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See Julio’s tutorial
& Zvi’s talk

How do we compute

Observables from PM data?

CRS
1808.02489

BCRSSZ
1908.01493

The gravitational
Interaction
is UNIVERSAL!

BUT: Do we need the
Hamiltonian?

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

1PM (1 +0% + vt + 08 + o8 +0l0 o124 ol ...

2PM (1 +v® +v* 4+ 0% + 08 +01%+012 4.

3PM (1 + v+ v + 08 + 08 40104

4PM (1 +v%+v* + 0% 408+

sPM (1 +v2+0t+0% +---

/
/

O

Conservative 3PM Hamiltonian
ZB, Cheung, Roiban, Shen, Solon, Zeng (2019)

The O(G?®) 3PM Hamiltonian: H(p,r)=1\/p?>+m2+4/p?>+m2+V(p,r)
3 G (
Vip,r) = Z ci(p?) (m) :

koK
>< — —iV(k, k')
kK

Newton in here

/ =1
v1:2m2 9 v2m3 |3 _ oy Ao (1-20%) 2(1-¢)(1- 202)2
('lzw(l—QO ) (.2:'776 1(1—-)0' )— A}f — 2’\/362 .
Cmt1 s , 7 (3 + 1202 — 40*) arcsinh,/ &L
c3 w7 D (3 — 6v + 206vo — 540° + 108vc” + 4vo ) — N
vy (1 - 202) (1 - 502) 3vo (7 — 2002) v? (3 + 8y — 3¢ — 1502 — 8002 + 15&72) (1 — 202)
21+9)(1+0) 29 4y3¢2
203(3 — 48)o (1—202)2 v4(1 —2¢) (1—202)3
+ ,\/453 2,\/664 ’
m =ma +ms, p=mamp/m,  y=p/m, v=E/m,

¢ = E\Ey/E?, E = FE, + Es, o = pi - pa/mima,




Kalin RAP
1910.03008

The gravitational
Interaction
is UNIVERSAL!

BUT: Do we need the
Hamiltonian?

O

Conservative effects

ON-SHELL SPIRIT:

gauge-invariant
information!

S8
Conservative 3P

ZB, Cheung, Roiban, Shen, Solon, Zeng (2019)
The O(G®) 3PM Hamiltonian: 7 (p,

. Vip.r
Newton in here (p.7)
v1:2m2 5 v2m3 |3 o Avo(1-20%) 2(1-¢) (1- 202)2
c1 — 726 (1 — 20 ) Coy = _’725 Z (1 — J0 ) - 'y{ - 27362 .
2 4 4v (3 + 120% — 40*) arcsinh/ &2
cs = ”7;2 1_12 (3 — 61+ 206v0 — 540 + 108002 + 4v0°) — ( \/02__)1 -
vy (1 — 202) (1 - 502) 3vo (7 — 2002) v? (3 + 8y — 3¢ — 1502 — 80y02 + 15{02) (1 — 202)
21+7)(1+o0) 27€ 4y3¢2
23(3 — 480 (1 —202)° 141 —2¢) (1 —202)°
+ g3 + 9667 J
m =ma + mp, p=mamp/m, v=p/m, v =E/m,
{ = E\Ey/E?, E = E| + Es, 0 = p1 - p2/mima,



ON-SHELL SPIRIT:

gauge-invariant
information!

Conservative effects

BCRSSZ ‘ .
1908.01493

observed to be the same
in “Y-basis’ to 3PM order

P (r, E) = p2u(E) + iPi(E) (G)

r

M(r,E) = gﬂn(E) (g)n

Scattering amplitude

—~ 1 d’q
M(r’ E) = E (27!')3

M(q,p? = p2 (E))e 9T

The most exciting phrase
to hear in science,

the one that heralds

new discoveries, 1s not

|

but, “that's funny..”

—Isaac Asimov




Kalin RAP
1910.03008 ON-SHELL SPIRIT:

gauge-invariant
information!

