}?a/[ae[ /4 Poto

e’° Precision Gravity: From the LHC to LISA



CRS
1808.02489

BCRSSZ
1908.01493

The gravitational
interaction
is UNIVERSAL!

BUT: Do we need the
Hamiltonian?

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

PM (1 + 024+ 0t + 08 + 08 +0104 012401 4.

2PM (1 4+ v+ v + 08 + 08 +0104+02 ...
3PM
4PM (1 +02 +vt+ 0%+ 08+

sPM (1 + 02+ 0t + 0%+

(1 + v + vt + 08+ 08 0.

) G?
) G°
) G*

) G®

How do we map
Observables?

Conservative 3PM Hamiltonian
ZB, Cheung, Roiban, Shen, Solon, Zeng (2019)
The O(G®) 3PM Hamiiltonian: 7 (p,r) = \/p2 +m?2 + \/pQ +m2 4+ V(p,7)

3 1
G
0 V N T — =3 2 N
Newton in here (p.7) 2; c(p”) <|,,.|)
/ =
vl:27722 9 vim3 |3 o Ao (1-20%) 12(1-¢)(1- 202)2
1= T3 (1-20%), 2= "3 |1 (1-50%) — ~E a 2v3¢2 '
2 4 4v (3 4+ 1202 — 40*) arcsinh, / &2
c3 = V,\I ;Z_ 1—12 (3 — 6v + 206v0 — 5402 + 108v0? + 41/03) - ( = _)1 2
3v7 (1 - 202) (1 - 502) 3vo (7 - 2002) B V2 (3 + 8y — 3¢ — 1502 — 8002 + 15{02) (1 - 202)
21+7)(1+0) 2v€ 4y3¢2
233 —4¢)0 (1-202)" 141 —2¢) (1 —202)°
+ ,7"453 2,\/654 ?
m =ma +mp, U= mamp/m, v=pu/m, v=E/m,

¢ = E Ey/E?, E =FE, + Es, o = p1 - p2/mima,




Kalin RAP
1910.03008 ON-SHELL SPIRIT:

gauge-invariant
information!
The gravitational Conservative 3PM Hamiltonian
interaction ZB, Cheung, Roiban, Shen, Solon, Zeng (2019)
IS UNIVERSAL! The O(G®) 3PM Hamiltonian: (p,r +V(p,r)

Newton in here

BUT: Do d the /
v
- 9 2, .2 23 13 .
Hami : a=Sp (-2, a=2gn |30 |
2 4 M) arcsinh/ 5L
c3 = z ;n i(?) — 6v + 206vo — 5402 4+ 108v0? 41/03) - - 2
v |12
3y (1-20%) (1-50°)  3vo (7-Rg?) %) (1 —20?)
20T+ 0) 7
203(3 — 4€)o (1 — 202 2 v (1 —
+ 74515 ) +
m =ma + ms, p=mampg/m, v =p/m, v =E/m,
{ = E\Ey/E?, E = Ey + Es, 0 = p1 - p2/mima,




ON-SHELL SPIRIT:
gauge-invariant
information!

BCRSSZ | |

1908.01493

observed to be the

same to 3PM order
The most exciting phrase

, ) 00 a\’ to hear in science,
p°(r,E) = p(E) + Z F;(E) (7) the one that heralds
. v o new discoveries, is not
M B) = 3 M) (£) EUREKA!
n=1 but, “matsfunny..” "

. . —Isaac Asimov | R0l
Scattering amplitude

. 3
M(T,E)EL d'q

28 | @rp M@ p’ = p(E))e T




Kalin RAP
1910.03008 ON-SHELL SPIRIT:

gauge-invariant
information!

s —

‘Impetus formula’ *

o0 G i
p’(r,E) =p3(E)+ ) PB(E) (= et .
ooi I (T)n pz(ra E) =p<2>o(E)+M(’I',E)
n=1
Direct algebraic relationship (Firsov)

Z—)Z(T, E) = exp g/ Xb(b, E)db
T Jrip(r,E)| \/ b2 — 7.21—)2 (r, E)

Scattering amplitude

~ 1 d3q
M('r, E) — E (27r)3

M(q,p® = p>(E))e "aT

l

(n) _ VT (n+1) 1 13,
Xp = 51| —F— - =L

b 2 2 ae;(n)r(l"'i-ze)l:‘["e!

