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of relativity”
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pr—_ Discovery Potential =
Einstein

— inthe per— Telescope Precise Theoretical Predictions

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




Binary neutron stars
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‘GW Precision Data’

1000+ cycles in band @ Design-Sensitivity
100+ events per year!
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‘GW Precision Data’

1000+ cycles in band @ Design-Sensitivity
100+ events per year!
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3.5PN order
(almost 4PN)

The effective field theorist’s approach to gravitational |75
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!




Theoretical uncertainties
dominate over planned empirical reach

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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We haven’t reached the analytic precision

to distinguish between compact bodies!
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Fortschr. Phys. 64, No. 10, 723-729 (2016) / DOI10.1002/prop.201600064
The tune of love and the nature(ness) of spacetime

Rafael A. Porto*

vanishes for black-
holes in Einstein’s gravity (4d)



We haven’t reached the analytic precision

to distinguish between compact bodies!
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frontier In particle physics

Gravitational Collider Physics

Baumann Chia RAP 19’
Baumann Chia RAP Stout 20’
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Gravity
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Threshold




frontier In particle physics
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Discovery Potential =
Precise Theoretical Predictions
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Outline remaining of the talk...

Discovery Potential =
Precise Theoretical Predictions

e Part I: Bound

e Part ll: Boundary2Bound




Goldberger Rothstein (2006) EFT approach to GW phySiCS P N \’Acb

Porto (2006)
Goldberger Ross (2009)
\ . Separation of Scales (2-body In GR):
4i=, GW

V
,, . Effective Field Theory:
T One scale at a time

2 - Tools from HEP: Feynman diagrams,

regularization/renormalization/RG-flow

The effective field theorist’s approach to gravitational | 0
dynamlcs PhySiCS Repo s s
Rafael A.Porto  Volume 633, 20 May 2016, Pages 1-104



EFT approach to GW physics PN
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EFT approach to GW physics PN
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EFT approach to GW physics PN

i ew| =] D[/\maw[rIJD[v-sﬁm

Qf"—\\\ Fipite
<\ g r size
' > g point-particle theory

& . >

— = %wpwz {1 g o rom o 602 f \:I:is_hez .

or SINn d=4!

N°LO
+0(a*) + 0"}

SPN

‘New Physics’ tidal effects
Threshold




EFT approach to GW physics PN
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EFT approach to GW physics PN
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EFT approach to GW physics /¥
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Galley Leibovich

FE EFT approach to GW physics /¥
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RAP Ross
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EFT approach to GW physics /¥

RAP Ross
1511.07379
oPN 1PN 2PN 3PN 4PN PN 6PN 7PN
(PM (1L + 02+ v+ 0% + 0% Fol94+012 40 +..)G
2PM (1 + 22 4+ v +2° + 0¥ +0'%4024+...)G?
;PM (1 + 0% + 0% + 08+ 2% +0104+...) G’
4PM (1 + 0% 4+ vt + 0% + 0% +.-.)G*
sPM ( 1 + v3+ v* + 2° +.--)G5
A
RAP Rothstein f __
1703.06433 AN A
M
Foffa RAP Bluemlein Ky
Rothstein Sturani Marquard Meier ~ F7an Y
1903.05118 2110.13822 T |

Cho RAP Yang
2201.05138

(spin)

Foffa Sturani
2110.14146

AN

Radiation Potential
Modes Modes

(ko ~ |k|) (ko < [kl)

UV/IR
cancelation!

spoils spoils
IR! uv!

_I]D [7'

—17 2Seann
)

4%

in the entire
soft region!



Galley Leibovich

RAP Ross
1511.07379

oPN

iPN

,PN 3PN | 4PN | sPN
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PHYSICAL REVIEW D 96, 024063 (2017)
Lamb shift and the gravitational binding energy for binary black holes

Raflael A. Porto
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EFT approach to Atomic physics

Adding up ‘near’ and ‘far’ zone contributions in NRQED:

IR/UV cancelation 0B, =
NO ambiguities!

