Gravitational Waves
from Amplitudes and EFT

Dimitrios Kosmopoulos

Departement de Physique Theorique, Universite de Geneve

EFTs and Beyond - December 5, 2024



Gravitational Waves & Particle Physics

Era of gravitational-wave astronomy

New 1nsights into fundamental open questions

Present experiments Future experiments

...and

many more!
2




Gravitational Waves & Particle Physics

Era of gravitational-wave astronomy

New 1nsights into fundamental open questions

Collider physics: From proton-proton scattering to the Standard Model and beyond

Gravitational-wave physics: From black hole-black hole merging

to General Relativity and beyond




Gravitational Waves & Particle Physics

Era of gravitational-wave astronomy

New 1nsights into fundamental open questions

Collider physics: From proton-proton scattering to the Standard Model and beyond

Gravitational-wave physics: From black hole-black hole merging

to General Relativity and beyond

Quantum Field Theory for Gravitational-Wave Science



Gravitational-Wave Analysis

Inspiral Merger Ringdown

‘ o @ o
J u
e

ﬂ
Credit: ANTELIS, MORENO

From the Binary’s Evolution to the Observed Waveform



Gravitational-Wave Analysis

Inspiral Merger Ringdown

Quadrupole radiation formula / - O -
- *

Credit: https://www.ligo.caltech.edu/

p 20 A
r

|

From the Binary’s Evolution to the Observed Waveform

|

ﬂ

J\N\/WW

Credit: ANTELIS, MORENO



Gravitational-Wave Analysis

Inspiral

Quadrupole radiation formula

A \ A
r

Credit: ANTELIS, MORENO

Conservative motion via a Hamiltonian H

Adiabatic approximation < o
Energy loss due to radiation

From the Binary’s Evolution to the Observed Waveform



Gravitational-Wave Analysis

Inspiral

Quadrupole radiation formula

A VA
r

Credit: ANTELIS, MORENO

This talk

Conservative motion via a Hamiltoniar{ / |

Adiabatic approximation < o
Energy loss due to radiation

From the Binary’s Evolution to the Observed Waveform 3



Theoretical Gravitational-Wave Analysis

Inspiral Merger Ringdown

‘ o e o
gl

Theoretical template '
|

+ > JWVWNV\
I

Measurement Credit: ANTELIS, MORENO

From Amplitudes to the Observed Waveform



Theoretical Gravitational-Wave Analysis

Inspiral Merger Ringdown

‘ o o o
-

This talk ——  Theoretical template "

+ > W
I

Measurement Credit: ANTELIS, MORENO

From Amplitudes to the Observed Waveform



Theoretical Gravitational-Wave Analysis
i o @ o

ot '
|
This talk ——  Theoretical template > N\/\/WW

Credit: ANTELIS, MORENO

Numerical Relativity (NR)

[Pretorius (2025)]

The ‘truth’
Resource intensive

From Amplitudes to the Observed Waveform



Theoretical Gravitational-Wave Analysis
i o @ o

/ '

|
This talk ——  Theoretical template > N\/\/WW
I
u Credit: ANTELIS, MORENO
Numerical Relativity (NR) Effective One Body (EOB)
[Pretorius (2025)] [Buonanno, Damour (1998)]
The “truth’ Model built on theoretical calculations
Resource intensive Verified against NR

Resource efficient

From Amplitudes to the Observed Waveform



Theoretical Gravitational-Wave Analysis

gnl

Theoretical template > W
I

Credit: ANTELIS, MORENO
Numerical Relativity (NR) Effective One Body (EOB)
[Pretorius (2025)] [Buonanno, Damour (1998)]
The ‘truth’ Model built on theoretical calculations