Conservative effects

——

o0 G ) 3 ,*
p*(r, E) = p3,(E) + )  Pi(E) (7) ) Impetuz Formula’_
LT P E) = p(B) + M(r, B)
M(r, E) = ZM'H(E) (7) \—/
n=1
Direct algebraic relationship
Scattering amplitude (Firsov Formula)
M(r,E) = 1 [ d'q M(q,p? = p° (E))ear _ 2 [ Xb(b, E)db
E) =35 | o M@P” =rx PE) =e |- |
T Jrlp(r,E)| \/52 — r25%(r, E)

¢
n) VT n-l-l) 1 f3,

W=V () v L
2 2 aeP(n)P(1+§_E£) ; ot!

* IR-finite part ( ‘potentials’ only)



Kalin RAP
191003008 ON-SHELL SPIRIT:

gauge-invariant
information!

Conservative effects

Recycle ) 4
v

old idea from
Sommerfeld

Radial
Action

E—M
Scattering 1 X 85,,,. €= o> 0

angle ) I 0.J Un-Bound




Kalin RAP
1910.03008 B2B correspondence

gauge-invariant
information!

Conservative effects

p?(r, E) = p% (E) + M(r, E)

Analytic
continuation!

Observables A E-M
Bound Orbits

<0

L (%) _ BE(e,ma)) 5. Bound




Kalin RAP
1911.09130 B2B correspondence

gauge-invariant
information! ,

’Acb
\

p?(r, E) = p%,(E) + M(r,E)

2 [ xs(b, E)db
r,E Xp | —
p’(r,E) =e |: /lp( E)| \/b?' r2p2(r, E)]

1 /00 J 1 [r+(E) J
— dr, — / dr
T Ji_(g8) T2y/DP2(E,T) — J2/12 T Jr_(38) T2y/D*(E,T) — J2/1?
31h | 37 The most exciting phrase
4X(4) poo (fz +2f1f3+ 2f4) 1,4 (M + 2M1M3 + QPOOM4> to hear in science,
1 A M=
the one that heralds
A o2 T2 4 2N 2 TG new discoveries, is not
¢ 3 + 2 + 2 p ’
8D _ MaG [ 3(My +2MMs + 2o MAG | o) ey EUREKA!
2m 2J 8J b Fass
ut, “that's funny...
Generalizes to all orders T ASAACANMOY
1/j — GM,u/J the one-loop result in

Caron-Huot Zahraee
1810.04694



Kalin RAP
1911.09130 B2B correspondence

gauge-invariant
information! ,

Conservative effects

——

r—(J,€) =7_(J,&) J>0,€<0.
’l"_|_(.],g) =7r_

(—=J, &) J>0,E<0,

o0 -~ ~
P(r,E) = exp | > / xb(b, E)db
oo o

1 o0 J q 1 r+(J, J q
— T — T
71-7“2\/p2(5,’r) - J2/T2 | T dr_(JE TZ\/pz(ga ’I“) _ Jz/'r2

Loop around infinity

AD(J,E) = X(J,€) + x(=J,€), |

& <0,




Kalin RAP
1911.09130 B2B correspondence

gauge-invariant
information!

Conservative effects
AD(J,E) = x(J,E) + x(—

At the level of the radial action:

. Analytic
bound(% g) _ unbO’u,"rLal(]7 g) unbound( —3. 5) continuation

(2
<O
Central object for the bound problem:

(2n) £
ST” = 88(Poo) X )(8 _]( Z (1_2: )2n)

58, (J, E,ma) =

A® B 1 (, ,_9BEm)),  ALL conservative
<l+ 2“>5J+9r68 2 (< " oma )5 ) observables!




Kalin RAP Liu RAP Yang
1911.09130 2102.10059 B2B correspondence

gauge-invariant
information! ,

/

___________ Conservative effects ’A g
AD(J, &) = x(J,€) + x(=J, ) J
valid for spin )_)

J total (canonical)
angular momentum At the level of the radial action:

i‘f‘bound) (g < O,E, &i) _ i7(‘unbound) (g < O,f, &:I:) o is‘unbound) (8 < 0, —E, _&:I:) ,

a=a/GM
Spinning bodies:

2n K2“+1 (2n — 1)¢2n

. ~ A o X even(g’a'i)
z,.<e:,e,ai>=sg<poo)><é”(5)”(_ ( o e

bound



Kalin RAP
1911.09130 B2B correspondence

gauge-invariant
information! ,

/

Conservative effects ‘ ﬁq\ A

This “PMtoPN” map *formally* connects
the G/J coefficients of the radial action(s)

(2) (4)

. _ P (1) - 2 [ X; - X even

lr = 2Xj —J|1—-= 2 344 T <jicoefs

—D5 T\ J J | '

oPN 1PN 2PN 3PN 4PN PN 6PN 7PN
(PM (1 4+ 02+ v + 0% + 0% +0104024+0M+...)G Caveat: ]_/JN ‘poo|
2PM (1 + 02+ + 08 + 08 +01094+0124...)G? We need various PM 2

orders to complete PN Do ™ E

3PM (1 + 02+ vt + 0% + 08 +01%9+...)G®

4PM (1 + 02+ 0t + 08+ +...)G*



Kalin RAP
1911.09130 B2B correspondence

gauge-invariant
information!

Conservative effects

This “PMtoPN” map *formally* connects
the G/J coefficients of the radial action(s)

2 4
r /_pczx) J T j2 3j4

. PN
— 22 (E) (1 + 4B (7) ) suppressed




I
To appear B2B correspondence ’WWV\M’”
gauge-invariant §

information!

Radiative effects?!

(J,E) J>0,E<0.
(—=J, &) J>0,E<0O0,

r_(J,€) =7_
= F_

'r_|_(J,8)

TO0 dE
P AFEn(J,€) = %dtﬁ

A B (J, €) = / =
? ’I“_|_ E
2/ dr d (r,J, &)

— OO
rodt

T dr dE
2 J, &
| e

Adiabatic Approx.



To appear B2B correspondence WNWW”

gauge-invariant
information!

Radiative effects

——

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

dE
AEhyp(J,g) = / dt — 4—» AEell(J,g) — %dt—

T dE

dt dt

— 0

T dr dE
2/ raE g

_ " 0iTH(p?+J2/r2,r) )

Similar to radial action: Loop-around!

J,E) = AEnyp(J,E) — AEyLy,

See also AND

Bini Damour

2007.11239 Adiabatic Approx. MORE!

E <0

aEa )



To appear B2B correspondence WNWW”

gauge-invariant
information!

Radiative effects

——

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

Sign flip AND
Similar to periastron to angle MORE!



Il
To appear B2B correspondence MWV\M"’”
gauge-invariant
information!

Conservative!
Radiative effects

Goldberger Ross dl’
0912.4254 = (1+ QWG]\@ 7
dw

Energy
spectrum!

OPTICAL
THEOREM

~—




Ml
To appear B2B correspondence VY \’ﬂ‘“
gauge-invariant
information!
Conservative!
Radiative effects
M
Qr M |2 Q" 2
Goldberger Ross
0912.4254 = (1+ QWG]\@
See also
Foffa Sturani
2103.03190
OPTICAL pole+log coincide
THEOREM ' v

conservative tail

Galley Leibovich
RAP Ross in-in b.c. = : )
1511.07379
d—4
dE Ret — [—(w 4 i0™1)?] L
Seft = _/Htaildt — Htl:,gfl X % d 1 4 Dlsirr)ritwe
Feyn ——[-w®—i07]""*



|\
To appear B2B correspondence ’WN\/\M’N
gauge-invariant
information!

\ Local Conservative
; Radiative effects

1 [T

o )

Htalldt

Bini Damour

See also 1
o 5S£0und _ _2_ %Htaﬂdt 58gnbound
2007.11239 d

v

ibound(j7 5) _ ;unbound (], g) unbound( —7, 5) (local)

T

,r.

ir(5,€) = S — sg(ﬁoo)x(.l)(g Z Qn) ) (local)
’ GMp J (1 — 2n)j2n
dFE
_ , , loc . % <«—— Same map for
Seft = / Hyandt Hiqi X At orbital elements

and Firsov



To appear

i
B2B correspondence WN\/\M*N
gauge-invariant
information!

