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Why precision gravity?
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Why precision gravity?

Hamiltonians

conservative dynamics

Fluxes

dissipative dynamics

Precise and accurate
parameter estimation
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Primary black hole mass 363 M
Secondary black hole mass 29ij o
Final black hole mass 62 M
Final black hole spin 0.67+995 A typical waveform model
Luminosity distance 4104180 Mpc needs precise Hamiltonians
Source redshift z 0.09f8_‘82 and Fluxes

GW150914

[SEOBNR, TEOBResumS, IMRPhenom, ...]



Bound state - Inspiral phase

Inspiral : merger phase

. - ) R inspiralling phase numerical relativity
the components of the binary are moving at non-relativistic bost-Newtonian theory |

velocities and their orbital separation is slowly decaying ( ‘ - - - ingdown phase
) 1 BH perturbation

Al ' | _ theory
Merger : 2}

the separation between the components falls roughly below
the innermost stable orbit of each other, and the objects
reach relativistic velocities and merge into final object

GW amplitude
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. [Blanchet (2019)]
where spacetime settles down to that of a Kerr black hole
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Numerical Relativity Self-force

[Newton, Einstein, Infeld, Hoffman, Ohta, Okamura, Kimura, Hiida, Jaranowski, Schafer, Damour, Buonanno, >
Blanchet, Faye, Iyer, Will, Wiseman, Poisson, Flanagan, Deruelle, Thorne, Sathyaprakash, Bini, Geralico, . . . Mass ratio
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Bound state - Inspiral phase

Inspiral : merger phase
. . _ CR inspiralling phase numerical relativity
the components of the binary are moving at non-relativistic bost-Newtonian theory |
velocities and their orbital separation is slowly decaying ‘ - - - ringdown phase
o} 1 BH perturbation
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Merger : 4 A
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Ringdown : \ ]
where speé
2 EFTs provide a simple framework
0PN to capture the essential physics at different scales
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[Goldberger and Rothstein (2006)]
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This talk

What are EFTs? Why do we need EFTs?

How are EFTs used for
two-body problems?

What did we do with it?



Effective Field Theories

"To any given order in perturbation theory, and for a given set of asymptotic states, the most general
Lagrangian containing all terms allowed by the assumed symmetries will yield the most general S-matrix
elements consistent with analyticity, perturbative unitarity, cluster decomposition and assumed symmetries."

Top down approach

1 GymM

r
1 GymM
= —mv?> + i
2 R+h

RG flow of the coefficients:

Flat earth
limit

o "'iIh

h< R

[Weinberg (1979)]

Bottom up approach

Wilson
coefficients




Effective Field Theories

"To any given order in perturbation theory, and for a given set of asymptotic states, the most general
Lagrangian containing all terms allowed by the assumed symmetries will yield the most general S-matrix
elements consistent with analyticity, perturbative unitarity, cluster decomposition and assumed symmetries."

[Weinberg (1979)]
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To specify a EFT at a certain scale you need:
Top down apprad ipproach
Degrees of freedom Symmetries
LN = lmvz + Gle . . )
2 r Power counting - to evaluate the importance of the operators
— lmv2 + GNm . . .
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Why EFT/QFT for classical problem?

Advantages of QFT/EFT approach for classical problem:

= Feynman diagram help organise the large computations
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= Dimensional regularisation to handle the spurious divergences

= Multi-loop techniques for solving integrals (IBPs, differential and difference equations for Mls, etc.)

[Kol, Shir, Foffa, Sturani, Mastrolia, Strum, .

OB D

= Also: double-copy, supersymmetry, massive-higher spins, spinor helicity, etc.

[Bern, Parra-Martinez, Roiban, Ruf, Solon, Shen, Zeng, Dlapa, Kélin, Porto, Jakobsen, Mogull, Plefka, Steinhoff, Damgaard,

Bjerrum-Bohr, Aoude, Haddad, Helset, Guevara, Ochirov, Vines, Arkani-Hamed, Huang, Kosower, O’Connel, . . .]



This talk

How are EFTs used for
two-body problems?

Questions?