Verified against NR 4
Resource efficient

Resource intensive

This talk

From Amplitudes to the Observed Waveform



Theoretical Gravitational-Wave Analysis
i o @ o

7
|||

Theoretical template > N\/\/WW
/|

Credit: ANTELIS, MORENO
o —
Numerical Relativity (NR) Effective One Body (EOB)
[Pretorius (2025)] [Buonanno, Damour (1998)]
This talk —— EOB — Observed waveform
LIGO-Virgo-KAGRA LIGO-Virgo-KAGRA
theoretical analysis experimental analysis

From Amplitudes to the Observed Waveform



Theoretical Gravitational-Wave Analysis

Galileo Galilei Medal 2021
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The Precision Frontier

Spin (ISI/IL])
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From Quantum Amplitudes
to Classical Hamiltonians
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Amplitude to Potential: Loop-Level Matching
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Modeling Non-Spinning Compact Objects
in General Relativity
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Example Calculation at © (S?)

SCZ

CESZ a
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[DK, Luna (2021)]

15



Example Calculation at © (S?)

(:ESQ a a —
Sszd4x1/—g ( ZmZRﬁafzbv ¢S§<ﬁ§ﬁ>vb¢s+...> § =

T"": Stress tensor <> Details of the body <> Equation of state

Amplitude Computation for Spinning Objects

2m

l
abcd
€M _,V,

_ Jd“x(... + Kk I, T + O (h2)> 8w = M+ KMy,

[DK, Luna (2021)]

15



Example Calculation at © (S?)

(:ESQ a a —
Sszd4x1/—g ( ZmZRﬁafzbv ¢S§<ﬁ§ﬁ>vb¢s+...> § =

ST

T"": Stress tensor <> Details of the body <> Equation of state

Amplitude Computation for Spinning Objects

2m

l
abcd
€M _,V,

_ Jd“x(... + Kk I, T + O (h2)> 8w = M+ KMy,

[DK, Luna (2021)]

15



Example Calculation at © (S?)

C i
Sy = Jd“x, [—g ( 2E522 R o V& SNSRIVl + ) S¢ = 2m€“deMchb
m

_ Jd“x(... + Kk I, T + O (h2)> 8w = M+ KMy,

TH": Stress tensor <> Details of the body <> Equation of state [DK, Luna (2021)]

Amplitude Computation for Spinning Objects 15



Example Calculation at © (S?)

CE52 a a — l abcd
Sy = Jd4x1/—g ( ZmZRﬁafzbv ¢, SYSP VO + ) §¢ = €MV,

2m
— Jd4x ( + KhWT”” + 0 <h2)> Ew =Nuw T Kh/w

ST

3 4 3 4

3 4 3 4 3 4 ~
TRV B A b

TH": Stress tensor <> Details of the body <> Equation of state [DK, Luna (2021)]

Amplitude Computation for Spinning Objects 15



Example Calculation at © (S?)

CE52 a a — l abc
SM: ‘[d4x‘/_g ( 2m2Rflafsz ¢S§(f1§fz)vb¢s+ ) S — € bnddVb

2m
— Jd4x ( + KhWT”” + 0 <h2>) Ew =Nuw T Khuy

ST

3 4 3 4

3 1 3 1 3 1 ~
IR A R e VAN St b

BT 1 1’
At~ - :
2 2/

T*": Stress tensor <> Details of the body <> Equation of state [DK, Luna (2021)]

Amplitude Computation for Spinning Objects 15



Example Calculation at © (S?)

a l abc
Ry Vb SUSP VP + ) S = e M4V,

2m

8 =My + KN,

BT 1 1’
At~ - :
2 2/

T*": Stress tensor <> Details of the body <> Equation of state [DK, Luna (2021)]

Amplitude Computation for Spinning Objects 15



Hamiltonian for Spinning Objects

L-S
H= \/p2 +m? + \/p2 +m; + VO, p?) + VD2, p?) > Ly
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Sample Results for the Hamiltonian

S" 1 2 3 4 5

Number of

. 2 9 18 43 36
Spin structures

r-S,)?
H:...+V(2’4)(r2,p2)( 1‘41) ...

