskas 1969 ; Barker and Gupta X sfmmo.,m '

1974). Unfortunately, the regime of validity of these quantum calculations does not overlap the classical regime.
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PHYSICAL REVIEW LETTERS 128, 161104 (2022) PHYSICAL REVIEW LETTERS 128, 161103 (2022)

Conservative Dynamics of Binary Systems at Fourth Post-Minkowskian Order Scattering Amplitudes, the Tail Effect, and Conservative Binary Dynamics at O(G*)

in the Large-Eccentricity Expansion
Zvi Bem,1 Julio Parra-Martinez,2 Radu Roiban,3 Michael S. RquE),1 Chia-Hsien ShenG),4

Christoph Dlapa®, Gregor Kilin®, Zhengwen Liu®, and Rafael A. Porto® Mikhail P. Solon,l and Mao Zeng ®’
Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
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Conservative Dynamics of Binary Systems at Fourth Post-Minkowskian Order
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Strong-field scattering of two black holes:
Numerical relativity meets post-Minkowskian gravity

Thibault Damour®' and Piero Rettegno 23
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(B2B Kalin RAP)

p*(r, E) = p%(E) + Z R (E) (g) = Peo(E) (1 " Z M (GTM)>
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Precise Theoretical Predictions
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1910.03008
1911.09130

How do we compute bound
observables from boundary data?




observables from

Cheung et al
1808.02489

Bern et al.
1908.01493

How do we compute bound
data?

Conservative 3PM Hamiltonian

ZB, Cheung, Roiban, Shen, Solon, Zeng (2019)

The O(G?) 3PM Hamiltonian: H(p.r) = \/p2 + m? + \/p2 +m3+ V(p,r)

3 i
V(p.r) =3 cilp?) (ﬁf') |

Newton in here

v 2
. v2m? 9 ' vim3 |3 _ oy Advo (1-20%) v2(1—¢)(1—20?)
C1 ’725 (1 — 20’ ) . Co — ’725 I (1 — J0 ) — ",f — 27352 .
2 4 4v (3 + 1202 — 40*) arcsinh, / &=

C3 I/A ;’é 112 (3 — 6v + 206v0 — 5402 + 108vc? + 41/03) — ( = _)1 2

3v7y (1 — 202) (1 — 502) 3vo (7 — 2002) 2 (3 + 8y — 3¢ — 1502 — 8002 + 15502) (1 — 202)
2(1+7)(1+0) 2v¢ 4y3¢?
233 — 4€)o (1 —202)% w41 —2¢) (1 — 202)°
+ ,7.453 + 2,\/654 ’
m = ma + mp, iw=mamp/m, v =pu/m, v=FE/m,

§= E1E2/E2, E = E1 -+ EQ,

O = P1 'pz/m1m2,

oPN

1PN

/
/

Fye

2PN 3PN 4PN

sPN 6PN 7PN

(1 +v* + v+ 0% +0® +0094+01240M ...

(1 + v® + v +0° + 0® +01%94012+...

3PM

(1 +v* +v* 4+ + 0% +01%94-...

4PM

(1 + 0% + v* + 0° + 0% +--.

sPM

(1 +v* 4+ v* + 0% +---



How do we compute bound

observables from data? ,
Ch t al P, N
180802489 / \ AD
Bern et al. -
1908.01493

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

PM (1 4 02 4+ v? 4+ 8 8 40 pl2 e
2PM (1 + 92+ vt + 08 + 08 +010 4012 4...
3PM (1 + 0% +v* + 08 + 08 +00+...

4PM (1 + v® + v* +0° + 0% +--.

sPM (1 + v® + 0% + o8 +--.

Watch for typos! (Radu R.)




How do we compute bound
observables from data?

IN THE ON-SHELL SPIRIT...
Do we really need the

@ cumbersome & gauge-dependent

Hamiltonian?

Il don't come into your house
and touch your board.

* Sheldon had wrong sign of QCD beta function!
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1910.03008 =25 correspondence

1911.09130

Conservative effects

N\ M

b \\
_______________ X T

]- >0 J ]_ ’I“_|_(J,€) J

T / 2. /2 Tl — / dr
T Ji_(gg) r2/PAHE,T) = J?/r T Jr_(5€) T2\/DP*(E,7T) — J2/r?
Scattering >0 Periastron E<0

angle advance

The most exciting phrase

r_(J, g) =7_(J, g) J>0,€<O. to hear in science,
3 the one that heralds
ry(J,€) =7_(—J,&) J>0,&E<0, new discoveries, 1s not
B “ »
EUREKA!
endpoints related by analytic continuation but, “wars funny..”

