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Das Streiflicht

(S2)Im ordentlichen Krimi, mitunter sogar
im richtigen Leben, hat der Mérder auch
ein ordentliches Motiv, ansonsten gébe es
jagar nichts mehr, worauf mansich verlas-
sen kbnnte. Eifersucht etwa st als tdliche
Triebfeder gut eingefithrt, weshalb erfah-
rene Kommissare erst einmal das Liebesle-
ben ihrer Verdéchtigen nach irgendwel-
chen Unregelmfigkeiten abklopfen. Als
Faustregel gilt: In jeder Dreiecksbezie-
hung lauert der Tod. Auch Habgier ist ein
iiberzeugendes Mordmotiv, macht die Er-
mittlungsarbeit aber schwierig, weil im Ka-
pitalismus ja fast alle habgierig sind. Der
Kreis der Verdéchtigen ist deshalb oft so
grof, dass die Mordkommission den Fall
gleich zu den Akten legt oder beschlieft,
dochlieber in Richtung Eifersucht zu ermit-
teln. In manchen Krimis kommt auch die
gutealte Rache zu Ehren, und wenn die Sto-
ty besonders raffiniert gestrickt ist, reicht
die Vorgeschichte weit zuriick, beispiels-
weise bis in den Dreifigjahrigen Krieg. In
dieser unseligen Zeit, so liest man mit
Schaudern, war einem mirkischen Guts-
herren ein Perlhuhn gestohlen worden, ei-
ne ruchlose Tat, welche die Nachfahren
rund 400 Jahre spiiter mit einer vergifte-
ten Gefliigelbouillon zu riichen wussten.
In Kalifornien, im sonnigen San Diego,
ist die Palette der Mordmotive soeben um
eine interessante Variante erweitert wor-
den. Dort war die Kundin eines Friseurs
dermafienunzufrieden mit hrer neen Fri-
sur, dass sie nach wenigen Stunden Be-

Einstein was right! Congrats to @NSF and
@LIGO on detecting gravitational waves - a huge
breakthrough in how we understand the universe.

Eine Scheidungsanwiltin er-
Klért, warum Ehen schiefgehen —
und was der Kapitalismus damit
2 tun hat. Zwei junge Syrer
suchen in Osnabriick eine Freun-
din - seit der Silvesternacht ist
das nicht einfacher geworden.
Und unser Autor braucht nur weni-
ge Sekunden, um sich zu verlie-
ben. Ein Heft iiber die Liebe.

Liegtnicht der gesamten Auslandsauflage bel

Sechs Seiten Beilage

Ehe New ork Times
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denkzeit in den Salon zuriickkehrte, eine Vor einhundert Jahren erdachte Albert Einstein die i ivits ic. Seit issen Physiker, dass er rund- . -
Pistole ziickte und abdritckte. Doch wie es Der Beweis um recht hatte. Zwei mehrere Kilometer lange Messgerate in den USA haben erstmals Gravitati dem All Heute mit Immobilien:
der Teufel will: Kein Schuss fiel, auch nicht Solche Erschiitterungen der Raumzeit hatte Einstein vorhergesehen. Sie entstehen etwa, wenn massive Himmelskbrper, in diesem Kauf- und Mietmarkt
beim zweiten und dritten Versuch der La- Fall zwei Schwarze Licher, kollidieren. Der Nachweis st fiir Physiker igni > Tages

dy. Ladehemmung. Es war einfach nicht
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Binary neutron stars e s First detection
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“for the discovery that
black hole formation
is @ robust prediction

“for the discovery of a
supermassive compact object

of the general theory at the centre of our galaxy”
of relativity”

THE GRAVITATIONAL. WAVE
DETECTOR WORKS! FOR THE
FIRST TIME, WE CAN USTEN
IN ON THE SIGNALS CARRIED
BY RIPPLES IN THE. FRBRIC
OF SPACE ITSELF!

Masses in the Stellar Graveyard )

SIE

EVENT? BLACK. HOLE. MERGER IN CARINA (30 My, 30Mo)
EVENT: BUACK HOLE VERGER IN ORON (20 M, 50M)
EVENTE ZORLAX THE. MIGHTY 1JOULD LIKE To CONNELT ONl LINKEOIN

UNCHARTED TERRITORY!