Universal log
In binding energy

Meanwhile in the ‘traditional’ approach...

PHYSICAL REVIEW D 96, 024063 (2017) PHYSICAL REVIEW D 93, 084014 (2016)

Lamb shift and the gravitational binding energy for binary black holes Conservative dynamics of two-body systems at the fourth post-Newtonian

approximation of general relativi
Rafael A. Porto PP 5 ty

(iii) several claims in a recent harmonic-coordinates Fokker-action computation
[L. Bernard et al., arXiv:1512.02876v2 [gr-qc|| are incorrect, but can be corrected by the addition of
a couple of ambiguity parameters linked to subtleties in the regularization of infrared and ultraviolet

VII. SUGGESTION FOR ADDING MORE IR
AMBIGUITY PARAMETERS IN REF. [21]

10
15

T Damoilr, P. Jaranow.ski, and G. Schifer,

(a’ ba C)I%%‘;‘M = (aa ba C)BSFI\'I + AC (_11a 12, 0)



Space-Time Approach to Quantum Electrodynamics

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

(Received May 9, 1949)
Lamb shift as interpreted in more detail in B.!3

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
i1s correct, it was incorrectly joined onto Bethe’s non-relativistic
result. He shows that the relation In22max— 1=InAnin used by the
author should have been In2kmax—S/6=InAnin. 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,

a0 Eq.l2

H. A. Bethe, The electromagnetic shift of energy levels,

Phys. Rev. 72, 339 (1947). Even Feynman made
I'J. Dyson, The electromagnetic shift of energy levels,
Phys. Rev. 73, 617 (1948). a similar mistake!

J. B. French and V. F. Weisskopf, The electromagnetic shift

of energy levels, Phys. Rev. 75, 1240 (1949). : |
N. M. Kroll and W. E. Lamb. On the selt-energy of a bound Footnote13 (without any #12])
clectron, Phys. Rev. 75, 388 (1949).



Discovery Potential =
Precise Theoretical Predictions

e Part ll: Boundary2Bound




Kalin RAP EFT approach to GW physics

Liu RAP Yang
710210059 oiSefi[%a] _ / Dh,,, ¢iSonlbl+iScrlhl+iSpplzah
)
too  gp Radiation-Reaction
Apy = —nt” /_ N dr, aw,; (74(7a)) / ( N \
oo Potential Radiation
AS%’:/ dr{S%, Log} _Modes Modes
o (ko < |Kl) (ko ~ [k|)

e —————. _————

(classical) “Soft” Region

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

Mg, L v
Spp = — Z 5 /dTa guu(xa(Ta))vé.(Ta)va(Ta-) -

1 1 1
Mp1Lyppy = — ih""’auhf"’ayhm -+ éh’“’aphaf’h,,,v = gha,,haf’h
RO,y 8 Ry — YOy hy 0 hP + ih@ah,,pa"h””. ";1 s

Lots of redundancy — No need to panic!




Kalin RAP EFT approach to GW physics

Kalin Liu RAP
2007.04977 JiSett[@a] _ / Dh,,, ¢iSenlhl+iSrlh]+iSpplzah]
/ \ Radiation-Reaction
( + )
Potential Radiation
_Modes Modes
(ko < |kl) (ko ~ |Kk|)
(classical) “Soft” Region
IR/UV finite! }
Differential Equations — — differential .
b.c. from entire region Ozh(z,€) = M(z,€) h(z, ) . I'%:gg
Single scale! equ ations
(v = 1)
PN boundary %
: conditions
1+ B
¥= V= U - U

20r



faln RAP. EFT approach to GW physics

Kalin Liu RAP
2007.04977 : : : .
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e — uv € :
/ 2PM
S R * I B N L T :
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log x
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A= (*'=1]
 4m3m3~(2075 — 90y* + 12042 — 53)
Differential Equations — - 3(y? - 1)%2
b.c. from potentials Ozh(z,€) = eM(z) h(z,¢€) _ 2mama(mi +m§)(167'6—3274+16'¥2—1))
(72 —1)3/2

PN Kite —<> L 3m (22 = 1) 67 = 1) M2
R e LI P

Can be solved in terms of Polilogarithms X ((m2 + my)ul — (ymq + 77;2)1,/;).