Non-local Conservative
Radiative effects

——

r—(J,€) =7_(J,&) J>0,€<0.
’l"+(.],g) =7_

(—=J, &) J>0,E<DO0,

1 1 [T
5Sbound _ %Htaﬂdt 58gnbound _ Htaﬂdt

21 ) _

v

ibound(j7 5) -u’nbou,’rwl(j7 g) o -unbound(_j7 5) Total (L+NL)

=1, (

r Conserv.

Valid in
the “large-j”
limit ONLY

What about the non-local part? Loop around again!

E.7 o
L8 S
285 A
g \ _\
&
) WR
o0 d?“
[ warkMING R
Rt 7 S e —_—
r Pr




To appear B2B correspondence ~ VY J\J"J\"‘“
gauge-invariant
information! g
Non-local Conservative

Radiative effects

——

L r(J,€) = F_(
l ry(J,€) =7_(=J,E) J>0E<0,

(J,E) =7_(J,€) J>0€<O0.
1 unooun 1 +oo
08, = ~“9- ]{Htaildt gSpmbound — ~9- Hiandt

v
- - - Total (L+NL)

l igound(% 5) _ ignbound (], 8) . Z.;(fnbound(—], 5) o

Averaged Hamiltonian

oH (ira J ) = —{}, [ivqf,?gil (] € ) - i;f,?gil (_] , € )] E—E0(ir,7)

Valid in

Unlike the local part this Hamiltonian does not

the Jarpe interpolate from large to small eccentricity unscathed!

limit ONLY




|\
To appear B2B correspondence MW\/\J\M’”
gauge-invariant
information!

Non-local Conservative
Radiative effects

——

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

5Sbound _ _i H..dt 58unbound _ _i +00 Htaﬂdt
r o tail r A7 .
v
-bound / - __ sunbound/ - -unbound -
(28 (378) — 1y (378) — 1y (_]78)

Ga'l'qexll—%ibovmh BUT we already know the universal structure of the tail term Blaiif] eat'se‘t’ N
OSS .
1511.07379 dissipative 191212359
Jakobsen et al. Known GM / dw( ' "o )
210112685 atGnal ~ !

Mougiakakos %%2 ?& Universal UV pole Universal Local terms

Riva Vernizzi .
: /
9102.08339 cancels potential IR non-local part Must compute in PM!
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Kalin RAP Liu RAP Yang .
2006.01184 2102 10059 PM EFT for scattering

iSert[zal _ / Dh,,, ¢iSei bl +iScrlh]+iSpplza k]

external source

Sop = = 35 [ ATagu (@a (1)) 0 (Ta) 0% (2a) = 5 [ draSun(ra)ui () (7).

B
CESQ

/ dTAEaSiSca + Cp2 / draB, BM . oo

2m 4 effects

spin-induced moments tidal effects

Simplified Feynman rules through GF and total derivatives (but no field redef.)

1 1 1

. 1
o + 1B, ko0 P — W Byhyy® by + hdghy 07 R

w i v v v v
h sk q) = — B [k"k + (k@) (k+9)" +d"¢" = 5n

Lots of redundancy in GR
— No need to panic!



Kalin RAP Liu RAP Yang .
2006.01184 2102 10059 PM EFT for scattering

iSenlaal _ / Dh,,, €iSemlh+iSGr (R +iSpplzah]

Post-Minkowskian expanded solution (Euler-Lagrange egs.)
vi(n) Fupt D 0, SE 2 8SR(ma).
n
zh () = Uy A ulima + ) 6™ali(ra),
n

Compute total impulse from the action...