* IR-finite part (‘potentials’ only)



Kalin RAP
1910.03008 Boundary to Bound Map

Through ‘impetus’
M

- P(1 B) = poo(B) + M(r, By |

Recycle an “
old idea from  Jh p,-dr
A

Sommerfeld

/7‘+ \/poo(g M(r,E) — J2/r2dr

A .
55, (J,€,ma) = — (1 s —) 57+ Mg Analytic
2m 2, continuation

~Ta (- ) om




Kalin RAP
1910.03008 Boundary to Bound Map

Through ‘impetus’

N N\
p?(r, E) = p%(E) + M(r, E) * \_A‘I’

Recycle an
old idea from "“ S, = ! %prdT

Sommerfeld " 27

(J,E) = /'r+ \/poo M(r, &) — J2/r2dr

Generalizes to all orders

AA Y2 AA2 AA. AA 2 AA 4
ﬁ _ MoG n 3(M2 + 2M M3 + 2pooM4)G + O(GG) < the one_loop result in
27 2.J2 8J4 Caron-Huot Zahraee
1810.04694

direct connection from amplitude!



Kalin RAP
1911.09130

Scattering angle

Boundary to Bound Map

Scattering Angle
& Periastron Adv.

) _ Vo (ntl 1 o6
Xo = 2F( 2 ) 2 r(1+z-s0 41t

oc€P(n)

Periastron Advanced

J

1 00 1/T+(J,5)
7r/f_(J,e) r2/p2(E,1) — I T Jr_(5g) r2/P2(E, 1) — J2 /12

4 3“134 3T ~ ~ ~ —
Y = T (B + 20 fs +260) £ o (M + 2M0 M + 205 M )
AD MsG? 3(/\73 +2M M3 + 2Pgon4)G4 6

or . 2J2 8.J4 -0(GY),

1/j=GMp/J

dr

The most exciting phrase
to hear in science,

the one that heralds

new discoveries, is not

|

but, “thar's funny..”




Kalin RAP
1911.09130 Boundary to Bound Map

Scattering Angle
TO Periastron Adv.

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

Scattering angle Periastron Advanced

1 00 J 1 'r_|_(J,8) J
_/ dr. —/ dr
™ Jr(rg) r2/PAET) - T2 g rA/PHET) = J2

Remarkably! |

AB(J,E) = x(J,E) + x(=J,E), | £<0,




Kalin RAP
1911.09130 Boundary to Bound Map

Through the
scattering angle

A®(J,E) = x(J,E) + x(—J, E)

g E-M
] 7 X
AP 01, S, (2n) g
L 2T - 07 GMH (‘7 T ZX /jZn ‘;‘a(g)
fixed by the large-j limit Analytic

continuation

CENTRAL OBJECT for the bound problem:

(local & "y _ Sr R (1) (2n) (8 )
no-spin) ZT(J’ g) — GMI.L — Sg(poo) (g Z (1 . 2n 2n)
—

) . ALL the
e observables!

A® H OE(E,m,)
5Sr(«],8,ma) = (1 + %) 0J + Q —0& — Z ( > ama




gﬁﬁlg_‘o%& PM EFT for scattering

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

external
source

Caveat: No spin m
nor finite-size yet Spp = — Z TG /dTa 9 (Ta(7a) ) V5 (Ta) Vg (Ta) -
a

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

many terms reduced to:

Y0

1 1 1
; Mp\Lypy = — §h“”8#h”"8,/hpa + §h“”8ph8phu,, — ghaphaph

1
+ WO,y hy? — W Bohypd” by + T hdshy,0hP

Lots of redundancy in GR — No need to panic!

+[20)‘([””'75L,5,,\0k‘“ + I Aok ‘1 (See a Iso =
=17 aplysp0(k + @) — 1"l 50 (K + 4
Gregor’s talk)




Zgglg_\o'jq\gél PM EFT for scattering

JiSett|zal _ / Dh,,, eiSenlhl+iSar R +iSpplzah]

Post-Minkowskian solution to the equation of motion (Euler-Lagrange egs.)

vh(r) = ub + ) §™Muk(r,),

zh(r) = bl +ubite + Y 6Mal(r,),

Compute total impulse from the action...