B 1 4+ z°
7= 2r

Y= Uup - U



Dlapa Kalin Liu RAP FFT approach to GW phySiCS

2106.08276
2112.11296

JiSett[@a] _ / Dh,,, ¢iSenlhl+iSrlh]+iSpplzah]

NN NN /\ ANTNATRN TN AT

| (ANCANCANCAN 7N (7NN
>< X X >L< >_I_< 7_< Potential Radiation
Modes Modes
(ko < |k|) (ko ~ |K|)
- o (4)
xb(l;:;)(v) )i (ngix) , Xp(x)) IR/UV finite! xbu;;)( N _ ( o) (- +Xt(a:))

Differential Equations — -
b.c. from potentials Ozh(z,€e) = M(z,€) h(z,€)
and Not Canonical!

Introduces elliptic integrals! m

' — ‘2 doé 2 .
, Y =U1 - U2 K(x2) = / i E(.’J,.‘Q) = / df) \/l — 225in% 0
2 0 1—22sin?0 Jo




Dlapa Kalin Liu RAP EFT approach o GW phySiCS

2106.08276
2112.11296

Combined result includes logarithms, dilogarithms and elliptic integrals of the first and second kind

log v
(4)
Xb (com _ _105ha(x)
R = X+ v (Xel®) €2x2(@) log(1 =), X T Ty
vau(z) = — Sha(@)log(z) | Sha(z)log (%57) =~ ha(x)
) 32z (z2 —1)° 3222 (22 -1)°  64z2 (22 -1)*’
i 21he(z)E? (1 - 2) 3hr(z)K (1 —2?) E (1 —2%)  15hs(z)K? (1 —2?)  hie(z)log (z? +1)
AT 8 (z2 - 1)* 8(z2 -1)* 16 (z2 — 1)* 3223 (22 - 1)*
+ 3h19(2)Liz ( (%3;) + m2has(z) 3hse(z) log?(2) " 3har(z) log(2) log(z)  3hss(z) log(2) log(z + 1)
1284 (22 — 1)? 512(z — 1)3z4(z + 1) 1622 (22 — 1)° 8(z2 —-1)° 1622 (22 — 1)°
3hao(z) log(2) = 3hao(z)log?(z) B 3h41(z) log(z) log(z + 1) + haz2(z) log(z) B 3haz(z)log?(z + 1)
1622 (z2 —1)* 25624 (22 — 1)° 12824 (22 — 1)° 6423 (z2 — 1)’ 2z (22 —1)*
, huu(e)log(z +1) |, Bhus(a) (Lia (22) ~Li(-z)) _ @i (55) i)
3223 (22 - 1)° 128(z — 1)’z (z + 1) 64(z — 1)22% " 38423 (22 —1)° (a2 +1)"
e h(x)'s are polynomials in the variable x
- T v = Uy - U



Dlapa Kalin Liu RAP

2106.08276
2112.11296

(4)
Xb (comb)