Ll Y , oo :
Apl = _WHV/ dre —— Ox” (:Ba('ra)) AS% :/ dT{SZl wceff}

—oe — 00

.. and (planar) deflection angle in the centre-of-mass

1 A \/ —Ap?
2 24 Poo Poo



Kalin RAP PM EFT for scattering

2006.01184

eiS’eﬁe [Ta] _ zSEH [h]+iSar|h]+iSpp[za ,h]

/\

1€ prescription , Potential Radlatlon
irrelevant Modes Modes
(ko < [K|) (ko ~ |K|)

NRGR

(Goldberger & Rothstein, ... )

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

Total Flux
(optical theorem
with Feynman)

(
k2 + 0

P prof



Dlapa Kalin Liu RAP PM EFT for scattering

to appear
Schwinger-Keldysh Formalism
. 1,2 . . . C
eZSeff[ma] — Dh"z 6ZSEH[h]+ZSGF[h]+ZSpp[33a,h] :
/ \ Radiation-Reaction
(Cons + Dissip)
ieprescription | Potential Radlatlon ;
irrelevant
‘Modes Modes (w+i0)? — K2
(ko < [K|) (ko ~ |k|)

( 0 Gadv(:c _ y) )
Spp = pp["?a(1)a hyw(1)] — Spp[wa(Q)’ hyw(2)] -

oo . |Ap,|com
Apl, = —7)"V/ OL1 drg * 2sin(x/2) = 2
a 00 0$Z(_)(Ta) PL ’ q pOO
o O d @ « u’éoM - 7nlu;1t]\_'[l_];nQU’2£ ’ AEGCOM(‘]’ 5.) — Ap a U’COM
Tg—y — 0 and 27,y — 27, "

* A bit more subtle when recoil is relevant (does not affect conservative-only part)



Galley Leibovich PN EFT for bound states

RAP Ross ‘* \ A®
1511.07379 in-in NRGR \

1.2 C
1S |Tal L2 aSgH|R|HESar|h|+iSpp [Ta,h
eiSerlzal — [ D, ¢iSonlhl+iSarlhl+iSplrah]
/ Radiation—Reaction
(Cons + Dissip)
Potential Radlatlon
_Modes Modes
(ko < |k[) IR/UV (ko ~ |K)
Integrals are cancelation! Integrals are
much easier RAP Rothstein much easier
BUT spoils IR! 1703.06433 BUT spoils UV!

Foffa RAP Rothstein Sturani

5 1903.05118
oPN 1PN 2PN 3PN 4PN |sPN| 6PN 7PN m

1PM 1+ 02 + vt 4+ 08 + 08 o042 4 M 4.

Q

eKX =1 4ik-x+---

)
1 1 p(z) 2PM (1 +0% 4+ vt +° ¢} vs+vlo+v12+...)G2
2 2 = T2 1+_2+"' '

Py— P p p 3PM (1 + 02+t 08+ 08 +01%+...)G®
Foffa Sturani

4PM (1 +02 o+ 08 +08+-..)G*
1907.02869

sPM (1 +02H+ v+ +.-)G°

Bluemlein et al.
2010.13672




PM EFT for scattering

JiSett|Za] _ / Dh},, eiSenlhl+iScr +iSpplzah]

/ \ Radiation-Reaction
(Cons + Dissip)

Potential Radiation
_Modes Modes
(ko < |KJ) (ko ~ |K])

(classical) “Soft” Region



PM EFT for scattering

SiSett|Za] _ / Dh},, eiSenlhl+iScr +iSpplzah]

/ \ Radiation-Reaction
( + )

Potential Radiation —

Parra-Martinez Modes Modes ?Eéjégg; @%?g
Ruff and Zeng - PrOgre

2005.04236 (ko < |KJ) (ko ~ |K)

Kalin Liu RAP _ _

2007.04977 (classical) “Soft” Region
Di Vecchia et al. s kAl

2104 03956 IR/UV finite!

Differential Equations | 9, h(z,€) = e M(z) h(z, €)
b.c. from entire region

(v — 1)

Single scale!

*UV from finite-size only



PM EFT for scattering

STAV TUNED!

ZSeﬂ‘ [Ta] _ D h zSEH [h]+iSar|h]+iSpp [wa,h]
/ \ Radiation-Reaction
( + )
Not h Radiation —
o enoug —_— > Modes %@?@K%K i
at NNNLO (k k DPOEress
o~ KD T 7

100%

(classical) “Soft” Region

IR/UV finite!

Differential Equations | 9, h(z,€) = e M(z) h(z, €)
b.c. from entire region

(v — 1)

Single scale!

1 + x2 B (only 7 in potential - solved)

2¢ NO PN SERIES
EXPANSION!