Effective Field Theories for PN
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g Black holes Neutron stars
R
Black holes perturbation theory Numerical simulations
4 > R Point particle Point particle
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Gravitational waves

[Goldberger and Rothstein (2006)]



Compact object

We decompose the metric as:
- g;fy - Short scale metric (encodes interactions << Ry)

- g[;y - Long scale metric (encodes interactions >> Rq)

To construct a EFT at length scales > R, (integrate out g;fy)

o iSerl gl 1HiS 1T @,gf] _ [ D[g"] D[5x] o ISEnl 8" I+iS;, [6x,8")

Degrees of freedom:

= A point particle worldline - centre of mass of the compact object
= Multipole moments J - internal structure of the compact object <

= Long scale metric gﬁy

Symmetries:

= Diffeomorphism invariance for the gﬁy

= Re-parameterization invariance for the worldline

Inherent multipole moments :
11- mMass
S,, - spin

H

Il

- quadrupole

Response multipole moments :

R

v - quadrupole



Point particle EFT

A compact object could be approximated by a point particle with
internal structure (Wilson coefficients) at large scales as compared to R,

Spin induced quadrupole

Mass: Jdt m /g;yu”u”

Spin: dt —lS QW—L cW Ew YA T e
P 2 2mc \ ES*) y STE




Point particle EFT

A compact object could be approximated by a point particle with
internal structure (Wilson coefficients) at large scales as compared to R,
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Point particle EFT

A compact object could be approximated by a point particle with
internal structure (Wilson coefficients) at large scales as compared to R,
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Point particle EFT - matching

A compact object could be approximated by a point particle with
internal structure (Wilson coefficients) at large scales as compared to R,
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Spin induced quadrupole
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Effective Field Theories for PN
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Black holes Neutron stars
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Black holes perturbation theory Numerical simulations

Point particle Point particle

+ internal structure + internal structure
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Gravitational waves



Post-Newtonian setup

Binary is approximated by two point particles (weak field) By = Ty T -~
v
nPN — (—)
Particle move at non-relativistic velocities (slow velocity) V < ¢ ¢
To separate the physics at scale r : - : ~ (Y 1
p phy Potential gravitons (/,,): (a), ) ~ (7, 7)

from the physics at scales » r,
we decompose the gravitons as -

l

1
A
_ 1 vV Vv
Radiation gravitons (/,,,): (a),z) R (—,—>

[Goldberger and Rothstein (2006)]

The action for the binary is: oSl — J D[HW] D[}_lﬂy] o 1Senlhy, 1418, 0y,
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Post-Newtonian setup

Binary is approximated by two point particles (weak field) By = Ty T -~
v
nPN — (—)
Particle move at non-relativistic velocities (slow velocity) V < ¢ ¢
To separate the physics at scale r : - : ~ (Y 1
p phy Potential gravitons (/,,): (a), ) ~ <7, 7)

from the physics at scales » r,
we decompose the gravitons as -

l
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1 V V
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The action for the binary is: oSl — J D[HW] D[}_lﬂy] o Senl 148,10y,
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Conservative effects

Instantaneous conservative effects given by
(integrating out potential gravitons

with /1, = 0)

ei Jdr Ll

‘/é:ff = —{ lim

J ei P'(Xl—xz) X

/(\ y
-~ H,Ll,l/
™M1 Sso -~ mo9
T

(a) ' ' (a)
Xppy | — D] H,uy] e iSpylH, ) +iS, [x,7).H ]

Removing higher order

time derivatives Effective
> conservative
Removing spurious poles Hamiltonian



Effective two body Hamiltonian

Removing higher order

vV i i P-(X1-Xy) time derivatives Effective
= —111m e .
eff pcy > conservative

Removing spurious poles Hamiltonian

At leadi d S.,=|d L uruy 1S QW + ) QWEH
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Effective two body Hamiltonian

Removing higher order

vV — ei P-(X,-X,) time derivatives Effectw?
eff pcy > conservative
Removing spurious poles Hamiltonian
At t-to leadi d S.,=|d L uruy 1S QY + A QM EW
next-to leading order, oo = | dt { my/ g utu ~ 55w +10 4 ..
I A I I
I I\ I I
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Effective two body Hamiltonian

Removing higher order

v . ei P-(X;-X») time derivatives Effectw?