7l

= Xs + I/(XC(CIJ) + 2x2¢() log(1 — :z:)) ,

EFT approach to GW physics

_ 105h; (z)
Xe(®) = T8 (2 - 1)"
__ 3ha(z)log(x) , 3ha(z)log (2) ha(z)
X2¢(7) = 32z (z2 — 1)° T 3222 (z2 - 1)  64z2 (22 - 1)’
b i 21he(2)E? (1 —2%)  Bhz(z)K (1 — 2*) E (1 - 2?) ~ 15hs (z)K? (1 — 2?) _ hie(z) log (z* +1)
AGYES 8 (2% — 1)° 8(z? — 1)° 16 (2% — 1)° 322° (2% — 1)
+ 3hig(z)Lia (“%:_;3;) 72 has(z) 3hae(z) log?(2) " 3haz(z) log(2) log(z)  3hss(z) log(2) log(z + 1)
12824 (22 — 1)° 512(z — 1)3z4(z + 1) * 1622 (22 — 1)* 8(x2 —1)° 1622 (22 — 1)*
3hag(z)log(2)  3hao(z)log?(z) _ 3hai(2) log(z)log(z +1)  haz2(z) log(z) a 3has(z)log?(z + 1)
1622 (z2 —1)* 25624 (22 - 1)° 12824 (22 — 1)° 64z3 (z2 - 1)7 2z (22 — 1)*
 hu@)log(@ +1)  Shas(z) (Lia (%51) ~ Lin(~2)) _ Hue(a)Liz (353) haole)
320 (a2 — 1)° 128(z — 1324 (z + 1’ 6l -1)a" ' 384 (@@ 1) @ +1)

Comparison with numerical simulations
(M. Khalil et al., to appear)

E‘\ conservative dynamics
160 ‘x‘ mass ratio ¢ = 1-
_ :

120
100+

30/

scattering angle x |deg.]

B Mohammed Khalil (AEl & UMD

x3

11 12 13 14 15 16

impact parameter bygr/(GM )
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St How do we compute

1911.09130 observables from boundary data?




How do we compute bounad
observables from boundary data?

Conservative effects

Gravitational Conservative 3PM Hamiltonian
interaction ZB, Cheung, Roiban, Shen, Solon, Zeng (2019)
is UNIVERSAL! The O(G°) 3PM Hamiltonian: (p,r) = \/ p? +mi + \/ p*+m3+V(p,T)
, 2 a\*
Newton in here Vip,r) = - ci(p®) (lrl) :
/ =
vz 2 2,3 [ 92 2 9.+2)2
- 1/7;7; (1 B 202) | - z/ﬁ:‘; _} (1 B 502) B dvo ({5— 20 ) v (1 —i)m(sid_ 20 ) ] |

2.4 4v (3 + 1202 — 40) arcsinhy/ &5+
vem | , . y .
= (3 — 6 + 2006vc — 54c? + 108va? + -11/0‘*) - i

BT % |12 Wy
vy (1 —20%) (1 -502) 3vo (7-200%) v2(3+ 8y — 36— 1502 — 80402 + 15¢02) (1 — 202)
2(1+9)(1+0) 27§ 4”!'352
233 —4¢)a (1 —202)° 141 —26) (1 — 202)°
aE ~ 4 53 + 2 ,.:,6 64
m = ma + mg, p=mamp/m,  v=p/m, v = E/m,

£ =E Ey/E? E = F) + K, o = p1 - P2/ Mmims,



Kalin RAP
910 03008 How do we compute

1911.09130 observables from boundary data?

Conservative effects

Gravitational

iInteraction
iIs UNIVERSAL!

BUT:
Do we really need
a Hamiltonian?




Kalin RAP
1910.03008

1911.09130

B2B correspondence

Conservative effects

Scattering
angle

Periastron
advance

The most exciting phrase

’I‘_(J, 5) = f_(J, 8) J >0, &< ). to hear in science,
N the one that heralds
ri(JE)=F_(=J,E) J>0,E<O,

new discover iCS, 1s not

=1

endpoints related by analytic continuation! but, “marsmumy” e

—Isaac Asimov



Kalin RAP
1910.03008

1911.09130

B2B correspondence

Conservative effects

Scattering
angle

Periastron
advance

The most exciting phrase
to hear in science,

the one that heralds
new discoveries, 1s not

LOOP AROUND INFINITY! but, “warswam.” 5

—Isaac Asimov




Kalin RAP

1910.03008 B2B correspondence

1911.09130

Conservative effects

A(I)(J?g):X(Jag) X(—J,S)

Analytic
At the level of the radial action: continuation

0O0UmMN ’ “UTLOOUTL . “UTLOOUTL . & <0
i, 0, E) = it (f, E) — it (=4, €)

Central object for the bound problem:

- - AD 2 1 OE(E,my)
0S-(J,E,mq) = — (1 = ) 6J + Qr&: za: o ((za) om. ) dmg

—

ALL conservative observables!