+o00
ApH = _77#“’/ dr, OLeft (24(7a))

oo orY
... and deflection angle in the centre-of-mass
1

A v/ —Ap?
2 sin (X) =y — _X3 _|_0(X5) — | plcm| _ P :
2 24 Poo Poo




Kalin RAP PM EFT for scattering

2006.01184

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

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

NRGR

(Goldberger & Rothstein,.

The effective field theorist’s approach to gravitational |71 %

dynamics Physics Reports
Rafael A. Porto  \olume 633, 20 May 2016, Pages 1-104

Dissipative/Flux
(Imaginary part
with Feynman ieps)

Conservative
(Real-part
time-reversal invariant)

* To comute dissipative RR-force we need the in-in computation (retarded b.c.)




PN EFT for bound states \ e
D

JiSett|zal _ / Dh,,, eiSenlhl+iSar R +iSpplzah]

Potential Radiation
‘Modes (v<<'1l)  Modes |
(ko < |k:|) (ko ~ |k|) Conservative

(Real-part

time-reversal invariant)
Integrals are N RG R

much easier Integrals are
BUT screws much easier

the IR! m BUT screws
, the UV!
U N A |
i pg—p* p2(1+p2+ ) eXX — 1 4Lik-x+---

PHYSICAL REVIEW D 100, 024048 (2019)

Conservative dynamics of binary systems to fourth post-Newtonian
order in the EFT approach. II. Renormalized Lagrangian

Stefano Foffa,1 Rafael A. Porto,?"3 Ira Rothstein,4 and Riccardo Sturani’




PM EFT for scattering

JiSett|zal _ / Dh,,, eiSenlhl+iSar R +iSpplzah]

Potential Radiation
_Modes Modes |
(ko < |K|) (ko ~ |k|) Conservative

(Real-part

time-reversal invariant)

(relativistic) “Soft” Region



2%%@?0‘??54 PM EFT for scattering

Kalin Liu RAP

2007.04977
JiSett|zal _ / Dh,,, eiSenlhl+iSar R +iSpplzah]

Potential Radiation
‘Modes Modes _
See also Michael’s (ko < |K|) (ko ~ |K|) Conservative
Julio’s, Gabriele’s ————————————— ti (Real_ﬁ)_art . 't) *
: ime-reversal invarian
and Carlo’s talks (relativistic) “Soft” Region
Parra-Martinez C .y g work in
Ruff and Zeng IR/UV finite! Progress

2005.04236 L

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

NNNLO
(See Gregor’s talk)

Single scale!

B 1 4+ 22
7= 2

s 7Y = U - U2
*Caveat: need to extend
*UV from finite-size only B2B to “non-local” terms



Zgglér_\o'jﬁ\gél PM EFT for scattering

Kalin Liu RAP

2007.04977
JiSetleal _ / Dh,,, ¢iSei b iScrlh]+iSpplza k]

Sufficient for
real part NNLO

keep the (special-)
relativistic corrections

Differential Equations QE}_{(Q;, 6) — EM(;U) ]_):(q;, e) P eight elements
b.c. from potentials to NNLO

Single scale!

T —

(v — 1) T = 9 , Y = UL U2




Kalin Liu RAP PM EFT for scattering: NNLO

2007.04977

Integrals (one family')' A® G3pe [ 16m2m32(4y* — 1292 — §) sinh™ 'YT—I
i): = — _
(v*-1)
) ¢ . g o 4m3m3(207° — 90v* + 12042 — 53)
(@ (@)= / églcl n«za)éz(lkg u) | 21y
ki,k2 A1,¢A2,g"{ Dl T DS 2 1676—32744—1672—1))
A1,¢ = kl * Uy, Az,a = kz *Ug, D1 = k%, D2 = k%,
+
D3 = (ky+k2—q)?, Dy = (k1—q)*, Ds = (k2—q)*. <
X (('ymg +my)uh — (ymy + mu
POTENTIAL REGION: DFQ with b.c.