2
G
VAI?, p°) = —c{\(p) + c5(p*) + O(G”)

1| x|

P>+ /P> + miiy /D +

E=\/p2+m12+\/p2+m22 o

nym,

|c2':2,4: .
-H(-l‘o) my (mf+2ommy+mi)° (4 (1+0) (30 (-7+150%) + (-12-290%+530%) Cgsz) m§ =4 m]
(0 (1+0) (3E0 (-7+150%) + (-42+40+650" +1610*) my) + Cesz (E (-12-120-290" -
290°+530*+530°) +0 (-142-1300-2510°-3670°+5290*+6490°) my) ) +
mim ((1+0) (8E0 (-21+20+430*+580%) + (-132+320-2910%-208 ¢® + 3766 o* +
480 ¢ -10790°) my) + Ces2 (8E 0 (-65-590-1110% - 169 o° + 238 0* + 298 0°) +
(-32+640-38230% -4511¢° - 346 0* - 1706 0> + 6569 ¢° + 8969 ' | my ) ) +
4m] (:—(1‘0) (Eo(—12+50—12202¢3303+1080“—99054»6005}—
(4+400°-390°+980"+610°-1760°+300" ) my) +
Ces: (E0 (-9-60-5602-760"+1230":660°-300°+600") -
(3+30+270%?+180*-30%+810°-850°-1460"+300%) my) ) -

mm; ((L+0) (E(16+400-11150%+560 ¢ - 1710 ¢* - 936 0> + 2705 ¢° - 720 0" + 624 0°) -
o (240 -3240+2121 0% -2200° + 66 0* + 1568 0° - 3083 ¢° + 240 0 ) my) +
Ces: (E (36+120+ 813 0% + 853 0% - 90 0* + 1454 0° - 1671 o® - 2895 07 + 96 o® - 624 0°) +
o (300 +192 0+ 1023 o + 1863 o” - 1446 0° - 578 0° - 1045 0° - 2853 0" + 240 0°) my) ) +
mm (-(l+0) (E(132-320+810%+2240° -3290 o* - 480 o° + 1453 o°) +
(-16 + 978 0 + 428 0% - 5371 ¢° - 100 0* - 4732 ¢° - 1800 ¢ + 5621 07 ) my) +
Ces: (E (-8+880-32690%-40050°+378 0" -5180° +47710°+66910") + (48 -11820-

1130 0® - 10133 o - 14197 o* + 8352 0° + 9220 0° + 8435 0" + 128750°) my) ) +
mim} (-(1+0) (2E (-8+3810+2340%-25770° - 166 0* - 757 0° - 660 0® + 2013 07 +
(207 + 232 0 - 788 0® + 1420 ¢° - 14648 ¢* - 2812 ¢° + 6780 ¢° - 2280 ' + 5849 ¢°) m,) +
Ces: (2E (24 -469 0-503 0? - 3357 0° - 4893 0* + 3371 0° + 4017 0° + 2255 0" + 3635 0°) +
(-111+201 0 - 5760 0? - 7780 ¢ - 7440 o* - 13576 0° +
16480 0® + 22844 0" + 4351 0° + 807107 ) my) ) +
mim; (-(l+0) (2E(10-47 0+ 354 ¢* -25330°-1300" + 750° - 1134 0° + 2569 ¢ -
180 0® + 168 0°) + (32 + 180 0 - 2043 02 + 1436 o* - 7232 0* - 2308 0° + 5885 o° -
2404 0" + 43420 -1200°) my) + Cegz (2E (6-3510-247 0% - 1451 0° - 2783 ¢* +