—Isaac Asimov



Kalin RAP

1910.03008
1910.03008 =25 correspondence
Conservative effects
i N\ M
b \\\
b X T
]- > J 1 7‘_|_(J,£) J
- / 2 /9 2 zdr’ — / dr
T Ji_(gg) r2/PAHE,T) = J?/r T Jr_(5€) T27/D*(E, 1) — J%/T?
Scattering >0 Periastron E<0
angle advance

LOOP AROUND INFINITY!

AS(J, &) = x(L,E)+ x(—J, &)
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1910.03008 ~25 correspondence

1911.09130

Conservative effects

Uy

ADP(J, &) = x(J,€) + x(—J, E)

-(unboun ' J
X/Qﬂ' — —8.77,7(“ b d) J — G M2y T —

Analytic
At the level of the radial action: continuation

igbound) (8 <0, J) _ igunbound) (5 <0, J) . ig'unbound) (5 < O,—J) .

Central object for the bound problem:

:(boun AP H 1 8E(8ama)
(Gsz ><) 5.27(~b (], E,mg) = — (1 ) dJ QT&S — ; . ((za) ) My

27 omy
b /
Y

® ALL the (conservative) observables!

L 4
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1910.03008 2102.10059
1911.09130

BZB COrreSpOndence valid for (planar) spin dynamics

Conservative effects

AP
AD(J, &) = x(J,€) + x(—J, )
J total (canonical) ——————————
angular momentum Analytic
At the level of the radial action: continuation

i$bound) (g < O,E, &__) _ i’f‘unbound) (8 < O,f, &::) o i7(~unbound) ((S < O, —E, _&::) L

Conservative bound radial action to 2PM order:

| X 2 2.1 3 5y% — 1 aa 2 4) , \GAGE
2 M(E,8,ay) = —L 71 ; + 32 7 - E X(a)(’Y)ﬁ + 3 ) qu)g(’Y) , e g
\/ — (ABy=+ «

ar=a+/(GM), L= L/GMu
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1911.09130

ONE-LOOP x?  3r5y2-1

EXACT! r 8 ~2—1

2 __ 2 __
EPM(E ) =~ T T

+\/1—72+4£ I'

~22 correspondence

/

Conservative effects '
V '\ AD

AD(J,E) = x(J,E) + x(—J, &) j

1PN 2PN 2PN

3(35—10v) 3 194 — 184y + 2312
10 — 4
g g (0 )

SPN -, 3535 — 6911y + 306012 — 375v3) o2

v

5 — dv + 4v° 4

1042
. —421N/)u2 35910 — 126347v + 125559;/2 — 599201° + 73851/4) o3
5PN 1407
5—201/+16@+--- ,
1 B —mi — m3

1
:1—|—€—|—§1/€2,

2 mimsoy
I'=E/M=+/1+2v(y—1)=1+vE.
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Radiative effects?!

r(J,€) =7r_(J,&) J>0,€<O0.
ry(J,€) =7_(—J,€) J>0,E<0,

_ ak AEy(J,E) = ¢ dt—
AFhwy(J, E) /_OO dt - 1(J, E) 7{ 7
dE dFE
—(r, &) = —(r,—J, &)
2 dr dE o o " dr dE
2 J. &
2/7: Td(TJg) /T ’I.“dt(r”)

Similar to radial action: Loop-around!

AEGH(J,S) — AEhyp(J,g) — AEhyp(—J,g) E <0

Aligned-spin configurations
Adiabatic Approx.
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Radiative effects?!

r_(J,€) =7_(J,€) J>0,€<0.
ry(J,€) =7_(—J,€) J>0,E<0,

— — A e , — dt—
dJ dJ
—(r, J,&) = ——(r,—J, &)
o dr dJ “ o T drdJ
2
. /T 7 ) /T 7 )

Similar to radial action: Loop-around!