eff pcy > conservative
Removing spurious poles Hamiltonian
At t-to leadi d S, = |dt L uru? 1S QW + A QHYEH

next-to leading order, . m [ &nutu ~ 5w +10 + ..
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Effective two body Hamiltonian

— Removing higher order
v R ei P-(X,-X,) time derivatives Effectw?
eff i3 Jp > conservative
Removing spurious poles Hamiltonian
At next-to leading order S, = |dt L yr I’—lS Q' + 4 OEF + ...
ext-to leading order, o = M| 8t U = =Sy, Q
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Effective two body Hamiltonian

Removing higher order

v . ei P-(X;-X») time derivatives Effectw?

eff pcy > conservative
Removing spurious poles Hamiltonian
At t-to leadi d S, = |dt L uru? 1S QW + A QHYEH
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PN orders 1.5 2.5 3.5 4.5 5.5
5 6
. . . 4PN 5PN
Point particle Newtonian +LO (Her) + NLO (Her) 6PN
Spin-orbit LO-SO NLO-SO NNLO-SO | N~3L0-s0 | N 4LO-SO
+ LO (Her)
oA A n e n e N*4LO-S"2
Spin”2 LO-S"2 NLO-S”2 NNLO-S"*2 N*3LO-5"2 + 1O (Her)
Spin*3 LO-S*3 NLO-S”*3 NNLO-S*3
Spin™4 LO-S*4 NLO-S*4 NNLO-S*4
Spin*5 LO-S*5
Her=Hereditary effects
pr . ml/C2$ 1 3 14 27 19 V2 9 [Damour, Jaranowski, Schafer (2014);
cir 9 + _Z o E T+ _g + gl/ o ﬂ L Jaranowski, Schafer (2015);
Bernard, Blanchet, Bohe, Faye, Marsat (2016, 2017);
+ | — 675 + 34445 _ 205 w2 \y— 155 2 _ 39 3| 3 Damour, Jaranowski, Schafer (2016);
i 64 576 96 96 5184 Foffa, Mastrolia, Sturani, Strum, Bobadilla (2019);
i Foffa, Porto, Rothstein, Sturani (2019);
n _%689 n (_ 1;32;1 n ?gzgﬂj 4 ?56’7}3 + 41;458 1n(16x)> U Blumlein, Maier, Marquard, Schafer (2020)]
3456 576 1728 31104




PN orders 1.5 2.5 3.5 4.5 5.5

0 1 2 3 4 5 6
Point particle | Newtonian 1PN 2PN 3PN PN - ) 5N er) OPN
. . n N*4LO-SO
Spin-orbit NNLO-SO N*3LO-SO + 1O (Her)
_ - - o ot o NA4LO-S2
Spin”2 LO-S"2 NLO-S"2 NNLO-S"2 N*3LO-S"2 + 1O (Her)
Spin”3 LO-S"3 NLO-S”3 NNLO-S*3
Spin*4 LO-S*4 NLO-S"4 NNLO-S*4
Spin”5 LO-S”5
Her=Hereditary effects

SO _ 5/2) ox(_ 4
Hcir =z {S ( 1/)—!—5( 3V
[Antonelli, Kavanagh, Khalil, Steinhoff, Vines (2020);

n :1:7/2{5* <_§V + §V2> 4 S (—41/ n 3—11/2) } Kim, Levi, Yin (2022);

2 3 18 Mandal, Mastrolia, RP, Steinhoff (2022)]
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Her=Hereditary effects

PN orders 1.5 2.5 3.5 4.5 5.5
0] 1 2 3 4 5 6
. . . 4PN 5PN
Point particle Newtonian 1PN 2PN 3PN +LO (Her) + NLO (Her) 6PN
Spin-orbit LO-SO NLO-SO NNLO-SO N*3LO-SO N LO-if))

. A n n n e N*4LO-S*2
Spin”2 NLO-S*2 NNLO-S*2 N*3LO-S"2 + 1O (Her)
Spin*3 LO-S*3 NLO-S”*3 NNLO-S*3
Spin*4 LO-S*4 NLO-S*4 NNLO-S*4
Spin®5 LO-S”5