from the static limit of NRGR! related to Schw. fixed b ‘ hell Schwarzschild
D viab.c.of DFQ oo Y OSNEL 4 mirror image

condition

~— — e —————_ t——— e —— . —————
3PM 3PM 3PM




Kalin Liu RAP PM EFT for scattering: NNLO

2007.04977

Integrals (one family!): Advantages wrt amplitudes:
A . e We land in the soft-expanded cut-
(a,d) _ O(k1 - uq)d(ke - uz) version of the integrand
nin2;t1---15 (q,')’) — niy An2 1 i5
ki,k2 A1,¢A2,a Dy -+ Dy * No (“super-classical”) divergences
(e.g. “box”)

. L e _ 12 2
Avg =k Aoy =ha vz D=k, D2 =k, o on-shell philosophy: No potentiall,
D3 = (k1tk2—q)°, Dy = (k1—q)", D5 = (k2—q)". extra matching nor Born iterations!

Main Drawback:

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

POTENTIAL REGION: DFQ with b.c.

from the static limit of NRGR!
—

LYY YA AR

3PM 3PM 3PM

(See also
Gregor’s talk)



Kalin Liu RAP B2B dictionary : NNLO

2007.04977

X 1 4v
ll: - (72 — 1)3/2 [_ 3V 72 = 1(14v° + 25)

We have the 3PM N (647° — 1207* 4 60y* — 5)(1 + 2v(y — 1))
impulse/angle 3(y* —1)°72

— 8v(4y* — 129* — 3)sinh™ ’%1] :

EE—

oPN 1PN 2PN 3PN 4PN sPN 6PN 7PN
1PM (1 +0® 4+ v+ 0% + 08 +004+024+0M4+...)G

BUT WE DO »PM (1 +'l)2+'U4+’l}6+’U8 '|"’U10+’012+"°)G2

NOT HAVE THE 4PM! -
3PM (1 + v +0v*+0%+0®+00+...)G

\ 4PM (1 +v2+v4+’u6+v8+---)G4

sPM (1 +2+0vt +0%+--)G°



Kalin Liu RAP B2B dictionary : NNLO

2007.04977

@
_ Po ) 2 (X X)L
(e \/%x7 ]( w(j2 +3j4 +

o -
Svenyiing By (18r -1 + 81/(3+1272—4’74)Smh VT +
youarl‘aeoec’: g:::nnow — Mo . V2 —1
Y _ 2 _ 2
(coincides with — (6—2067—10872—473 L 1800 = 29%)(1 = 5y ))
o (1+T)(A +)

M3 thru impetus)

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

PM (1 +0® 4+ v+ 0% + 08 +004+024+0M4+...)G

l
(n)_\/7—r n+1 1 ﬂi
Xo = 2F( 2 ) 2 T (1+2 Ee)];[ae!’

o€Pln) 2 PM (1 4+ 0% 4+ vt + 08+ 0 40040124 ) G
G 1
2 — m2 : —
p(TaE)—poo(E)+ZR(E)(T) e el | 3PM (1 4+ 02 4+ vt 4+ 08 4+ 8 _|_1)10+...)G3
GM\' 2 4 6 8 4
=Pgo(E)(1+Zfi(E)(—)> 4PM (1 +*+vt+08+2+...)G
_ T

sPM (1 + 2+ 0t 4+ 0%+ )G
*We also reconstructed much lengthier PM Hamiltonian



Kalin Liu RAP B2B dictionary : NNLO

2007.04977

@
_ Po ) 2 (X X)L
(2% \/%XJ ]( 7_‘_(].2 +3]4 +

P, 1821 8u sinht /757
V=1

1

18T'(1 — 272)(1 — 572

it (6—2067—10872—473 4 1801 = 2y°)(1 = 5y )) .
lower-order P_n’s 6L (L+T)A +)

enter in the 4PM angle

oPN 1PN 2PN 3PN 4PN 5PN 6PN 7PN

(n) ﬁl‘ n+1 1 g 1PM (1 + 02+ 0"+ 0% 4+ +01%4+ 02401 4+..) G
Xo o =79 ( 2 ) 2 r(1+g—>:f)HF’