AJGH(J,E) — AJhyp(J,g) AJhyp(—J,g) E <O
AN

Sign flips
Similar to periastron to angle
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Radiative effects?!

analytic continuation:

NLO PN result:
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&) = >0 -1(_Z AEqg(7, &) = : : - — | —— — 10464
AEhyp(]7£) 15 |: j6 + 3]4 + ( j7 + j5 + ]3 ) COS ( e) 11(-7 ) 15 J7 + ]5 + ]3 + ]O 7 v
V2E5/%(2506431 — 3009160v) N £3/2(182337 — 140480v)  7VE(—5763 + 3220v) +77r(5763 — 3220v) N 15Em(2259 — 2120v) N E3m (4786 -
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35(1 + 2£52) 52 7 75
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@563&/ L€ (T”&_ 8881/)) (1
J’ J°

AEai(J,€) = AEnyy(J,E) — ABnyp(—J, &)

only odd terms survive



r(J,€) =7_(J,&) J>0,€<O0.
r(J,€) =7_(—J,&) J>0,€<0,

Nonlocality in time

Halley Damour et al.,
Hooke Droste Chandra, Blanchet, Blanchet et al. _
Newton EIH Ohtaetal. Damour, etal. Foffa et al. Fails for nonlocal

(16XX) (1916) (70's) (00) (2015-19) Interactions

OPN 1PN 2PN 3PN SPN 6PN
2 4 O -8 10
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2 2 4 6], 8
G(l+v +v +w H v +)
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fully describe elliptic! 3 2 A : 6 )
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Egeitew — Eipitara o
37933 1036y 113847608 1n2 4 4 “Tail effect”
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147249913 13671875 ln5] | T T the A
20 12 ;:r:
5
~ 14.94vz° G glnloc) _ GE dEl (40)2 2")
» _ —_—— —1log —5- ek
~ 2 ), dw U

Energetics and scattering of gravitational two-body systems

at fourth post-Minkowskian order UNIVERSAL FORM
Mohammed Khalil ,"*" Alessandra Buonanno, ">’ Jan Steinhoff®,"* and Justin Vines®"’ (IR/ UV MIXING + OPTICAL TH M)
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PHYSICAL REVIEW LETTERS 132, 221401 (2024)

Local in Time Conservative Binary Dynamics at Fourth Post-Minkowskian Order

Christoph Dlapa ,1’* Gregor Kilin ,” Zhengwen Liu ,2’3’1 and Rafael A. Porto®'*
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Local in Time Conservative Binary Dynamics at Fourth Post-Minkowskian Order

Christoph Dlapa ,1’* Gregor Kilin ,” Zhengwen Liu ,2’3’i and Rafael A. Porto®'*
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Perfect agreement with state of the art in PN!

Implemented also in the “EOB gauge”

Fourth post-Minkowskian local-in-time conservative dynamics of binary
systems

Donato Bini and Thibault Damour
Phys. Rev. D 110, 064005 — Published 3 September 2024

effective one-body Hamiltonian (in energy gauge). Our computation capitalizes on the tutti frutti approach [D.
Bini et al., Novel approach to binary dynamics: Application to the fifth post-Newtonian level, Phys. Rev. Lett.
123, 231104 (2019)] and on recent post-Minkowskian advances [Z. Bern et al., Scattering amplitudes, the tail
effect, and conservative binary dynamics at O(G4), Phys. Rev. Lett. 128, 161103 (2022); C. Dlapa et al.,
Conservative dynamics of binary systems at fourth post-Minkowskian order in the large-eccentricity expansion,
Phys. Rev. Lett. 128, 161104 (2022); C. Dlapa et al., Local in time conservative binary dynamics at fourth post-
Minkowskian order, 132, 221401 (2024)].

PHYSICAL REVIEW LETTERS 128, 161104 (2022)

Conservative Dynamics of Binary Systems at Fourth Post-Minkowskian Order
in the Large-Eccentricity Expansion

Christoph Dlapa®, Gregor Kilin®, Zhengwen Liu®, and Rafael A. Porto®
Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

PHYSICAL REVIEW LETTERS 128, 161103 (2022)
Scattering Amplitudes, the Tail Effect, and Conservative Binary Dynamics at O(G*)

Zvi Bem,l Julio Parra-Marl:inez,2 Radu Roiban,3 Michael S. RuflIB,l Chia-Hsien ShenCD,4
Mikhail P. Solon,' and Mao Zeng®’

We provide a resummed
(gauge-invariant) version
of local+W2 instead
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AEBnyp(J,€) = AByyp(—J, €)
Adnyp(J,€) + Adhyp(—J, €) Oy, (24)
T — - o
“[...] We control the vertical... jbound(; £y — junbound(; gy _ junbound(_; o)