1529 ¢° + 1485 0° + 1509 ¢’ + 3075 0° - 12 0” + 168 0*?) + (-96 + 12 0 - 2469 o* -
2925 o - 1608 o* - 5912 0° + 6199 ¢ + 9191 07 + 1358 o° + 4242 0° - 120 0% my) ) +
mym; (-(1+0) (E (149 +264 0 - 1398 0? + 816 0 - 8406 ¢* - 2120 &° + 6438 0° -

1200 o' + 2497 0%) + (12 + 229 0+ 1220 o - 8640 o” + 100 o* -
5856 0° - 4652 0% + 12192 07 - 1080 o® + 1819 0%) my) +
Ces: (E (-113 :103 0 - 3430 o - 4942 ¢° - 2650 ¢* - 5890 ¢° + 8706 ¢° + 12842 0" +
1407 o® + 3087 ¢”) + (36-12330-921 0" - 7852 ¢° - 13020 ¢* +
4916 o + 3412 0° + 10028 07 + 17272 0° + 509 0° + 1829 ¢*°) m;) | } | /

(81—:5 (-1+0%)my (omy+my)® (my+om)? (mi+my (Ec+my) +my (E+20m;) }3) )

[DK, Luna (2021)]
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Sample Results for the Hamiltonian
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mim ((1+0) (8E0 (-21+20+430*+580%) + (-132+320-2910%-208 ¢® + 3766 o* +
480 ¢ -10790°) my) + Ces2 (8E 0 (-65-590-1110% - 169 o° + 238 0* + 298 0°) +
(-32+640-38230%-45110° -3460* - 1706 0° + 6569 0° + 8969 ¢’ | my ) ) +
4m] (-(1+0) (Ec (-12+50-1220%+330%+108¢*-90 ¢ + 60 o) -
(4+400°-390°+980"+610°-1760°+300" ) my) +
Ces: (E0 (-9-60-5602-760"+1230":660°-300°+600") -
(3+30+270%+180°-30*+810°-850°-14607+300°%) my) ) -

mm; ((L+0) (E(16+400-11150%+560 ¢ - 1710 ¢* - 936 0> + 2705 ¢° - 720 0" + 624 0°) -
o (240 -3240+2121 0% -2200° + 66 0* + 1568 0° - 3083 ¢° + 240 0 ) my) +
Ces: (E (36+120+ 813 0% + 853 0% - 90 0* + 1454 0° - 1671 o® - 2895 07 + 96 o® - 624 0°) +
o (300 +192 0+ 1023 o + 1863 o” - 1446 0° - 578 0° - 1045 0° - 2853 0" + 240 0°) my) ) +
mm; (-(1+0) (E(132-320+810%+2240° - 3290 o* - 480 ¢° + 1453 0°) +
(-16 + 978 0 + 428 0% - 5371 ¢° - 100 0* - 4732 ¢° - 1800 ¢ + 5621 07 ) my) +
Ces: (E (-8+880-32690%-40050°+378 0" -5180° +47710°+66910") + (48 -11820-

1130 0® - 10133 o - 14197 o* + 8352 0° + 9220 0° + 8435 0" + 128750°) my) ) +
mimi (-(l+0) (2E(-8+3810+2340%-2577c°-1660*- 757 0° - 660 0®+201307) +
(207 + 232 0 - 788 0® + 1420 ¢° - 14648 ¢* - 2812 ¢° + 6780 ¢° - 2280 ' + 5849 ¢°) m,) +
Ces: (2E (24 -469 0-503 0? - 3357 0° - 4893 0* + 3371 0° + 4017 0° + 2255 0" + 3635 0°) +
(-111+201 0 - 5760 0? - 7780 ¢ - 7440 o* - 13576 0° +
16480 o® + 22844 " + 4351 0° + 8071 0% ) my) ) +
mim; (-(1+0) (2E (10-470+354 0% -25330° -1300" + 750° - 1134 0° + 2569 ¢ -
180 0® + 168 0°) + (32 + 180 0 - 2043 02 + 1436 o* - 7232 0* - 2308 0° + 5885 o° -
2404 0" + 4342 0% - 120 0”) my) + Cgz (2E (6-3510-247 0% - 1451 0° - 2783 0" +