G )
p(T’E)_pOO(E)+ZR(E)(T) 3PM (1 +02+ vt + 0% + 0 +0104...)G°

= p? (E) (1+Zf,~(E)(GTM)i) 4PM (1 + 0% + vt + 08 + o8 +

sPM (1 + 2+ 0t 4+ 0%+ )G



Kalin Liu RAP B2B dictionary : NNLO

2007.04977

This pattern is generic!
and allows us to
perform a consistent
truncation

*P n has well-defined static limit

(n)_\/'i—r n+1 1 i
Xo = 2F( 2 ) 2 r(1+2-x¢ 4l ol

oceP(n)

P E) =) + Y o) (€)
= P (B) (1 + 3 H(E) (GTM))

Missing! BUT 1/J ~ |peo]
PN-suppressed (after c
analytic continuation) oo ™

oPN 1PN 2PN 3PN 4PN 5PN 6PN 7PN

1PM (1 +0® 4+ v+ 0% + 08 +004+024+0M4+...)G

2PM (1 +0® +v* + 08 + 08 +01%4+0124+...)G?

PM (1 + 0% + vt + 0% + 08 +010+...)G°

PM (1 4+ 0% + vt + o8 + 08

sPM (1 + v+ v* + 08 S



Kalin Liu RAP Kalin RAP B2B dictionary - NNLO

2007.04977 1911.09130

\ Map from angle
\ / _____ to periastron advance
{ X

Full result agrees
with literature to 2PN

3(35 — 10v) 194 — 184v + 2312
. : E
454 72

— 6911 2 _ 3
& Eyt a4 3535 — 6911y + 3060u 375v g2
1052
35910 — 126347v + 12555902 — 599201° + 738514

_ 2 3

\—|— 1 (5 — d)v° + 140,72 ) E
3 ( 2 Vz) 4
(5 —20v + 160°%) — ) E5+ - -, —

’t@ ( )5 ONE-LOOP A®  M,G?

EXACT! 97 ~  92J2

BUT: 1/j*2 is predicted to all orders in v S :
4PM will complete 1/j~4 P o My = 2N (‘” - 1)

[



Kalin Liu RAP Kalin RAP
2007.04977 1911.09130

B2B dictionary : NNLO

Map for ALL '
Dynamical Invariants!

\Acb

a® H
1-|— 27r <5J+Q o0&

_ZQ ( Za) — BE(fn:n )>5ma

Without
HAMILTONIAN!

58, (J, €, mq) =

GMO ™ (15 —v) 5554 30v+ 1102 ,
€2 o 128 ‘ 2 A®
0GE) = =, 0G,E) = —
( 21/ — 194 — 184v + 2312 ) 6% T, T, ’
457 _ Qy=0Q,+9,= 2T7r <1+¥).
17 91/ +2v%) | 21620 - 285020 + 876502 — 86517 s b ™
. €2 +
80]"3
L=2
GMal = N 15(21/ ~7) 4 (Lo _ 154 152 =5) 301301 921y + 1022)\
€2 72 454 8 852 324 e =—2E
( 21/ ~5) —284+ 2200 — 23/ 3(913 — 728y + 1061/2)) 3
457 s 3PN match
P 128 (555 + 30v + 11%) + 1282 3PN missmatch
exact _ 3(—270085 + 2512361 — 7054512 + 74701/1*)) 2 Hiah 9
(Missing 2560, ig elr o; ers
_ ~ 5,5 veloci
three loop!) N (15(17 :f’ + 202 ) 31520 344421/8; 1002502 — 865v ) 3 y
J 5



Kalin RAP | | |
1911.09130 Valid for (aligned) spin!

J=canonical total ang. momentum :

/

A(I)(Jag) — X(J7 g) + X(_J’ 8)

Angle from .
Vines Steinhoff Buonanno ———— Periastron from
Tessmer Hartung Schaefer
1812.00956.
i 0 1207.6961
x4, a,€) l(—e)_% _ (v —15) (—e)% N 35+ 30v + 3v (—e)% 1
or |« 8w 1287 14
- B B 0 5 5
4 3+3(2V 5)e+3(5 5v + 4v )62_7a+—|—Aa_€_%
_ 4 16 27
5A(v —3)a_ + (23v —25)a, , 3] 1
+ 167 (=€) 202
[ Tay +Ad_ (v —6)Ad_ + (Tv —18)d,
+ [ 5 — 5 €
VS‘ v .“m[“ﬂ 3 ((15 — 14v + 2v?)AG_ + (25 — 38v + 14v%)a,)
H - €
16
2 3 33+v, ._1  3003-—1090v —5v%+128a% , 1] 1
B A e A 64r (‘6)2] 2%
[3(35 +2a2 —10v) 10080 — 13952v + 12372y + 144002
- €
4 128

 624Aa_ay +24(1 — 8v)a® — 24(12v — 61)a?