“for the discovery that
black hole formation
is @ robust prediction

“for the discovery of a
supermassive compact object
of the general theory at the centre of our galaxy”

of relativity”

Discovery Potential = 202~

~ Einstein _ _ -
Telescope Precise Theoretical Predictions

Masses in the Stellar Graveyard

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




Challenge in GW Science
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‘GW Precision Data’

1000+ cycles in band @ Design-Sensitivity
100+ events per year!

el

Post-Newtonian

nPN = O(v*")




‘GW Precision Data’

1000+ cycles in band @ Design-Sensitivity S te
100+ events per year!

of the
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3.5PN order
(almost 4PN)
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The effective field theorist’s approach to gravitational |
dynamics Physics Reports
Rafael A. Porto  Volume 633, 20 May 2016, Pages 1-104




‘GW Precision Data’

1000+ cycles in band @ Design-Sensitivity
100+ events per year!

\ z ~ (v/c)?

‘/d? =
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Theoretical uncertainties
dominate over planned empirical reach

VNmz/ml
z ~ (v/c)?

* Gravitational-wave experiments on ground and in space require more
accurate waveform models: new theoretical challenges and opportunities.



We haven’t reached the analytic precision
to distinguish between compact bodies!
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U(v) = Upp(v) + ‘I’tildal (v)

e.g. Equation of State
of Neutron Stars




We haven’t reached the analytic precision
to distinguish between compact bodies!
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Fortschr. Phys. 64, No. 10, 723-729 (2016) / DOI 10.1002/prop.201600064

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

vanishes for black-

Rafael A. Porto* holes in Einstein’s gravity (4d)



We haven’t reached the analytic precision
to distinguish between compact bodies!
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Probing ultralight bosons Ph *STC‘S See S .

with binary black holes y =E SYnopsE: ‘D(U) = \I’PP ('U) + ‘Ptidal (’U)
Daniel Baumann, Horng Sheng Black Holes Could Reveal

Chia, and Rafael A. Porto . _ .

Published February 4, 2019 Threshold




frontier In particle physics

Gravitational Collider Physics

Baumann Chia RAP 19’
Baumann Chia RAP Stout 20’

1010 Distance [Km] 1
1029 10~ 19 1 1019 1049 Energy [eV]
* \ w 96 5 { 7/2
< / — = —UT ]__|_..._|_...aj
A =1 N’LO
+O(z%) + O(x )} 5PN
Gravity —— _
Black Holes Could Reveal \I!(’U) - @Pp(v)
New Ultralight Particles ‘New Physics’

Threshold




frontier In particle physics
I Gravitational Collider Physics

Discovery Potential =
Precise Theoretical Predictions
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Outline remaining of the talk...

Discovery Potential =
Precise Theoretical Predictions
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e Part I: Bound/Unbound

e Part ll: Boundary2Bound



oo oo EFT approach to GW physics "/

Goldberger Ross (2009)

o Separation of Scales for PN sources:

T'Sch Lr <LK )\GW

2 o Effective Field Theory:
| One scale at a time (“method of regions”)
*‘ T'Sch

virial

eorem AR

M — [ DIAIDE Dl e

1;2 ~ G_’m Radiation Potential Finite
T Modes Modes Size
point-particle theory
A >> ¢




* Conservative non-spinning E FT =) p p roac h to GW p hys i CS P N \ A®

for simplicity

I:Igg% Droste Chandra, Blanchet, glzrr?cc:)rlljerte;taaj{l’. ‘New Physics
Newton EIH Ohtaetal. Damour, etal. Foffa et al. Threshold’
é A aW (16XX) (1917) (70’s) (00") (2015-19))
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(4PN spin
including fluxes!)