SS _ 5. . ¢ 3 afd D o sf35 1001 , 371 4
HCiI‘ = 5(1)5(2){117 {I/}-i-m {6I/+ 181/ }+CB { 3 v 7 v 2161/
943 0107 123 147 13 [Antonelli, Kavanagh, Khalil, Steinhoff, Vines (2020);
Mandal, Mastrolia, RP, Steinhoff (2022)]
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PN orders 1.5 2.5 3.5 4.5 5.5
0 1 2 3 4 5 6
. . . 4PN 5PN
Point particle Newtonian 1PN 2PN 3PN +LO (Her) + NLO (Her) 6PN
| | | | | |
S(
PN orders 6 7 8 9
E, E* N~4LO
+ LO (Her)
B, B" LO NLO NNLO N~3LO
V.E, V*E¥ LO NLO NNLO
E E* LO NLO
9~ 33 ~ ~
T _ .6 7
91 2717 20865 \ ~ 715 11583\ ~
8 2
— - —— — A —_ —— ) Y2
HS +x [(161/ 12 v 294 (_|_)—|—< v+ ) ( )]
. 4 2 s n 74495 o (823243 889572 . 894721 321 (20— 1)lo (xfz ) 3
32 448 784 512 3136 ' 7 & \Fhiorb | | A+)
825 , 42225 378751 321 ~ ~ ~
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Effective Field Theories for PN
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Dissipative effects of the binary can be completely described by the
Stress-energy tensor of the binary emitting radiation gravitons

L S~ H.U’V A
ma « Sso mo9
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Stress-energy tensor is obtained by
(integrating out potential gravitons

with l_z/w #=0)

_ [
Feff[h] = ——Ilim

Jd3xJ el P-Xi=Xy)
2 d—3 p

o Seulh" 1+ [d*x T P W _ J D[H,,] o 1Sl Ry, ) 418,000 H )

Stress-energy

>

Tensor




Multipole EFT and Matching

A binary is approximated by its multipole moments, when considering
its effect very far away from it.

Sbmary Jd4x Teff[x(a)] ,L\ 5’
’
A
A AN

4 )

Matching: M = Jd)?TOO Pi — Jd';C)TOl Li — “dx’eijkTojxk Multipole
expansion

ij 2 i 2 i 4 s Ay ) v

1" = [ dx[Toox"¥ 1gtg + | dXIT,,.x' ¥ ]g1E + 3 dxo,[ Ty, x“x' ¥ gpp + -+
Multipole EFT:
_ : _ y N I/
— Uv
SMultipoles — J'dt <Mh()0 + Lleijkdjh()k + IUEZ-]- + Jl]Bl-j + >



Multipole moments of binary

Removing higher order
time derivatives

7 l : Removing spurious poles Multipole
[ _¢[h] = — —lim | d’x i P-Xi—Xy)
eff™ 2 d_’J J Pe AVAVAV, > moments
SO(3) decomposition of the binary

: 1
At leading order, Spp = J dt { oy g;,/u”u” I S, Q" + 1 QPEM + - }

= Ty=-g(meTemet)  — (im )= [nw]

. 14 1
<I(fi>]111>lj = l2(51 X n)'vi — (S, XV)inf]{ —%qu} (Ié})TN>’J = [nan]r—;{S (1 + E) r2}




Multipole moments of binary

Removing higher order
time derivatives

_ ] : Removing spurious poles Multipole
I' ¢lh]l=——1 d3 i P-(X;—Xs)
effl/t] ) dl_%l" xJP € AVAVAY. = moiments
SO(3) decomposition of the binal’y
1
At next-to leading order, Spp = Jdt { ma/ gﬁyuﬂu’/ | ESIWQ/W + 1 QFYEMY 4 ... }
I i
: :
: :’VVVVV‘
l l
: :

=l (3-32) 2o (5-3)} oo (2-2) o pl{ 3-22)1)



Multipole moments of binary

Removing higher order
time derivatives

2 [ j Removing spurious poles Multipole
[.elh] = — =lim | d° i Pr(Xi=Xs)
eft 2 dl_lg" x‘[ Pe AAAY: > moments
SO(3) decomposition of the binary

At next-to leading order,
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Radiation effects and waveform

Complete dynamics of the binary: o 1Serlpy ] — J DIH,] D[BW] o 1Senlhy, 1S, x50 1y, )