Kalin RAP  Liu RAP Yang

1910.03008  2102.10059 B2B correspondence
1911.09130
valid for (planar) aligned-spin
1
GID ___________ Conservative effects
X £
a=a/GM
a=af AQ(J,€) = x(J,€) + x(=,€)
J total (canonical) ~ T
angular momentum Analytic
At the level of the radial action: continuation

E <0

,i7(‘bound) (g < O, e, &::) . i£unbound) (8 < O,f, EL::) o ,ig‘unbound) (8 o 0, —f, _&:

11
p—
-~

Central object for the bound problem:

- - Ad 2 o OE(E,my)
0S-(J,E,my) = — (1 F o ) dJ + Qr&é' za: o ((za) o ) dmy

ALL conservative observables!
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1910.03008 B2B correspondence

1911.09130

Conservative effects

S — 2
3(35 — 10v) K 10— 4y 1941840 237
454 % 42

. 1 2 3
5 _ By + dv? + 3535 — 6911v + 1.30601/ 375V o2
1042
— 2 3 4
(5 aw)? 1 35910 — 126347v + 125559;/ 59920v° + 7385v ) o3

\ 1407
jti,((5—201/+161/2)V—)c‘)"*-l—---, ~

47 4 ONE-LOOP A® MG

o EXACT! o ~— ~ 972

['=E/M=+/1+2v(y-1), Xg?) X My = 3]”22/'2 <57'2F— 1)



#i(d, &) = P_(J,E) d>0 E<0.
ry(d, &) =F_(—J,E) J>0,E<D,

_ aE AE(J.E) = ¢t
AEhyp(J,g) /_OO dt o 11(J 5) % 7
+ o0 dr dE "+ dr dE
2
2/;: P (r,J,E) / —— (r, J,E)

Aligned-spin configurations
Adiabatic Approx.



B2B correspondence

valid for (planar) aligned-spin

Radiative effects

g, €)= PL(J, E) J>0€<D.
r(J,E)=7F_(-J,&) J>0,E<0O,

T JdE dE
_ ar AE1(J.E) = ¢ dt—
AFEwyp(J,E) /_OO dt - 1(J, &) 7{ o
dE dE
¢ dr dE &)= o —J ) "+ dr dE
2 J. &
2/,,: P GERS /r P GERS

Similar to radial action: Loop-around!

AND
AEQH(J, 5) — AEhyp(Jv 8) o AEhyp(_J7 5) &< MORE!

Aligned-spin configurations
Adiabatic Approx.



B2B correspondence ¢

valid for (planar) aligned-spin

Radiative effects

g, €)= PL(J, E) J>0€<D.
ro(J,€) =7_(—J,&) J>0,E<D,

Similar to radial action: Loop-around!

AJen(],€) = Adngp(J,€) + Aduyp(=,€) | £<0 00

MORE!

A

Sign flip
Similar to periastron to angle
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2112.03976 B2B correspondence

Radiative effects

_’T'+—T'_
T+ T-

€

M 12 , ‘ 3/2 2
ABp G, E) = M [850€J5 | 2922652 (@ , 1648 2068 ) - ( 1)