Lorentz-Droste potential
(aka Einstein-Infeld-Hoffmann)
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EFT approach to GW physics PN

Halley Damour et al.,
Hooke Droste Chandra, Blanchet, Blanchet et al.
Newton EIH Ohtaetal. Damour, etal. Foffa et al.
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Goldberger Rothstein (2006)

EFT approach to GW physics 'V \’m

GR accounts for the

Halley Damour et al., _
Hooke Droste Chandra, Blanchet, Blanchet et al. ‘anomalous’ precession
Newton EIH Ohtaetal. Damour, etal. Foffa et al. (Precision measurements are key!)
(16XX) (1917) (70’s) (00) (2015-19)
OPN 2PN 3PN 4PN SPN 6PN
. 0 10
Lorentz-Droste potential ]_ —|— () —|— T —|— 9, —|— {9, —|— ¢ o .
(aka Einstein-Infeld-Hoffmann)
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Classical ‘loop’ = 5 )
iterated Green’s function G ]_ —|— {9, —I— ¢ o o

+ point-like sources



EFT approach to GW physics 'V

RAP Rothstein

\M

1703.06433
Halley Damour et al.,
Foffa RAP Hooke Droste Chandra, Blanchet, Blanchet et al.
Rothstein Sturani Newton EIH Ohtaetal. Damour, et al. Foffa et al.

1903.05118 (16XX) (1917) (70’s) (00’) (2015-19’)

OPN 1PN 2PN 3PN

“Tail effect”

(scattering off the
U R — lOg’U geometry sourced
by the binary)

_ Nyg G 1
é} - /kl,kz,ka,m ki p3 k3 pj kiy kis k33 k34 K3y

(ultra)soft PHYSICAL REVIEW D 96, 024063 (2017)

W radiation N\ \ Lamb shift and the gravitational binding energy for binary black holes
/ Rafael A. Porto

™ (point-like)
background binary

geometry
(1/r force)




EFT approach to Atomic physics

1 4q- m 3
(€*/4m) (E;n—(q a—aq) 3m20( ln)\ ‘ —8—) )’ (24) Space-Time Approach to Quantum Electrodynamics

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.!3

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

heatedly pointed out to the author, in private communication, 9\*p 7
by V. F. Weisskopf and J. B. French, as their calculation, com- "~ 2=
pleted simultaneously with the author’s early in 1948, gave a 0 -k .
different result. French has finally shown that although the ex- L |
pression for the radiationless scattering B, Eq. (18) or (24) above B *9'

i1s correct, it was incorrectly Jomed onto Bethe’s non-relativistic o Eo2 o Eqid ¢ Eq14

result. He shows that the re min Used by the

author should have been |[In2kna; nin.| This results in H. A. Bethe, The electromagnetic shift of energy levels,
adding a term — (1/6) to the logarithm in B, Eq. (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,

The author feels unhappily responsible \Ph)’s- Rev. 73, 617 (1948)- o
for the very considerable delay in the publication of French’s J. B. French and V. F. Weisskopf, The electromagnetic shift

result occasioned by this error. This footnote is appropriately of energy levels, Phys. Rev. 75, 1240 (1949).
numbered. - N. M. Kroll and W. E. Lamb, On the self-energy of a bound
electron, Phys. Rev. 75, 388 (1949).
STy (ultra)soft PHYSICAL REVIEW D 96, 024063 (2017)
ée@ 0\/ radiation Lamb shift and the gravitational binding energy for binary black holes
B [
> & > > % > Rafael A. Porto

~

bound
state



EFT approach to GW physics 'V \’M’

RAP Rothstein
1703.06433 8 < O

Foffa RAP
Rothstein Sturani
1903.05118

Bluemlein OPN 1PN 2PN 3PN 4PN ESPNE 6PN

Marquard Meier
2110.13822

Foffa Sturani G(]_ _|_ fU _|_ fU _|_ rU _|_ rU _|_ rulo _|_

2110.14146

non-linear
memory effect |
(scattering off the 1
earlier radiation) E




EFT approach to GW physics

OPN

G(1—|—02+v4—|—v6—|-v8_|_1]10_|_...

e = / DA | D[rt|D[r;']e

classical
‘soft’ region

G2(1+02—H}4—|—06+08 + -

)
)
)

1PN 2PN

3PN 4PN SPN

6PN

Fully (special) relativistic
integration problem!