-
- . | oo oy L1
\ § : % : rr 5 a dtS
e |
’ l l > — >
. I 1 Multipole G e
expansion 7 p=_X —19(1)
3
7% 1 v 5 dt
Gravitational waves from a given dynamics of the binary:
1 2 1kl
':\;, > —  pi=_ ﬂ/\ijklw
RN Multipole R dr?
o \\ expansion ]
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State-of-the-art - Flux

PN orders
Point Particl LO (Her) NLO (Her) +Nx|’_\gl-(?|er) N3LO (Her) +N"|:’I\.Zg-(ol-ler)

Spin-orbiit LO NLO LO (Her) NNLO (T_II;?) +N|\Nl|/_\gL((|?ler)
Spin~2 LO NLO LO (Her) NNLO (||\I_|Le(r))
Spin~3 LO NLO
Spin*4 LO

Her=Hereditary effects
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[Blanchet, Faye, Henry, Larrouturou, Trestini (2023)]
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State-of-the-art - Flux

PN orders

Point Particl

Spin-orbiit
Spin~2
Spin”3
Spin*4
G _ 32,
cir 5G

FAT ={ <768V2 N

N~3LO N N~4LO
LO (Her) NLO (Her) | nNLO (Her) | N"™3HO (HED | Nnaio (Her)
NLO N~3LO
LO NLO LO (Her) NNLO (Her) +NNLO (Her)
N
D
r)
PN orders 2.5 3
- D
E, Ef LO (Her) LO (Her) H:\Ltg '(-Ser)
B, B" Lo NLO LO (Her) NNLO
V.E, V*E" LO NLO
Her=Hereditary effects
E, E* LO

~
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192v
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192 ~
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97362 1408y 5o 18412
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urou, Trestini (2023)]

[Henry, Faye, Blanchet(2020),
Mandal, Mastrolia, RP, Steinhoff (2024)]
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Summary - PN pipeline

EFT around a point particle for compact objects
with internal structure

1
m\u* + ESWQW + cp2 E, E* + -

pp Spin tides
Two point particle EFT to describe a bound state
like binary at scales r <
?
1 G
D> —mv2+ N2 | 1PN 4 2PN 4 -
2 ||
a=1.2
EFT of multipole moments to describe the binary
at scale 4
( G < AVAVAVAV,
M hyp+ L eudhg+ IV Ej+ JY B+ /
total angular Inass current
mass MOm. quad. quad.
. _dH _ dH .
. r = — = —— 4
Equation dp, pr dr '
. E— E—
of motion dH JH
dp, 4T " ag "



This talk

What did we do with it?

Questions?



Summary - PN pipeline

EFT around a point particle for compact objects

with internal structure
1
mVu? + ES;WQW + cp2 E EM 4 - :
pp spin tides
Two point particle EFT to describe a bound state
like binary at scales r <
?
1 Gym;m
Y —mv2+—"——2 4+ 1PN + 2PN + -
2 ||
a=1.2
EFT of multipole moments to describe the binary
at scale 4
( : G < NN\
M ho+ L eudhg+ 1Y E;+ JY Byt /
total angular Inass current
mass MOm. quad. quad.
. _dH _ dH .
. r = — = —— 4
Equation dp, T T T
. E—
of motion dH JH
dp, 4T " ag "




Multi-loop Feynman diagrams

the momentum space Feynman diagrams are |

mapped onto two-point massless integrals |

MW = o ® hy,
k—0
! V1,V2,
l i K N. kz
J—_'D() _ Ngl,uz, (x(a)7s(a)) elp“w(lz)ngzl,az, (p) H M ( )
{g} p o ki HO’EQ DO’(p7 k’&)
Coefficient that depends Fourier integral Multi-loop integral
on orbital variables
[
1 1
kll I I k / //‘ ~~\\ \k +
: ki — ky :Tk1+p . ;o ok =k, NN p
I I 1 —> ) -~ N dPp P @=x2) | 4Pk APk 11 1 1 1
FossT ! — FoTTTTTET 1 c pe 1% "2 050 2 2 2
- - \ : K22 (e + p)? (ky + )2 (Ky — k)
kzl I I Tk2+p “ / fk2+P
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Multi-loop Feynman diagrams