1
6+...]ﬁ+...



Liu RAP Yang PM EFT for scattering:
2012 XXXX

ety

6\
iﬁg\&%\* - piSett[Ta] — / Dhuu e'iSEH[h]+iSGF[h]—|—z'Spp[ma’h],
/

m y 1
_ _ZTA/dTAgﬁw (ZUA (TA))’UZ (TA)”UA (TA) Q/dTASab TA TA UA TA )

SN

New features

1
Sabpb:O 7 2TnA/dTA‘RdeabS SA UAUCA
CRse Yyab ab
S5 [ draEa Sy Sty ab = fgab g

Routhian /

(locally Lorentz
spin algebra)

The effective field theorist’s approach to gravitational o]
dynamics Physics Reports
Rafael A.Porto  \olume 633, 20 May 2016, Pages 1-104




Liu RAP Yang PM EFT for scattering:
2012 XXXX

TOPOLOGIES
at one loop

Spin-Orbit to NLO in covariant gauge

G]2V77ZQ 1
4p6 (72 _ 1)5/2

2)
AS =

— (b“slpulﬂugaeapﬁa) (37r —b2y (574 — 8% + 3) (4my + 3mg) b
+8b%/42 — 1 (’y (87 (1 —29%) mq + (5 — 129%) ma) uy”

+ (87" = 1) ma + 87 (29" — 1) m) Uz”)) Bern et al.
2005.03071

+8b7 (v* — 1)3/2 (8v*m1 + 4y*ma — 4ymy — my) baslpulﬁe“apﬁ

— (—1)2)3/2 v (57* — 89 +3) (4m1 + 3ma) slaulpufe“apﬁ,] :

We also computed spini-spin2 and spin122 general-orientation

Crg2
2m 4




Liu RAP Yang PM EFT for scattering: aligned-spins
2012.XXXX

i+ =a+/(GM), with a1 = a1 T az

X2 _ (G?VM?’) 7 (59 - 3)
b3 ) 4(42 —1)32

o (G}l\,M‘i) 3
b]* ] 256 (2 — 1)

(a4 + a_o)

Gefloct a (574(75 (ngvz - 01(52;2) —90) ++° (468 — 549 (01(31;2 - ngz) )
eriection
angle +196 (ks — C8ha) + (215" — 222942 4+ 39) (CHL + Cla) —

) 82)
N CECEICR Rt W

=8 (- 502 19) (e ) + )
D!
v o o) 10) ool ) o) (SVMVTUNG

+195 (Ch — CEL ) + (2157* — 22292+ 39) (CL + CHL ) + 110)] .

Vines et al. Guevara et al.

For Kerr (CES2=1) explicitly confirms the result in 1812.00956. 1812.06895.

B2B: FULL periastron B2B dictionary ALL the
including finite-size effects for aligned-spins observables!
Tessmer Hartung Schaefer . B _
1207.6961 Aq)(‘L g) T X(J7 g) + X( J7 8) Kalin RAP

(J total canonical angular momentum) 1911.09130




A, Foffa RAP Rothstein Sturani
1903.05118

.,‘-‘J ) T
¥ oPN 1PN 2PN 3PN 4PN |sPN 6PN 7PN
m o -,\ ' ﬁ'L § j‘r‘; q_“ F'J_o ’:,::\?‘ ..:. 3 4 5 7
O g, . e e T
B g G SN PM 1 +02 4+ 0t + 08 + 08 o0 40l24 M40
i Vogiew, Y

2PM (1 4+ 0%+ v + 08 408 +0104024...
IN CASE OF PM EFT

Q

QR

INTERSTELLAR o 4 VR ae® N ATY TN sPM (1 + 0% + vt of 4+ o 4ol

e 2006.01184

(’g\

Q
B

AM (1 + 2 ot 0B

Q

N—r ~— N—r N ~—r
Q
w

2007.04977 |
2008.06047 /) G

sPM (1 # 0%+ vt 4+ 08+

BREAK GLASS LR
AND DON'T PANIC SRR

B2B
1911.09130

g <W

applies to .
aligned-spins —~ A X(HE) +x(=J.£) | | X & f;

i xX™ - f; dy,(&€>0) - .

