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10 Years Later: LIGO Hears Loud and Clear

GW150914 — Sept. 2015
I | | | | |

GW250114 — Jan. 2025 Hanford




What is a black hole”




What is a black hole "/

Geometry Mass, Spin



What is a black hole "/

Geometry Mass, Spin

BH response to an external field Love numbers



What is a black hole "/

Geometry Mass, Spin
BH response to an external field Love numbers
Quasi Normal Modes (QNM) Spectrum of characteristic

(complex) frequencies
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Quasl Normal Modes (QNM)

Juv = QE)VH (r) + ehgy) h(t,r,0,0) = Z i (1) Yim (6, ¢)6iwt
Im
1 1
G/(u/) h( ) =0 Classified accordingly to parity { Fen ¥
' ] Odd -

Fix the gauge redundancy: 2 physical DOF described by 2 “master scalars™ \Ifl(iz 4

2wl

2
dr=

| (w2 _ Vi(r*))\p;” — 0

Approriate boundary conditions = exponentially damped sinusoidal waves

B complex frequencies W = Wimn Moo (L = 2) oMo (L = 3)

0.747343 +0.1779251  1.198 887 + 0.185 406i
0.693422 +0.5478301 1.165288 + 0.562 596i
0.602 107 +0.956 5541  1.103370 + 0.958 186i
0.503010 +1.4102961  1.023 924 + 1.380 67441
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Quasl Normal Modes (QNM)
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G/(}V) h (1) — O Classified accordingly to parity { =ven *
) ) Odd -

(1)
Fix the gauge redundancy: 2 physical DOF described by 2 “master scalars” W, .4

1
2w
dr?

| (w2 _ Vi(r*))\p;” — 0

Approriate boundary conditions = exponentially damped sinusoidal waves

B complex frequencies W = Wimn Moo (L = 2) oMo (L = 3)

0.747343 +0.1779251  1.198 887 + 0.185 406i
0.693422 +0.5478301 1.165288 + 0.562 596i
0.602 107 +0.956 5541  1.103370 + 0.958 186i
0.503010 +1.4102961  1.023 924 + 1.380 67441

2. The amplitude is

W N = O S

Fitted against data or NR simulations
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n

M0 (L = 2)

2Mqw (L = 3)

W N o= O

0.747343 +0.177 9251
0.693 422 +0.547 8301
0.602 107 +0.956 5541
0.503010 + 1.410 2961

1.198 887 + 0.185 406i
1.165 288 + 0.562 5961
1.103370 + 0.958 1861
1.023 924 + 1.380 6741
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n

Mo (L = 2)

2Mqw (L = 3)

W N o= O

0.747 343 +0.177 9251
0.693 422 +0.547 8301
0.602 107 +0.956 5541
0.503010 + 1.410 2961

1.198 887 + 0.185 406i
1.165 288 + 0.562 5961
1.103370 + 0.958 1861
1.023 924 + 1.380 6741
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My perspective

Deviations
Hypothesis: observable by LIGO/Virgo, LISA, ET, ...

Are there theories:
- (motivated)

- consistent —

Need for precise modeling

of the GR signal _s theoretically

—>with all the other
observations

Bucciotti, Kuntz, Serra, ET JHEP 2023
Bucciotti, Juliano, Kuntz, ET PRD 2024
Bucciotti, Juliano, Kuntz, ET JHEP 2024

Creminelli, Loayza, Serra, ET, Trombetta |HEP 2020
J. Serra, F. Serra, ET, Trombetta JHEP 2022

Juliano, ET in progress



Should we include non-linearities in QNM?
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FIG. 1. Relationship between the peak amplitudes of the linear (2,2,0) and the quadratic (2,2,0) x (2,2,0) QNMs (top) as
well as the linear (4,4,0) QNM (bottom), at different model start times ug. Colors show different mass ratios ¢, and circles
and triangles denote systems with remnant dimensionless spin x¢ =~ 0.5 and x s = 0.7, respectively. Each blue curve is a pure
quadratic fit with start time uo, and the shaded region brackets every one of the individual fits.