1529 ¢° + 1485 0° + 1509 ¢’ + 3075 0° - 12 0” + 168 0*?) + (-96 + 12 0 - 2469 o* -
2925 o - 1608 o* - 5912 0° + 6199 ¢ + 9191 07 + 1358 o° + 4242 0° - 120 0% my) ) +
mym; (-(1+0) (E (149 +264 0 - 1398 0? + 816 0 - 8406 ¢* - 2120 &° + 6438 0° -

1200 o' + 2497 0%) + (12 + 229 0+ 1220 o - 8640 o” + 100 o* -

5856 o° - 4652 0 + 12192 07 - 1080 o* + 1819 0 ) my) +

(-113 + 103 0 - 3430 o® - 4942 ¢° - 2650 ¢* - 5890 ¢" + 8706 0® + 12842 ¢" +
1407 o® + 3087 ¢”) + (36-12330-921 0" - 7852 ¢° - 13020 ¢* +

4916 o° + 3412 0%+ 10028 ¢ + 17272 0% + 509 ¢ + 1829 *°) my) ) ) | /

('81—:5 (-1+0%)my (omy+my)® (my+om)? (mi+my (Ec+my) +my (E+20m;) }3) )

[DK, Luna (2021)]
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Sample Results for the Hamiltonian

S" 1 2 3 4 5

Number of

. 2 9 18
Spin structures

43 86

r-S,)?
H:...+V(2’4)(r2,p2)( r41) ...

2
G
VA(r?, p?) = —c(p?) + 2 (p?) + O(G?)

1| x|

P>+ /P> + miiy /D +

E=\/p2+m12+\/p2+m22 o

nym,

Pushing the state of the art in modeling binary systems

g0+ - ‘+c.__ JO - O -301 0 + S -~ b4s ,2.,+
mim; ((L+0) (820 (-21+20+430*+580%) + (-132+320-2910%-208 ¢® + 3766 0* +
480 0° -10790°) my) + Ces» (BE0 (-65-590-1110% - 169 ¢° + 238 0* + 298 0°) +
(-32+640-38230%-45110° - 346 0* - 1706 0 + 6569 c° + 8969 0" | my ) ) +
4m] (-(1+0) (Ec(-12+50-1220?+330%+108 ¢* -90 ¢° + 60 of) -
(4+400°-390°+980"+610°-1760°+300" ) my) +
Ces: (E0 (-9-60-5607-760"+1230":660°-300°+600") -
(_3o30+2702+1803—30‘+8105—8505—14607o30(58) m2:|:|—

mm; ((1+0) (E(16+400-11150%+560 ¢° - 1710 ¢* - 936 0° + 2705 ¢° - 720 0" + 624 0°) -
o (240 -3240+2121 0% -2200° + 66 0* + 1568 0° - 3083 ¢° + 240 0 ) my) +
Ces: (E (36+120+ 813 0%+ 853 0% - 90 0* + 1454 05 - 1671 ¢° - 2895 07 + 96 o® - 624 0?) +
o (300 +192 0+ 1023 o + 1863 o° - 1446 ¢° - 578 0> - 1045 0° - 2853 0" -+ 240 0°) my) ) +
mm; (-(l+0) (E(132-320+810%+2240° -3290 o* - 480 o° + 1453 o°) +
(-16 + 978 0 + 428 0% - 5371 ¢° - 100 0* - 4732 0 - 1800 ¢® + 5621 07 ) my) +
Ces: (E (-8+880-32690%-40050°+378 0" -5180° +47710°+66910") + (48 -11820-