the momentum space Feynman diagrams are |

mapped onto two-point massless integrals |

MM~ = o ® hy,

k—0

i Ny (ks)
JTD(Z) — Nm,uz, T 75 a /61puw(12)N04170427 (p) / M 4

{9}
p =1
Coefficient Eat depends Fourie;irntegral Multi—lo;g integral
on orbital variables
: : Point particle 3PN — 8 diagrams —_— 106 different integrals
I I
: : Spin-orbit 4.5PN  — 288 diagrams 5 8270 different integrals
F ------ I . . .
: Quadratic in spin 5 PN l 142 diagrams 19512 different integrals
I
I

No all integrals are linearly independent — Integration-by-parts identities



e 0 n+1
Integral family I (a) = J dx x" e — = J d( * > o—0x

1 T
— xn+le—ax J xn+ld<e—ax>
n+1 . 0
Integration-by-parts identity I(a)=—1_(a) _ 4 @)
a - 74+ 1 n+1
Master Integral I(a) = J dx e "
0

: . . °° 1

Differential equation —I(a) = J dx (—x) e ™ =—-1 =——I,
da 0 a

Solution

Boundary condition




Integral family

Integration-by-parts
identity

Master Integral

Differential equation

Solution

Boundary condition

L .= [Oodx : :
’ 0 (x+a)" (x + b)"
Im,n = = — 1
(n—1)(a—b)
B 1
(m —1)(a - b)

°° 1 1
’ (x+a) x+Db)

0 J’°° —1 1
oa 0 (x+a)? (x+b)
: : + 1
a—>b a M
—c + log(a)
1y

[_

[_

1
: 2) 1
am—1pn—1 i (m = ) m—1,n
m A
12,1
1+ o




In-house Mathematica code

—

b ] e o B

> el e s

J

]

\

=
= |

]
[

—_—|
e
N

A

[Mandal, Mastrolia, RP, Steinhoff]

Fp

{Integrand generation ]

F
[ Topologies ]——»[ faynman
diagrams

]—[ Integrands ]

/ Feynman rules /

( Multi-loop methods}

/ Master integrals /

|

T IBP Reduction
ensc.)r to Master
reduction .
integrals

Tensor Fourier
e |
integrals

[Laurent expansion around d = 3]

[ Scattering Amplitude ]

{9} =

Nul 2, ( (a),S(a)) / Pum(lz)Nal 02,

- o \u

-

Nl/l Vs,
2 H/ HUEQD o )

-

Vv Vv
Coeflicient that depends Fourier integral
on orbital variables

Computing Feynman diagrams

= Diagrams with QGRAF,

= Tensor Algebra with xTensor,

Multi—loop integral

= [BPs with LiteRed/KIRA/FIRE,

= Can compute up to 3 loops or up to G;\L,

(Prelimenary results at 4 loops or upto Gf,)

O

Master Integrals

200

< -CO

O
00-




In-house Mathematica code

(Integrand generation) \

vy

Feynman
Topologi I
[ opologies ]7—{ diagrams ]—[ ntegrands ]

/ Feynman rules /

Effective < ( - \ > Stress-energy
Lagrangian s kMUItl-IOOp methOdSJ \ tensor
[ / Master integrals / |
( Remove divergence J (80(3) decomposition]

(Order reduce time derivatives) IBP Reduction . )
Tensor Fourie
I Tens?r to Master n r Fourier .
reduction . integrals Multipole
integrals
moments

Effective
Lagrangian | |
| [Laurent expansion around d = 3} ( Optical theorem ]
[ Legendre transform J | ) i
Effective | Fluxes
Hamiltonian r N\
| Scattering Amplitude [
( Circular orbits ) - g ( lCircular orbits )
'
[B. j ] Very flexible to add more degrees of freedom [ ]
inding Energy Energy flux
(spin, tides, beyond GR, enviornmental effects, . . . )
= B 1 0 3 v 5 27 19 1 0 * = generic orbits Fpp _ 327/2 5 N B 567/3 B 24941/2 6 N A 32,/2 3/2
(@) =T T 5T 24y T (16 167 T 8" 25 S0 3 105 U T ST
675 34445 20572 155 35 208v*  37084r3 8942212
4 ) 910 _ 199 o 99 3 5 _ 7 15/2
T {128 ( 1152 | 192 > YT 192" T 10368 } +0) +{ o 315 2835 }x +0 (“" ) ‘ =
47