< 1




EFT approach to GW physics

Y =Up - U2 =

1 — 02

E=M(1+vE)

I'=E/M=+/1+2v(y—-1),

OPN 1PN 2PN 3PN 4PN SPN 6PN

Westphal (1985) ! G ]_ —I— fU2 _|_ fU4 _|_ ,U6 _|_ ,U8 _|_ fulO _|_ o o o

Cheung et al (2019)
Kalin RAP (2020)

, G*(1+ v +0v* +0° +0°% +--. |

Gg(l—l—vz—l—v4+v6 +)
I(12)= 72_:’ G4(1 v? + v?

)
G5(1+v2 +>




EFT approach to GW physics

Y =Up - U2 =

1 — 02

E=M(1+vE)

I'=E/M=+/1+2v(y—-1),

OPN IPN 2PN 3PN 4PN SPN 6PN

Westphal (1985) G ]_ _I_ fU _|_ fU _|_ fU _|_ fU _|_ UlO _|_

Cheung et al (2019)
Kalin RAP (2020)
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EFT approach to GW physics

Differential Equations + boundary conditions from PN!

N = U - Uy = ! 1+2° 8;3}1(:1:, 6) — M(.’I;, 6) h(a:) 6) can be solved in terms

of Polylogarithms
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EFT approach to GW physics x/x_

Differential Equations + boundary conditions from PN!

Not canonical at N3LO

=y Uy = 1+ 633]2,(:[;, E) — M(ﬁ, 6) }—i(m, E) Introduces

M2
V1—v 2 elliptic integrals!
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Y
T B RN RN
§ = 33 -
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Dlapa Kalin Liu RAP (2021) | | See also Bern et al.

PR~ LAY
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&

“Tail effect”

(4)
Xb comb
(ﬂ'F ) = Xs T V(Xc(x) + 2X2€(x) log(l - .’13)) )




/.\ EFT approach to GW physics

TAKE Differential Equations + boundary conditions from PN! g 1t

—

Oxh(z,€) = M(z, €) h(z,€)

Lots of G3(1—|—2}2—|—U4—|—f06 + ...

*‘ g@ -, redundancy oy s
don’t panic! Dlapa Kalin Liu RAP (2021) §
2112.11296 |
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opa fan L AP EFT approach to GW physics

2112.11296
Combined (pot+tail) result includes logarithms, dilogarithms ey ]
B V1 =2
and elliptic integrals of the first and second kind |+ 22
T= 21
X(4) )
b (comb
T = Xs + V(XC(SL') + 2x2¢(x) log(1 — ) ) :
105k ( e
xs(z) = 128 (22 _'Ti)., , - __'x . conservative dynamlcs :
@) = _3ha(@)log(a) | 3@l (*F) | hi(a) = I mass ratio ¢ = 17
X @ —1)° | 3222 (22— 1) 64z? (22 —1)* = ol —— Y1PM |
(@) = _ 2lhe(2)E? (1 —2%) | Bhr(z)K (1 —2*)E (1-2%) 15hs(2)K* (1 —2%)  hie(z)log (z* +1) < I X2PM |
X = T g (a2 — 1) 8 (2% - 1)° 16 (22 — 1)° 3225 (22 — 1)° = 120]
. 3hi9(z)Lia (-(ﬁ%;) 72 has () 3hse(z)log?(2) | 3hsr(z)log(2) log(x) _ 3has(z) log(2) log( +1) = 0 0:
128z4 (22 — 1)* 512(z —1)3z4(z +1)° * 1622 (22 — 1)° 8(z% —1)° 1622 (22 — 1)* = :
3hag(z) log(2) = 3hao(z)log?(z) _ 3hai(z)log(z)log(z +1) haz(z)log(z)  3has(z) log?(z + 1) % I
1622 (z2 —1)* ' 25624 (22 — 1)° 128z (22 — 1)° 6423 (22 — 1) 2z (22 — 1)2 E 30T
, haa(@)log(z +1) | 3has(2) (Liz (*37) — Lis(-2)) _ 3has(z)Lis (%) + har(z) 7 60:
322 (22 - 1)° 128(z — 1)%z4 (2 +1)° 64(z — 1)%z* 38423 (22 - 1)° (22 +1)" :
11 12 13 14 15 16
. log 1—t) . impact parameter bnr/(GM)
ng(z)zfzd —/ —t2 l_th)a
. \/1 — 2t2 Comparison with numerical simulations
- / vi—e’ (M. Khalil et al., to appear)



Discovery Potential =
Precise Theoretical Predictions
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e Part ll: Boundary2Bound



Kalin RAP How do we compute

1910.03008

1911.09130 observables from boundary data?