Zgglg_\o'jﬁ\gél PM EFT for scattering

Kalin Liu RAP

2007.04977
giSeri[zal — / Dh,,, ¢iSei b iScrlh]+iSpplza k]

/N

Enough Radiation
—
at NNLO Modes
(ko ~ |K|)

(classical) “Soft” Region

eight elements & ol
canonical to NNLO IR/UV finite!

Differential Equations | 9, h(z, €) = e M(z) h(z,€)
b.c. from potentials

Single scale!

T ———
‘<I> _1-}-'.52

= Y= U U
Y 2£,’Y 1 U2




Kalin Liu RAP PM EFT for scattering: NNLO

2007.04977

Integrals (one family!):

My (2,7) = / O(k1 - o) (ks - )
nin23t1-+1s5 k1. ko A?,;AS,QJD;ID;’

)

Ary=ki-uy, Asy=ks -uy, Dy =ki, Dy =k,
D3 = (ki+ka—q)?, Dy = (k1—q)*, Ds = (k2—q)>.

POTENTIAL REGION: DEQs with b.c.
from the static limit of NRGR!

X%Wf‘@a

4PM: O(20) Feynman
diagrams+iterations
in PMEFT

Everything you wanted to know about 3PM
(coincides with IR-finite Amplitude
via impetus in Y-basis)

k-1 /-1
P 18y% — 1 81/ , 4 Sinh 2
12vy“—4
Ve ( op T (3+12y"—4y%) o1 +

) 18T'(1 — 29%)(1 — 5v°)
- (6 206y—108~*—4v° + (1+T)(1+7) ) ) |

(Objective & Subjective) Advantages

e We land in the classical integrand:
Soft-expanded & cut (massless)

 No divergences/ambiguities:
No “super-classical” nor region-induced
in classical soft region.

e B2B on-shell: No Hamiltonian, nor extra
EFT matching nor Born iterations.

Main ‘drawback’:

* Feynman diagrams (significantly fewer
than in NRGR and simpler!)

T —




Kalin Liu RAP Kalin RAP B2B dictionary  NNLO

2007.04977 1911.09130

Map from angle
to periastron advance

\ -
Full 3PM result agrees with literature to 2PN
3(35 — 10v) 194 — 184v + 2312
: : £
454 j?

— 6911 2 _ 3
& Eyt a4 3535 — 6911y + 3060u 375v g2
1052
35910 — 126347v + 1255592 — 5992012 + 73851/4)
14052

83

(5 — 4v)v? +

~
v

_|_

\ LA ((5—201/+16V2) 5) Efvt -

3t4j 4 ’ ONE-LOOP A®  M3G?
EXACT!  9opr = 972

S ——————

1/j72 is predicted to all orders in v P & jp, = M (57'2 - 1)
(local) 4PM will complete 1/j*4 g 2 r




Kalin Liu RAP Kalin RAP B2B dictionary  NNLLO

2007.04977 1911.09130

Map for ALL
Dynamical Invariants!

——

Without
HAMILTONIAN!
AP L
0Sr(J,€,my) = — (1 —) 0J + —0E
M= | (15-v) 555+ 300 +11° ( : 2m Q,
-+ 1 OE(E,m,
s 8 128 -ZQ—T(%)— éma ))6ma
N 3(2v —5) 194 — 184w + 2312 3 *
27 453 ©GE)= g e)=%j’,
N 15(17 — 9v + 2v?) +21620 — 28592 + 876512 — 8651° N o /A
87 8053 Q‘ﬁz"r*“’”:ﬁ(”ﬁ)'
L=2
GMQf,, : .3 15(2v — 7) N l(,, _15)4 15(v —5) 3(1301 — 921v + 102v%) .
€2 5 454 852 3244 e = 28
(3(21/ — —284 + 220v — 2312 +3(913 — T28v + 1061/2)) 3
45° 7 3PN match
3(895 — 150v + 51v2)
— (555 + 30v + 1112 :
(128( 30y + 1107 + 128, 3PN missmatch
_ 3(=270085 + 251236 — 705450° + T4700°) , _
25607 ) € Higher o.rders
N (15(17 — 9 + 2?) | 31520 — 344420 + 1002502 — 8651/3) 3 velocity