Mitman et al. 2022
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Quadratic Quasi Normal Modes
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Quadratic Quasi Normal Modes

Guy = gE’,fI (r) + eh/(}V) + ezhﬁj)

GO =0 GV [rD| e

At second order the equations are

D (0|

2w e

| (w2 — Vi(r*))\lf@) = S

2
dr:

Characteristics of the Quadratic modes

. Frequencies are known: w1 + w2 wy — w,

2. Amplitudes are :a prediction of GR

Source term

R =A@ /AP AV



A technical problem

The source goes as a constant for 7, — o
- 2
The master scalars diverge as 1,

|. Hard to impose QNM boundary conditions

2. The physicsl amplitude is actually determined by the first regular term, which
would be very hard to extract

Two different ways out:

FInd new regular master scalars — Bucciotti, Juliano, Kuntz, ET 2024

Use the hyperboloidal frequency-domain framework  Bourg et al. 2025
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Quasi Normal Modes (QNM)

BH response to an external field

Mass, Spin
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Iwo ways

(1) New states heavier than the BH curvature

R? RY
S:Ml;%l/d%‘\/—g(f{—l—(:g 7\4'0 - cy j\; | )

Endlich, Gorbenko, Huang, Senatore 2017

Observable effects = A ~ km ™!
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(2) Additional light DOF

Geometry

Quasi Normal Modes (QNM)
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Iwo ways

(2) Addrtional light DOF GR +
not coupled directly to matter

It the field has zero background = QNM are the same as GR + extra spectrum

GR frequencies are shifted

It the field = Isospectrality can be broken

even/odd mixing
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A no-hair theorem

GR + shift-symmetric scalar field S = /d‘l:z;\/ (@R — —(6’gb) + Lint (9, 9))

Assuming spherically symmetric, time-independent solutions ¢’ (r) = 0
Hui, Nicolis 2012

FOM V. ,J¢=0 ds? = — f(r)dt* + %dﬁ +p°(r)d?

J*J, = (J")?/f should be regular at the horizon = J™ =0
using the conservation of the current = J"(r) =0
One last step to conclude that a vanishing current implies a constant scalar

f the dependence on the scalar in the Lagrangian starts quadratically then

J' =¢'Fl¢',g,9"] with a resular function

F asymptotes to a constant at infinrty

Then ¢'(r) =0



A no-hair theorem with a subtle exception

GR + shift-symmetric scalar field S = /d%\/ (@R — —(8qb) +- Eim(¢,g))
Assuming , solutions  @'(r) =0
Hui, Nicolis 2012

/d‘lx\ﬁ( PlR——(a(p) +aMp1gbR2GB+...)

The Gauss-Bonnet invariant is a total derivative
The linear coupling gives a @-independent contribution to the scalar EOM

! r) =0 Is no longer a solution
8
Sotiriou, Zhou 2013



Our mistake I1s not that we take our
theories too seriously, but that we do not
take them seriously enough

—Steven Weinberg
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The EFT of scalar Gauss-Bonnet

1038L -4

Km

/d%\ﬁ( PlR——(agb) +aMP1¢RéB+...)

o ~r2 observable effects

GO?hO*h ) (Mp1>1/3

3
Aa . 10" —

Such an EFT I1s constrained by causality in classical obs.
F.Serra, J. Serra, ET, L. Trombetta 2022




The EFT of scalar Gauss-Bonnet

1038L -4
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km

Such an EFT 1s in classical obs.
F. Serra, ]. Serra, ET, L.Trombetta 2022

similar constraints of scattering amplitudes

Caron-Huot, Li, Parra-Martinez, Simmons-Duffin, 2022




Causality Constraints from 3-point interactions

Consider higher derivative corrections to the graviton 3-point coupling

Camanho, Edelstein, Maldacena, Zhiboedov, 2014
Huber, Brandhuber, De Angelis, Travaglini, 2020

S = M3, / d*z\/—g (R + R, ) ay = L)’



Causality Constraints from 3-point interactions

Consider higher derivative corrections to the graviton 3-point coupling

Camanho, Edelstein, Maldacena, Zhiboedov, 2014
Huber, Brandhuber, De Angelis, Travaglini, 2020

S = M3, / d*z\/—g (R + R, ) ay = L)’

Small angle scattering of a graviton off a massive object
m > w > |7 Eikonal limit

[t experiences a time delay
Both helicities contribute:  elkonal phase ———  elkonal phase matrix

bo | Qu
—} observable while the computation is under control

b b

M

Time delay becomes a when b ~ (a4)1/4
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The EFT of scalar Gauss-Bonnet

1038L +
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Bucciotti, Juliano, Kuntz, ET PRD 2024
Bucciotti, Juliano, Kuntz, ET JHEP 2024
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J. Serra, F. Serra, ET, Trombetta JHEP 2022

Juliano, ET in progress