Hamiltonians - NNNLO spin

Spin-orbit coupling at 4.5PN: {5, - L)

L v 1 v arXiv:2209.00611 [Mandal, Mastrolia, RP, Steinhoff (2022)]
dt < my /g utu” —=§, QW + ...
y22% 2 y22%

= Analogous to fine structure correction to Hydrogen atom

= 894 Feynman diagrams up to 3 loops

PN orders 1.5 2.5 3.5 45 5.5
0 1 2 3 4 5 6
L] L] L] L] . 2
Point | mewtomian | 1e wn | an | 28 | sw | . | Quadratic-in-spin coupling at 5SPN: (S( o )\ Say - S
particle +LO (He! + NLO (Her)
Spin-orbit LO-SO NLO-SO NNLO-SO( N~3LO-SO ':_IALAC;_(O'_-'zS arXiv:2210.09176 [M'dndﬂl. Mastrolia, RP, Steinhoff (2()22)]

~4L0-5"2

Spin"2 LO-S*2 | NLO-S"2 | NNLO-S"2(| N"3L0-8°2 [J ' "~ = Analogous to hyperfine structure correction to Hydrogen atom
(Her) 8 yp ydarog
Spin*3 LO-8%3 | NLO-8"3 | NALO-S"3 = 723 Feynman diagrams up to 3 loops
Spin*4 LO-S*4 | NLO-S*4 | NNLO-S™4 RS 1 © Eﬂ 3
Spin*5 LO-S"5 L= T 2mc <CESZ> u [SﬂSV] STF T °
2 v
sy _ 1 (C(2)> Gym B S2 4 ...
2\ EJ 5 s
1 Gim E,ES
- Cé(;)z = 1 for Kerr BHs. LES) = B (Cé(z))sz) 55 ”ZS - [S”S”] STF +

Cé%) and Cég)sz are yet unknown for Kerr BHs

Results also computed by [Kim, Levi, Yin (2022)] using EFTs, and
| Antonelli, Kavanagh, Khalil, Steinhoff, Vines (2020)] using self-force



Hamiltonians - 3PN tides

Dynamic tides

2

Z .
Pl

2
< c” . . Z Nm
—_ Uv 2 17772 'MVE B
dy = 0,0 ;0,0 ] 0 K
y 4/16¢)f2 72 =W i 2 ad co
Adiabatic tides
PN orders 5 6 7 8 9
E, EW LO NLO NNLO N~3LO N~4LO
+ LO (Her)
B, B LO NLO NNLO NA3LO
V.E, V EW LO NLO NNLO
E/WEW q LO E NLO
Dynamic tides
PN orders 0 1 4
0, E" LO NLO ) NM4LO
+ LO (Her)
0,,B" Lo NA3LO
Q,, B 4 Lo E

Adiabatic tides

z G]%,mz 7 . .
L= ZEWEW — AK e EEWE””

Adiabatic and Dynamic tides up to 3PN

arXiv:2304.02030 [Mandal, Mastrolia, Silva, RP, Steinhoff (2023)]
arXiv:2308.01865 [Mandal, Mastrolia, Silva, RP, Steinhoff (2023)]

= Modelling of mode oscillation of NS

= 290 Feynman diagrams up to 3 loops

Requires renormalisation!!

s =g dE 214

dR 105
K(R) = k(Ry) — ﬁ log 5
105 R,



Fluxes and waveform - 2PN tides

Energy and Angular momentum flux:

76802 1920\ ~ 192 ~
J:QT :{ < 51/ + Ty) )\(+) + ?6)\(_)}.%10

973602 14080\ ~ 18402 14080\ ~
+{<—992u3— Y ”) )\(+)+(— - ”) 6)\(_)}x11

Adiabatic tides

35 35 5 35

2.2
76802 1920 ~ 192 ~ Z Gim < . .
warl (5455 e + 000 L =4 —E B — ik——F  E"
ad 4 uv ) nv