8 e



Kalin RAP 1t
o1 oo B2B dictionary

Valid for (aligned) spin!
J=canonical total ang. momentum

(D™
A(I)(Jag) =X(J,8)—|—X(—J,£) J

x(4ae) [1, 1 (v—=15), 1  354+30v+3v° (3]l
or | (=e) 8w (=e)x + 1287 (=e)? 14
Angle from '3 3(2v — 5) 3(5—-5v+4v?) , Tay+ Aa_ 1 Periastron from
Vines Steinhoff Buonanno + i + 4 €t 16 ¢ o0 ¢ Tessmer Hartung Schaefer
1812.00956 bA(v —3)a— +(23v —25)ay 3| 1 1207.6961
+ (—e€)2
167 20
[ 7Tar +Aa_ (v —6)Ada_ + (Tv — 18)ay
+ [— 5 — 5 €
- 3((15 - 14v + 20%)AG_ + (25 — 38v + 14v%)ay ) 2
16
2 3 33+v, .1 3003-—1090v —5v%+128a2 , 1] 1
BT A el 647 (=9)?| 3
[3(35 +2a% —10v) 10080 — 13952v + 12372y + 144012
- €
4 128

624Ad_a. + 24(1 — 8v)aZ — 24(12v — 61)a2 1
— na €+... ﬁ_*_...
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, N 2792 -1 35v2—-1 1 as 2 asap
iPPME b as) = —+ ==+ ST+ - Y PG+ Y XM
A=+

\/1_72 4/ r 2

A2(1,€) = X(.€) +x(~T,€)

A@a)X _GM 4y ay 292 -1 (k+ +2)a% + (k+ — 2)a® +2k_a_a4 A®  3(5y2-1) 1 6 . _ ~ ) _ ~ 1
ro (\/—72_1 o~ 2(2-1) 2 or = ar £ [—r T+ 67 -DO-1)(Ta, —da-) =75y =3)(%a- + 7“”] i
. (G_M )2 v(5y2—3) Tay +da_ 3 Aira2 +A_a® +2)\;_aja_ N l _ 64y(57*=3)(v-1) (66 +7a)(Cas — ba.)
ol ) \402—1p2 Bl 256(y> ~1)? 2 ,
192(5v°-1)(v-1)? . . i 2 ~z] 3
Fay —da_)"+A-_a” +2 i_a4a— + A4+ 05 | ooy + 0
At = 83072 — 87672 + 110 + (357 — 5442 + 19) 6 k_ + (215" — 22242 + 39) K, (T'+1)2 (Fa A T 256T3¢4
A__ = —4507" + 4687% — 82 + (357" — 5492 +19) d k— + (215" — 2229° + 39) k., \
Ao = (2159" —2229% + 39) k_ + (v* — 1)(707* + 10 + (359> — 19) 6 K4) . _
All orders in v at O(a”2/I1N4)!
Confirms conjecture for Kerr in J
Vines et al. Guevara et al. A%(ba) [3+ =9, 3(5—51';+ 0?) 2] !
Y9
1812.00956. 1812.06895. PN expansion N 7&+;6&_ i (V—6)6&_+2(7u—18)&+6
Impulses agree J agrees (after fixing it) _ 3((15 - 140 + 20%) 6 + (25 — 380 + 140?) &+)ezl 1
for generic orientation Tessmer et al. 10 e
Bern et al. 1207.6961 +|2(@ (s —2) 42k 48 (s +2))
2005.03071 J - %e(ai (6k— + k+(13 — 3v) — 2v — 25) + 2a4a— (k—(13 — 3v) + 6 (k4 + 11))

Impulses spin/2 Luna Kosmopoulos J L (n 4418 = 30) —6v +39)) +]el4+
confirmed by (concurrent) 2102.10137

amplitude derivation
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2008.06047
O OLeg
— _ph — e
| Aph n ‘/_oo d7, Bz (Ta(7a))
(1) (2)
Mg (a) 1 Cra Cr2
=Y _ ¥ v = .
Spp = 12/dTa( 5 9uv vV, U, —I—cEzEWE“ Ag2 = eTIVE (m2m1 + my 752) ;
a=1,
1, (2 1 (2
(a) v (a) (a) _ ¢gr tCp2 _ 1 [Cp | Cp2
T Cpa BMVBH — Che EuuaE“Va ~ Cpe B#VaBlwa ' kg2 = Ap2 + GAMS — GAMA \ my N mo

Axe,B)y _ 45m (v* —1)?