- 05,(€ <0) N\ (E)+ M(r,E
/‘\ AD TR >B+2B( )
B2B I i JaJ 3 % 1910.03008

Q'I‘) Q bl . . M
[ P } is there a direct connection
amplitude to radial action??

Impetus
1910.03008

Po(E) + M(r, E)

-

>

A

. y,

cir 2 (it S ras L)

0673(2n)



“IDEAS ARE TESTED
BY EXPERIMENT."
THAT 1S THE (ORE
OF SCIENCE.
EVERYTHING ELSE
IS BOOKKEEPING,

The most exciting phrase
to hear in science,

the one that heralds

new discoveries, 1s not

EUREKAY Extra Slides

but, “thar's funny..”

—Isaac Asimov

"A method 1s more important than a discovery, since the right
method will lead to new and even more important discoveries."

Lev Landau




Kalin Liu RAP Tidal Effects: NLO

2008.06047

+o0
N R— / dry 2L 1 ()

—oo  Oxf

Quadrupole to
NLO agrees with
Cheng-Solon
2006.06665
(1) (2)
My (a) U B 1 Cra Cra
%op = ;2 /dTa( — 5 9uwVaVa + Cpz B BT e = Ganps (m2 my T 752) |
— 1, (2 (1) (2)
" a o a o . Cro + Cro 1 Cro Cr2
4 ng)BWBW _ CEEQ)EWQEW _ ngzzBuvaBW . kg2 = Ap2 + — o = Gan (,n]fl + 752)

Axe,B) _ 45m (v* —1)?

[ (3574 — 3072 — 5) Apz + (357* — 3092 + 11) )\Ez]

r 64 (Tj)¢
192 (y% — 1)3/2
g (v (Fj)z [(16076 —1929* 4+ 307% + 2) Apz + (1607° — 192* 4 729* — 5) )\Ez]

9%v /72 -1
+ 35” \/(gn B2 [2247° — 3207° — 72877 + 704~° + 5488+° — 444+ 4 662627° + 56% + 28084y + 4]
] L

%/ —1
+ 35V (“1{ 7 22477 — 3207° — 72877 + 7047° + 56287° — 528" + 659827° + 1547* + 28329y — 10]
] L

5760+/72 — 1
- ”( Fj} [ (4407* + 4749% + 32) K2 + (4407* + 4744* + 33) nEz] ash(7),

*Confirmed observed high-energy pattern ash(v) = (y*—=1)""?sinlr! /757



Kalin Liu RAP Tidal Effects: NLO

2008.06047

Bound orbits
= (GMw)?/3 ~ v?
T ————

Quadrupole to
NLO agrees with
Cheng-Solon
2006.06665

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

1326v

13
A€t =z [18 Ag2x® + 11(3(1 —V)Ag2 4+ 6 A2 + 5v K,Ez):l,‘6 + (390)\572 = %(1611/2 — 161v — 132)Ag2 — K B2

7

13 13 13 . _
+ = (616w 4 699)Ap2 + 8—:(4901/ — 729)k g2 + gApg,’j’gf)) 27+ 75(45vK 52 — (130 + 3)Agz + 16X 52)2®

28
85 27200v 85 630 17 (5.5
- (% (10830% + 1530y + 163) Apa + ——5— Rga — — (2700 + 383)uk g — ~— (900 + 173)A s — EAPI(O,StC))a:"]
APLD) = 13726 vipe + (243 — 90V) vk g2 55 1
- - APy = §(2050)\ p2 — 131200 52) + O(v) .
—|—(451/2 - =+ ))\Ez — (234y+ H))\Bm .

*We also reconstructed the full PM Hamiltonian to NLO



Radiation-Reaction

. - PHYSICAL REVIEW D 93, 124010 (2016)
In-in b.cC.