3 6 4 2
3) — I 647° — 120" +60y° -5 4 v — )
X~ = (72 —1)3/2 [ 3(y2 — 1)3/2 32 YV 1(14~v* + 25)
oY ah 102 . v—1
81‘2 (4y* — 124* — 3) arcsinh —— ] ‘
X(4() |
b (comb
T XsT V(Xc(f’?) + 2x2¢() log(1 — x)) ,
_ 105h4(z)
xs(z) = m ,
x2e(x) = _ 3ha(z) log(z) " 3hs(z) log (=) N ha(z)

32z (z2-1)° 3222 (22 -1)* 6422 (22 - 1)*’

21he(z)E? (1 —2%)  3hr(2)K (1 -2?)E(1-2") 15hs(z)K? (1 —2”)  hie(z)log (2? +1)

Xe(z) = =

8(z2 —1)* 8(z2 - 1)* 16 (22 — 1)* 3223 (22 - 1)*
3h1o(2)Lia (-ﬁ%;) 72has(z) . 3hss(x)log?(2)  3hsr(x) log(2) log(z) _ 3hss(z) log(2) log(x +1)
128z4 (22 — 1)° 512(z — 1)3z4(z +1)° * 1622 (22 — 1)* 8(z2 —1)° 1622 (22 — 1)°
3hag(z) log(2) , Bhso(z)log?(z)  3hai(z)log(z)log(z +1) | haa(z)log(z)  3has(z)log’(z +1)
1622 (22 —1)* ~ 25624 (22 —1)° 128z4 (22 — 1)° 64z3 (22 - 1)7 2z (22 — 1)?
haa(a)log(z +1) __ 3hs(e) (Lia (552) — Lin(-)) _ Shao(@)Lin (251) har(a)

3223 (22 — 1)° 128(z — 1)3z4(z + 1)° 64(z — 1)22% 38423 (22 — 1)° (22 + 1)

/
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How do we compute bouna
observables from boundary data?

/

Conservative effects ' ﬁ) \ AG

Conservative 3PM Hamiltonian

3 6 __ 4 2 _
%" = (72 f 1)3/2 [647 32237_ ;;3327 " - %%7\/727—1(1472 +25)
Y /B, Cheung, Roiban, Shen, Solon, Zeng (2019)
—8— (44* — 1242 — 3) arcsinh -1 . . |
T2 2 |- The O(G®) 3PM Hamiltonian: H(p,r) = \/ p? +m? + \/ p? +m2+V(p,r)
3 Q 1
_ (2 d
. . Newton in here Vip.r) = Z ci(p”) (|r|)
Gravitational / =1
4 2
- - 2m2 2m3 |3 dvo (1 — 202 2(1 — 1 — 202
interaction e IR =] LT W U L ] |
iIs UNIVERSAL St [ 1 1 (3 +1202 — 40*) arcsinh /22
€3 = — (3 — 6v + 206v0 — 5402 + 108vc? + 41/03) —
v2€ |12 o2 —1
B 3v7y (1 — 202) (1 — 502) B 3vo (7 — 2002) 2 (3 + 8y — 36 — 1502 — 80y0?% + 15502) (1 — 202)
2(1+9)(1+0) 2v¢ - 4y3¢2
23(3 — 48)o (1 —202)°  vA4(1 —2¢) (1 — 202)°
+ ,7,453 T 2,\/,654 ?
m =m4 + mg, p=mamp/m,  v=pu/m, v=E/m,

¢ = E\Ey/E?, E = F;, + Eo, o = p1 - P2/Mimea,



Kalin RAP How do we compute
1910.03008

1911.09130 observables from boundary data?