1130 0% - 10133 ¢° - 14197 o* + 8352 0° + 9220 ¢°® + 8435 0" + 128750°) my) ) +
mim3 (-(l+0) (2E (-8+3810+2340%-2577¢°-1660%-7570°-6600°+201307) +
(207 + 232 0 - 788 0® + 1420 ¢° - 14648 ¢* - 2812 ¢° + 6780 ¢° - 2280 ' + 5849 ¢°) m,) +
Ces: (2E (24 -469 0-503 0? - 3357 0° - 4893 0* + 3371 0° + 4017 0° + 2255 0" + 3635 0°) +
(-111+201 0 - 5760 0? - 7780 ¢ - 7440 o* - 13576 0° +
16480 o® + 22844 " + 4351 0° + 8071 0% ) my) ) +
mim; (-(l+0) (2E(10-47 0+ 354 ¢* -25330°-1300" + 750° - 1134 0° + 2569 ¢ -
180 0® + 168 0°) + (32 + 180 0 - 2043 02 + 1436 o* - 7232 0* - 2308 0° + 5885 o° -
2404 0" + 4342 0% -1200°) my) + Cgsz (2E (6-3510-247 0% - 1451 0° - 2783 ¢* +

C 1529 ¢° + 1485 0° + 1509 ¢” + 3075 0" - 120" + 168 0*°) + (-96 + 12 0 - 2469 o” -
ES2 2925 o - 1608 o* - 5912 ¢° + 6199 0® + 9191 07 + 1358 ¢® + 4242 0° - 120 5%®) my) ) +
mym; (-(1+0) (E (149 +264 0 - 1398 0? + 816 0 - 8406 ¢* - 2120 &° + 6438 0° -

1200 o’ + 2497 0®) + (12+ 229 0+ 1220 0? - 8640 o” + 100 ¢* -

5856 0° - 4652 o + 12192 o7 - 1080 ¢® + 1819 0% ) my) +

(-113 + 103 0 - 3430 o? - 4942 o° - 2650 ¢* - 5890 ¢° + 8706 0° + 12842 0" +
1407 ¢® + 3087 ¢”) + (36 - 1233 0-921 0% - 7852 0° - 13020 ¢* +

4916 o° + 3412 0%+ 10028 07 + 17272 0% + 509 0° + 1829 0% my) ) ) | /

('8E5 (-1+0%)my (omp+my)® (my+omp)? (mi+my (Ec+my) +my (E+20m;) }3'| )

[DK, Luna (2021)]
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EFT for Extreme-Mass-Ratio Inspirals

EFT in m/M <« 1 — Gravitational Self-Force (SF) expansion

Motion = Motion in black-hole background + @ (m/M)

. .o 2GM 2GM
Black hole in General Relativity: g, dxtdx” = (1 - )ydt? — (1 — )~ ldr? — r2dQ?

r r

Black hole in Quantum Field Theory: ; + :é + % + o~ & T My [Duf(1973)]

New QFT framework: g + :; + ? +o = o [DK, Solon (2023)]

Combining Efficient Flat-Space Methods & Exact Black-Hole Solutions
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Manitest Power Counting

Tree level 1-loop level

£

e
Geodesic
OSF - © ((m/M)O) ISF- 6 ((m/M)1>

[DK, Solon (2023)]

Diagram Loops Count SF order 20



Systematic Resummation

Flat Curved

Flat Curved

[DK, Solon (2023)]
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Systematic Resummation

Streamline calculations at high orders

1 1”  Enable calculations of spinning geodesics in Kerr background
Model EMRIs analytically within QFT

Flat Curved

| m7 1,
‘ ﬁ_
2 2 2 2

Flat Curved

Extreme-mass-ratio inspirals
(EMRIs)

[DK, Solon (2023)]

Benefits: Classes of Diagrams Combined & Generically Fewer Integrals 21
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Conclusions

EFT for Gravitational-Wave Science

# Pushed the state-of-the-art in modeling binary systems
# Designed EFT for expanding in m/M and resumming classes of contributions to all orders in G