We control the horizontal” AND DOWT PANG




#Events| 0102 O3 04 O5 Voyager CE/ET
. 350,000 - HEAR THE WORLD /
“Waveforms will be far more complex and carry more e |/
. . . . 300,000 B 1. NS g L=l
information than expected. Improved modeling will be o | BrBE
needed for extracting the GW’s information” .
150.000
| ZO Z 5 100,000 -
Kip Thorne ]
(LaSt 3 m|nS) I Floor Broekgaarden | {l//
O0Ts 2020 | 2025 | 2030 | 2085 2040
time
COSMOLOGIST &£ ASTRONOMERS German Center for
APPROXIMATIONS Astrophysics to Lausitz! /4
ASSUME. Pl 1S ONE. /¢ e /i

BIGGER THAN THAT.

0K, WE CAN MAKE \"
T TEN. WHATEVER. ~

/ PRETTY SURE ITS




#Events| 0102 O3 04 O5 Voyager CE/ET
. 350,000 1 HEAR THE WORLD /
“Waveforms will be far more complex and carry more Nsiv o |/
. . . . 300,001 BEL. NS WL —
information than expected. Improved modeling will be oo BHBH
D needed for extracting the GW’s information” .
yz](*v’ 150,000
o 1\ f
AL | ZO Z | 100,000 -
Kip Thorne ,
(LaSt 3 m|nS) D Floor Broekgaarden
o015 2020 | 2025 | 2030 2035 2040
time
COsSMOLOGIST¢ ASTRONOMERS German Center for
APPROXIMATIONS Astrophysics to Lausitz!

ASSUME Pl IS ONE.

PRETTY SURE IT'S
/ BIGGER THAN THAT.

OK. WE CAN MAKE \"
T TEN. WHATEVER. -




NYT 1991

Experts Clash R L - .
ga?r;?:yw%m_ Ui} - Die Zeit

PN = Syt ¥ 9

., 10.203.078 s : | ; 01.01.203X

d- E ins 1. ein reloaded % /

‘New era of investigations through

- GW precision data!
IDEAS ARE TESTED
BY EXPERIMENT."

E?TS'CSI;H\IEIEQEE ~ . New particles discovered!

EVERYTHING ELSE Black holes unveiled!

IS BOOKKEEPING.,
/ Einstein was right?!

!

zomble
. Feg nman

xked *This project has received funding from the European Research Council (ERC) under

the European Union’s Horizon 2020 research and innovation programme (grant
agreement No 817791).



10721
10722}
10723 |

10724

1072

“Waveforms will be far more complex and carry more
information than expected. Improved modeling will be
needed for extracting the GW'’s information”

7

Kip Thorne %@931

024

Ad\’ancedLlGO ‘I’tidal(’U)
) TSR LT LT T e VRN PR >
EinsteinTéIeSCOpe
10 50 100 500 1000

f(H2)

S

)

COSMOLOGIST & ASTRONOMERS
APPROXIMATIONS

ASSUME PI 1S ONE.

PRETTY SURE ITS
| e

0K, WE CAN MAKE \"
n’\TEN. WHATEVER.




frontier In particle physics

Gravitational Collider Physics

Baumann Chia RAP 19’ , .,
| , New Physics
Baumann Chia RAP Stout 20 Threshold

Strong Probing ultralight bosons

with binary black holes

Daniel Baumann, Horng Sheng
Chia, and Rafael A. Porto

Phys. Rev. D 99, 044001 (2019)
EM Published February 4, 2019
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B2B correspondence 1

Goldberger Ross dI’
0912.4254 = (1+2rGMw) W7

(w,k+q)
- [ (moni )
dw

(Feynman b.c.)
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Goldberger Ross
0912.4254

— (1 -+ QWGA{UJ)

See also
Foffa Sturani

. 2103.03190
! w,k +q) d - .

m / Ao (Z?TGM - ... | pole+log coincide
. oy

(Feynman b.c.)

/ ) conservative tail

Galley Leibovich
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Local

AEo(J,E) = AEnyy(J,E) — AEpyp(—J, &)
e

—+ o0
See also bound 1 unbound _ _ 1
2007.11239
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B2B correspondence

Non-local

r_(J,&) =7_(J,€) J>0,E<0.
r(J,€) =7_(—-J,&) J>0,E<0,

1 I
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Valid in
the “large-” Unlike the local (and logarithms!!!!) this Hamiltonian does not
limit ONLY interpolate from large to small eccentricity unscathed
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