3 2
n { (30881/4 n 63692v°  1299706v n o)

35 945 45
111160° 14 ° 8344\
(_ 6v 95661% 53 u) M(_)}xlerO(mzs/z) _

15 * 105 45

53441/) ~

Adiabatic tides up to 2PN

arXiv:2412.01706 [Mandal, Mastrolia, RP, Steinhoff (2024)]
Gravitational waveform phase:

= 85 Feynman diagrams up to 2 loops

3x5/2 ~ ~ 195 15950 32502\ ~ 195
=— 16,2 |:{(1+221/))\(+)+5)\(_)} -I-:I?{ (%4_ 14 + 12 > )\(+)+ (%-l_

om ~ 5T ~
+ 123/2{ — ?(1 + 221/))\(+) — ?5)\(_)}

¢AT

44151/) 5 }
168 ) ") = Corrected the previous result of

[Henry, Faye, and Blanchet (2020)]

,2J (136190135 | 978554825 28193512 a3
9144576 1524096 2016 )
136190135 2139050 158502\ ~ 5/2
( 9144576 364 + 132 ) 6)\(_)} + O (w ) PN orders 0 0.5 1 1.5 2 2.5 3
E, EY LO NLO Lo(Hen ( NNLO l NLO (Her) | N"3LO
+NNLO (Her)
e e . B, B" Lo NLO | LoMen | NNLO
Gravitational waveform modes:
V.E, V*E" LO NLO
~ ~ 452 9\ ~ 1250 9\ ~
”HATz{ 120+ 3) A —|—35}\_}+x{( —201/—!——)/\ +(—+—)5A_} ..
22 ( ) (+) ( ) 7 2 (+) 7 2 ( ) E”DE/UJ LO

+ .’133/2{ (241/ + 6) 7TX(+) + 67T(5X(_)}

27413 1936712 7211y 1403\ ~ 10312 1559v 1403\ ~
2 5/2
+z — — — + Aoy + + + oA + 0O (.’L‘ / )
{( 21 168 56 ) ) ( 24 56 56 ) ( )}
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Summary - PN pipeline

EFT around a point particle for compact objects
with internal structure

1
m\u* + ESWQW + cp2 E, E* + -

pp Spin tides
Two point particle EFT to describe a bound state
like binary at scales r <
?
1 G
D> —mv2+ N2 | 1PN 4 2PN 4 -
2 ||
a=1.2
EFT of multipole moments to describe the binary
at scale 4
( G < AVAVAVAV,
M hyp+ L eudhg+ IV Ej+ JY B+ /
total angular Inass current
mass MOm. quad. quad.
. _dH _ dH .
. r = — = —— 4
Equation dp, pr dr '
. E— E—
of motion dH JH
dp, 4T " ag "



Summary - PN pipeline

A

EFT around a point particle for compact objects

@ N\

State-of-the-art results! |

~

Can compute 4 point and 5 point diagrams
Spin-orbit Hamiltonian at 4.5PN —

Can compute up to 3 loops
(NNNLO): <S(“) . L) Very flexible to add more degrees of freedom

arXiv:2209.00611 [Mandal, Mastrolia, RP, Steinhoff (2022)] \ J _

Quadratic-in-spin Hamiltonian at

In house Mathematica code

5PN (NNNLO): ( S2 S .9 Renormalisation of
. (@) ]2 \2() =2 . .
, N o post-adiabatic Love number!!
arXiv:2210.09176 [Mandal, Mastrolia, RP, Steinhoff (2022)]
Adiabati d e tid 50 RdK 214
K) = —_— =
1abatic an Dynamlc tides AR 105

Hamiltonian up to 3PN:

arXiv:2304.02030 [Mandal, Mastrolia, Silva, RP, Steinhoff (2023)]
arXiv:2308.01865 [Mandal, Mastrolia, Silva, RP, Steinhoff (2023)]

Gutomatic computational framewmb
Adiabatic tides Fluxes and modes of QFT/EFT prove very effective in

. arXiv:2412.01706 . . .
up to ZPN. [Mandal, Mastrolia, RP, Steinhoff (2024)] J/ gOlng to hlgher Order correCtlonS!!
Equ&

— JJVY

of motion dH