/

Conservative effects

Conservative 3PM Hamiltonian

(3) . FS 64’)’6 — 120’)’4 -+ 60’)’2 -5 4 v \/27 9
X = — ——=vvV7? — 1(14~* + 25)
’ (v = 1)%/2 [ 3(v? — )32 13 ™ /B, Cheung, Roiban, Shen, Solon, Zeng (2019)
v , v —
—805 (47" — 129" — 3) arcsinh [ — ] | The O(G®) 3PM Hamiltonian: H(p,r) = \/ p% +m? + \/ p2+m2+V(p,r)
3 G {
Newton in here Vip.r) = 221 ci(P°) (W) ’
/ =
. V’2 2 2.3 [ ,. 2 2 ¢ 22
NOthIng Wrong, but... . — vem (1_202). oy — v m 2(1_502)_41/0(1—20’ ) v (1—s)(1—20 ) _
3¢ ¢ |4 € 2y3€2
IN THE ON-SHELL SPIRIT. [N 1/2,”4 1 iy (3 4 120.2 . _10.4) arcsinh UT—I
DO We rea//y need the C3 = e |10 (3 — 6v + 206vo — 540° 4+ 108vc” + 4vo ) — ——
3v7y (1 — 202) (1 — 502) 3vo (7 — 2002) 2 (3 + 8y — 36 — 1502 — 80y0?% + 15502) (1 — 202)
—much more cumbersome B e et s
_ | 233 — 48)0 (1—202)" w41 —2¢) (1 —202)°
and gauge .de,o.enden t. + i AL |
Hamiltonian?
m =ma + mg, p=mamg/m, v=p/m, v = E/m,

¢ = E\Ey/E?, E = F;, + Eo, 0 = pj - p2/Mmima,
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B2B correspondence
1911.09130
Conservative effects
1 @)
— / J dr
T Ji_(56)) r2y/PHE,T) — J2/7?
Scattering Periastron
angle advance
~ Th t excitl h
r (J,E)=7_(J,E) J>0,E<0. . OACEXCIE iiTase
to hear in science,
ro(J,€) =7_(=J,E) J>0,€E<0, the one that heralds
R ———————————————— new discover 1es, 1S not

“E“ n EKAl :
a

endpoints related by analytic continuation!
but, “mat's funny..”

—Isaac Asimov
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B2B correspondence

Conservative effects

M

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

1 / > J q 1 /7‘+(J,<‘3) J i
— Tr. — T
m Ji_(1€) T2/P2(E,r) — J2/r? T Jr_(gg) r2/PAHE,T) — J?/1?
Scattering Periastron

angle advance

‘ AD(J.E) = x(J.E) + x(—J. ) '

LOOP AROUND INFINITY!
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B2B correspondence

1911.09130

Conservative effects

A(I)(Jag) — X(Ja 8) + X(_Ja g)

Analytic

At the level of the radial action: continuation
E <O

7;7(~bound) (8 <0, J) _ i£unbound) (8 <0, J) . i7(~unbound) (8 < O,—J) |

Central object for the bound problem:

AD 1L 1 OE(E,m,)
:(bound) — | | _ — . .
(GMp x) 63,°° (J,€,myg) (1 > ) 0J Q. o€ Ea Q. ((z ) ) om

ALL conservative observables!




Kalin RAP Liu RAP Yang

1910.03008 2102.10059 BZB CO rreSpOndence

1911.09130

TN

valid for (planar) aligned-spin

Conservative effects

A(I)(Jag) — X(Ja 8) + X(_J7 f,')

Gl
37
J total (canonical) ~ Bl
angular momentum

At the level of the radial action:

Analytic
continuation

7;7(~bound) (8 < O,E, a ) _ igunbound) (E < O,f, a::) o i7(~unbound) (g <0, _e’ _&:) -

Central object for the bound problem:

AD 1L 1
‘(bOllIld) — : I o
(GMIL X) 627. (']’ 87 ’”’a) (1 271' ) 6'] er 68 Ea : Qr (<Z )

ALL conservative observables!

E <O
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B2B correspondence

1911.09130

Conservative effects

AD(J,€) = x(J,€) + x(—J,€) B =M(1+ve)

' =E/M=+/1+2v(y-1),

3(35—10v) 3 194 — 184v + 2302
= 7 - | 10 — 4v = E
47 452 \ j

_ 2 3
5 By 42 - 3535 — 6911y + 3060u 375 £2
1052
35910 — 126347v + 12555912 — 599200° + 738514
2 3
ONE-LOOP Xi _ 3 5% —1 (5 —4v)r”A 140,72 ) £

EXACT! T 8 42-1 \ .