15 J 35 37 g 3 : M? (8500 1464Em  296E%r  £%m (46617
/27 : - AEEH(j) 8) — - .7 + .5 + -3 + 5 ( — 104641/)
V2E5/2(2506431 — 3009160v) n £3/2(182337 — 140480v)  7TVE(—5763 + 3220v) 15 | j J J J 7
105(1 + 2€5°) 4% 3V2(1 -+ 2€52) 6 2v2(1 + 2£5%)38 | Tm(5763 — 3220v) | 15€m(2269 — 21200) | E%m (AT86 oo
e \ b . v , = — 888w
2V2ET/2(—R9907 4 1563801 " £ (2388 — 15900v) 2 £2 (#5517 — 10464v) 459 257 42 7
35(1 + 2€42)4° 47 5
40341 83 47556 — R&RK
+ 24— o i 5 ( == V) cos | a
].Q ]3 €

= AFEnyp(e, &) — 'f

Odd terms survive
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B2B correspondence % i

Radiative effects

P, &) = F(J,E) J>0,E<Q.
&) =1 _[(—d£) J>0,E<D,

1 1 [T
5Sbound _ %Htaﬂdt 5S7ftfnbound _ Htaildt

27 ) _ o

Z-bou’rzd(j7 g) _ Z-fwn,bafwn,d(j7 8) o Z-unb()und(_j’ g)

T T

¥ WadMING

- : T SRR R T
. J 5 o \__ L) ot ‘ 3
Vol e J X o Nas S TRE .“”v&‘ %&b

What about the tail Hamiltonian? Loop around again!

Valid in
the “Iarge.j” . Hiait(r,€,J) = Heain(1, &, —J) T4 e
limit ONLY / ' /
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2106.08276
2112.11296

Binding energy
for circular orbits

= (GMw)?/3 ~ v?

B2B correspondence

v 3 vi  19v 27| .
e(r) = {1 21 T 217 3 3 T (large-eccentricity)
"~ 353 15502 5 675
246m% — 6889 J
t 5181~ 96 576 (2207 ¥ 64 | *
) 7TA 3013 7(2706m% — 71207) v2 7 (1936572 — 98756) v 3969
31104 1728 3456 | 23040 128
PART 15 45 135 45

Mismatch with known result (even different transcendental numbers!).

H6
0 = vz’ —

135

(14559 (3 — 329 + 1445 — 24528 log 2) ~ 102 vz’
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2112.03976 B2B correspondence
Dlapa Kalin Liu RAP

e e 448 (224 432 1172\
2112.11296 €Elogz = {vas + ( - - ) v+ (—176 | 3% ) V- z° (large-eccentricity)

(616 792 176\ 3 (39776 491326 1394492\ ,

+ | | v° + | %
\27 5 3 45 315 945 W 4
L (_2638064 6032774 1138874\ 1 -\,
45 105 | 1215 )~ ol

ALL LOCAL + LOGS ARE A PERFECT MATCH!

-4PM - . . 210~% — 552v° + 339y* — 912+° + 3148~ — 3336y +~ 1151
ir(log) = ~ (o) arzy S Penli) 1og(=€)  (bound) £, ¢y T ;
2w (1 — ~2)2 3 (357* + 60y* — 15042 + 76y — 5) (E 3 (2% — 3) (359" — 30v* + 11) arccosh(vy)
- B | (I‘st) X2¢(7) log(=€) + -+, ' 16(y2 = 1) %\ ) 32(v2 - 1)° vF—1

PHYSICAL REVIEW D 96, 024063 (2017)
m Lamb shift and the gravitational binding energy for binary black holes
Ralael A. Porto
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BREAK GLASS
AND DON'T PARIC

Impetus

B2B

| pgo(E) T MV(T? L)

aligned-spins

AFEywyp(J,€) = AEpyp(—J, E)
Adyp(J,E) + Adhyp(—J, E)

,L-bound(j’ g) _ Z-unb()ufn,d(j7 5) o iunbound(_j’ 5)

T T T




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

Kip Thorne ‘Last 3 minutes’ 1993
20+ years prior to first detection!
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Einstein
Telescope
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New era of foundational
Investigations established
through GW Precision Data.

New particles discovered!
Black Holes unveiled! SRt S e
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Origin of structure uncovered! e
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