Tail effect in gravitational radiation reaction: Time nonlocality

cons. vs dissip. from and renormalization group evolution
symmetry in w->-w

iW[zE] = f’b\_"; > W[mf] = G5N dtlz](t)lfw( )

Iij Iij
“A “B

) GN 7 1
| e M = ——~IW9 )10 (t),
(@) (t) = ———1 REGEAGE
En = 1@;}# 1202 —llr}
leading BUT! we get the angle from the impulse (integrated in time):
cross-term

5 ¢®rd

VAP = G / dt I®Viigigi ~ G / ar®ipi 5 _ &muts {o? —3i 42 27

VAp? ~G / dtI®vr2i L G / dt‘fl—f ~ GAL ~ G® LY = — [ dx (T

Chad R. Galley,'" Adam K. Leibovich,” Rafael A. Porto,” and Andreas Ross’

Gm

r

— TYz?)
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Radiation-Reaction

in-in b.c PHYSICAL REVIEW D 93, 124010 (2016)
L Tail effect in gravitational radiation reaction: Time nonlocality
cons. vs dissip. from and renormalization group evolution

symmetry in w->-w 1 o . )
Chad R. Galley,” Adam K. Leibovich,” Rafael A. Porto,” and Andreas Ross

Iz’j Jz'j Iz’jk
iW(zy] = iAp (w, k) = ; + g + g oo

B 1
~ 4Mp

€;;(k,h) [w2lij(w) + %w k'e® Jik (w) — %wzkzIz’jz(w) L. ] ’

The energy would also follow ;) — 1 d?k An(kl, k)2 = P | =/|k|d1“h(k)
directly by squaring: T (2m)>2|k| ’ =22 ke

In PMEFT we should re-compute the soft part of the H-diagram in the in-in formalism:

1 1 1 , o—1 , , o—1
(Iu + I) |ln(—t) = 613 2 N arcsinh 5 |7t 2i arcsinh 5 |- (D.3)
Bern et al.

1908.01493
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in-in b.c PHYSICAL REVIEW D 93, 124010 (2016)
L Tail effect in gravitational radiation reaction: Time nonlocality
cons. vs dissip. from and renormalization group evolution

symmetry in w->-w 1 o . )
Chad R. Galley,” Adam K. Leibovich,” Rafael A. Porto,” and Andreas Ross

near zone far zone

Slmllarly 262 MI(3)13I(3)U (_.l. + 210g(ﬂr) + .- .) + (i. + 2log(Q/p) +4 . .)
to NRQCD: . -
2G3,M [ dw ’ y 1
+ N 6 7 v]
Weales] = 285 [~ S I (0)| - g — v+ log
log W 5 T A
- iy iy u2 30
g Vien () = XTI (199) 1 0 ,

dissipative part



Radiation-Reaction

PHYSICAL REVIEW D 96, 024063 (2017)
Lamb shift and the gravitational binding energy for binary black holes

5En,£ - (5En,£)US + (5En,£)cv + -
20t 8 2 |[¥ne(z = 0)[? <
2 \af 2 - Z n,
3m 2m rnlp
4o

2
3ms

only cancel explicitly in dim. reg.!
(zero-bin subtraction)

Rafael A. Porto

éé
> (%D > 31
=
=
%
m, £ 2(E E,)log 2En = Eml
) m n) 108 Me 66666'6“6‘6‘03\
$
5
>——
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Space-Time Approach to Quantum Electrodynamics

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

(Received May 9, 1949)
Lamb shift as interpreted in more detail in B."®

13 That the result given in B in Eq. (19) was in error was re-
peatedly pointed out to the author, in private communication,
by V. F. Weisskopf and J. B. French, as their calculation, com-
pleted simultaneously with the author’s early in 1948, gave a
different result. French has finally shown that although the ex-
pression for the radiationless scattering B, Eq. (18) or (24) above
1s correct, it was incorrectly joined onto Bethe’s non-relativistic
result. He shows that the relation In2km.x—1=InApi, used by the
author_should have been ank%-—5§6=ln)\min. This results in
adding a term — (1/6) to the logarithm in B, Eq. (19) so that the
result now agrees with that of J. B. French and V. F.|Weisskopf,