&?,/((5—201/“61/2) §)£4+--- ,
N\




828 correspondence

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

e dE
AEhYP(ng) :/ dtd—E AEGH(J, 5) — %dtﬁ

J

Aligned-spin configurations
Adiabatic Approx.



B2B correspondence !

valid for (planar) aligned-spin
Radiative effects

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

p— _ AE@ :],g — dt—
AFny(J, ) /_OO dt - u(J, &) 7{ 7
dE dFE
—(r, &) = —(r,—J, &)
+° dr dE & & " dr dE
2 J E
2/,,: Pl G /T Pl G

Similar to radial action: Loop-around!

AEe(J,E) = ABwp(J,E) — AEL o (—J,E) 1 £<0

Aligned-spin configurations
Adiabatic Approx.



B28 correspondence

valid for (planar) aligned-spin
Radiative effects

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

— — 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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B2B correspondence

Radiative effects

——————————————— X e ] 1 ] 1 e — T+ —T-
cos | —)+cos | — | =7 ry +7r_
e e
2 2 2
. M2 | 850/2VE  2692./2E3/2 850 1464  296E&2 1 1 . B Mv® |80 1464Ew  296&E“m £ [ 46617 B
AFEwp(7,€) = T [ 75 -+ 3 R (3—7 - 7 - 73 ) cos (_E) AEell(J,g) T 7 -+ 7 + 73 + 7 . 10464v
V2E5/%(2506431 — 3009160v) N £3/2(182337 — 140480v)  7VE(—5763 + 3220v) +77r(5763 — 3220v) N 15Em(2259 — 2120v) N Em (4786 2331
105(1 + 2€52) 5 3v/2(1 + 2£52) 46 2v/2(1 4 2£52) 48 459 247 ;3 7
| 2V2€7/2(~89907 + 1563800) | (€ (5 —150000) | E2 (405 — 10464v)
35(1 + 2€52) 52 57 75
i — 56350 | £° (@“— 888v) \ 1 (_1
]9 ]J e

AFEe(e, &) = AEywp(e,E) — AEpyp(—e, E)

only odd terms survive
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B2B correspondence

Radiative effects

What about the tail Hamiltonian”? Loop around again! m

Htaﬂ(’I“, g, ]) — Htaﬂ(T, 5, —]) (Local & Non-Local)

Z-bound(j’ g) __ iunbound(j7 g) o iunbound(_j’ g)

T T




r—(J, 4 J, £) £ < 0.
e ’7"‘- (~ ) 0
,}/:.', 3 '. \.P
/\‘.‘ ; "'

What abo vtail Hamiltgelan”? Loop? K

aind again! m
. \ \;, ,{‘ \\\ »

Htall("“ E ]) \’ tail(ﬁg,—]) \\

. -
. ., e g
- . -
' . »
[ ] o ~E ,
Zbound ‘ 5)
g ’ - j
» » : . "
. P . '~ s W A 5  * ) .\' . : B > . ' |.’ - ‘ ’
sy ! . « B . . rF
< v G X .‘ . "o
- - » g 4 . - .' ‘s 5 . . - . .. a® % " ! 2 :
ol s . - 5 . . X « v _Fs . 4
[ . -4

:tlarge_jn /oo dr |
limit ONLY /- n@&¥

T



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

2027_
Kip Thorne ‘Last 3 minut %93:

More ‘luminosity/sensitivity’ e———_____ Einstein
- sPo WS = . = lelescope
at ‘short/long distances’

P—

‘New Physics Threshold’ @ @
3G

e Energy/Frequency Frontier

T N I [ _ _ _ also 2G+!
| = e Luminosity Frontier

10—25 . R B | Lol
10 50 100 500 1000
f(H2)
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“IDEAS ARE TESTED
BY EXPER)MENT."
THAT 1S THE CORE
OF S5CIENCE.
EVERYTHING ELSE
IS BOOKKEEPING.

/

New era of foundational
investigations established
through GW Precision Data.

New particles discovered!
Black Holes unveiled!
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Was Einstein right?!
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