[ (357% — 3072 — 5) Apz + (357* — 3092 + 11) /\Ez]

' 64 (Iy)S
192 (72 — 1)3/2
o 9} (I‘j)z [(16076 —1929* 4 3072 + 2) Ap> + (1607° — 1929* + 7292 — 5) )‘E2]

%v /12 -1
+ 5 (’I{jy kg2 |2247% — 3209% — 728~" + 704~° + 5488+° — 444~* + 662627> + 562 + 28084 + 4]

9%v /12 -1 1
+ 5 (;jy kg2 |2247° — 3207® — 72847 4 704~° + 5628~° — 528y% 4 659829° 4 1542 + 28329 — 10]

576v+/72 — 1
_ (1“37)7 [ (4407* + 47442 + 32) Kkp2 + (4407* + 474+2 + 33) nEz] ash(7),

ash(7) = (y2=1)"/2sinb! /251
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Kalin Liu RAP B2B dictionary/Tidal Effects W

Bound orbits
| = (GMw)?? ~ v?
—

Quadrupole to
NLO agrees with
Cheng-Solon
2006.06665

Quadrupole/Octupole TLN in binding energy to O(G”3)

1326v
7

13
A€t =z [18 Ag2x® + 11(3(1 —V)Ag2 + 6 Ag2 + 5v K,Ez)x6 + (390)\572 — %(1611/2 — 161y — 132)Ap2 — K g

13 13v
+ 5 (6160 +699)Ap2 + ﬁ(4901/ —729)kp2 + — APé"ftf’)) 27+ 75(45vk g2 — (130 + 3)Agz + 16X 52 ) 2
85 27200 680 17 . (5.5
(36 (108302 + 15390 + 163) A s + TVK;B - —(2701/ +388)vA s — ~ (900 + 173)A ga — EAPff;ﬁ))mgl
NNLO terms from PM-static and probe limit
Apéfgf) = 1326 vipe + (243 — 901 vk 2 _ 5B 1
7 AP = Z(2050) o — 13120M5.) + O(v) .
, 8851 675 837 ste 3
+ (450 - 2 14)/\,;2_(2341/ . =)



Foffa RAP Rothstein Sturani
1903.05118

cu!

1PM 1+ 024+ 0%+ 05 + 08 Fol04o240M4...)@
e PM EFT ', v , 2PM (1 4+ 024+ v* +0% 408 +01%402+...)G
INTERSTELL AR 006.01184 ~1€2% 2 6 )
. 2007.04977 |1 4 )
2008.06047/ ™ ""i\
2102.10059
| PR T 4.4 ‘ . Impetus
A 30 P B2B N N A | 1910.03008

1911.09130 x/ X —
£<o~ . T A(B) + M(r,B)
RR (L+NL) & JE+v(—J &) L J n
aligned-spins — /_X( XY i X" o f
ABiy(1,) = ABup(=18) | 3 (R) ¢y £:19

, // AJhyp(J 5)+AJhyp( JS) g (8 > 0) ( )
T E<0) p2.(E) + M(r, E)
\A<I> { i, A
B2B [dJ B2B
Om, || |O¢ 1910.03008 ; ) YES!
Q,, Qp, Is there a direct connection BPRRSSZ
Qp, (2a) amplitude to radial action?? 2101.07254

¥ p x5
= P,
r= 22 W (1
2 Tl J(+ Z(l—zn)ﬁn)
> 1 M L 2n=2") M?) ALL-

Impetus/Firsov 2,/—p2 Mu 2[ Z( ) ORDER

~=
k=

2 I‘(ljn—Ef)

oceP(2n)