# Discovered new phenomena that may manifest in the waveform = Spin-magnitude change

[Bern, DK, Luna, Roiban, Scheopner, Teng, Vines (2023)]
[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (to appear)]
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Conclusions

EFT for Gravitational-Wave Science

# Pushed the state-of-the-art in modeling binary systems
# Designed EFT for expanding in m/M and resumming classes of contributions to all orders in G

# Discovered new phenomena that may manifest in the waveform = Spin-magnitude change

[Bern, DK, Luna, Roiban, Scheopner, Teng, Vines (2023)]
[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (to appear)]

Thank you!
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Modeling Spin-Magnitude Change

1 1
SM — Jd4x\/ —& (58”% VM(D) : (VU(I)) — Emzcb . D + ) D ~ ¢s

[Bern, DK, Luna, Roiban, Scheopner, Teng, Vines (2023)]
[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (to appear)]
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1 |
Sy = |d*x/—g | =g"(V,®) - (V ®)——m’D- D+ ... D ~
M J g <2g ( U ) ( L ) 2 ) ¢S_1
States 1n rest frame:
{88, € {—s, ...,5}),
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< Spin magnitUde Variable [Bern, DK, Luna, Roiban, Scheopner, Teng, Vines (2023)]

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]
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1 1
Sy = |d*x/—g | =g"(V,®) - (V,®)——m’D - D+ ... ® ~
M J g < 2 g ( U ) ( L ) 2 ) ¢S_1
States 1n rest frame:
(15,5, € (=5, ous]), ¢, - Irreducible representation
of the Little Group
[s=Ls €l=s+1, ...5s=1}), ...} ® - Reducible representation

< Spin magnitUde Variable [Bern, DK, Luna, Roiban, Scheopner, Teng, Vines (2023)]
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[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (to appear)]
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Modeling Spin-Magnitude Change

1 1
SM — Jd4x\/ —& (58”% VM(D) : (VU(I)) — Emzd) . D + ) D ~ ¢S

¢, - Irreducible representation o , ,
Prediction: Spin-magnitude change

w/0 energy absorption/dissipation

of the Little Group
® - Reducible representation

[Bern, DK, Luna, Roiban, Scheopner, Teng, Vines (2023)]
[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (to appear)]
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New Structure for Compact Objects

. 2
H=H (r,p.S..S,) + V(% p?) - ... VAR, p?) = l—flcf<p2> + (—) 3(0%) + 0(G”)

[Bern, DK, Luna, Roiban, Scheopner, Teng, Vines (2023)]
[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (to appear)]
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[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]
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New Structure for Compact Objects

Additional multipolar

/ structure

2
... VA(r?, p?) = %c{‘(pz) + (%) A (p*) + O(G”)

X
‘ : AGE,E, (K0S = KOS(Y) {1 9(p2)
ASs =
bp(E; + E)
-
Z,

[Bern, DK, Luna, Roiban, Scheopner, Teng, Vines (2023)]
[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (to appear)]
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New Structure Manifests in the Wavetorm

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (to appear)]
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) 327 x 10° x X
h—i— (917¢17K - O)
WD (02,00, K = 0) o) 277 TTTTTTIOS
T
—————— " )\/N . -
_5 “\\ \~,' 5 T
— A6y, 61) N, S
(1) 2 .’
— Ah_|_ ((92,@52) \\ ,

327 x 10° x X

= h (...

Large Modification to Observables

— Q) — 4
K=8)-n (..,

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]
[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (to appear)]

New Structure Manifests in the Wavetorm
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New Structure Manifests in the Wavetorm

Spin dynamics are much richer than previously thought I

3271 x 10° x X A 327 x 10° x X

___________

1 — 5@ — Q) — 4D _
g Ah, . =h (... K=8)—-h  (...K=0)

[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (2024)]
[Alaverdian, Bern, DK, Luna, Roiban, Scheopner, Teng (to appear)]
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