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BBH merger: A historical review
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The BH ringdown

The solution to this equation 1s normally expressed in terms of QNMS... which are obtained by
solving the BH linear perturbation equations. But is it all? We will try to answer this.
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BH spectroscopy

RD spectroscopy aims the independent observation of the spectra of two modes.

An eventual (maybe also speculative) observation of such relations would indicate:

We are observing a non-GR BH (hairy) We are not observing a BH
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BH amplitudescopy >

RD amplitude depends on both, initial conditions and the BH space-time properties

Exploration of alternative theories of GR via amplitudes:

—

Crescimberi, Jimenez et al (See Francesco’ talk)

Exploration of the BH mass and spin with amplitudes: /

Romeo’s talk

Exploration of the BH amplitudes and BH resonances depending on initial conditions:
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Numerical relativity as tool vs Perturbation theory

A full 3+1 formalism is required to reach the ringdown regime.

There are several codes that allow us to simulate these events: SPEC,
Einstein Toolkit, MHDuet etc.

Problem: Computationally very expensive.

Wave zone O(100M). Near zone O(1-10M).




Modes and overtones modelling

Before asking if we can detect ringdown modes in GW data...
Can we detect linear modes in NR or LPT data?
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Damping time (s)

Amplitudes (phases) are useful for: GW190521

Tones: 7,9 ~ Typ9 large and @y, ~ 112 059 Distributions on the amplitude ratio

between modes
Modes. Imn’s =220, 330

Merger-Ringdown consistency tests.
Starting time: 6ms off the peak.
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Damping time (s)

Amplitudes (phases) are useful for: GW190521

Tones: 7;,, ~ 75, large and ;4 ~ /2 @,

Modes.

Starting time: 6ms off the peak.

Imn’s = 220, 330
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Mode amplitudes. What can we learn? =

Take the whole SXS quasi-circular catalogue and fit for amplitudes and phases
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4- But also extra fields will modity them.



Mode amplitudes. What can we learn? =

Take the whole SXS quasi-circular catalogue and fit for amplitudes and phases
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Our geometric analysis on the BH horizon =

Remarkable observed between the gravitational wave
and the
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2 2
Fintalling ~ |O] « > Foutgoing ~ N ~ =

Linear Ringdown regime

0.00004 \
0.00002 \ /ﬁ

2  0.00000 \ /\

; \ .‘*. ; \\M-“ ((x“'"‘w"’

§ -0.00002 / \_,

; . l.

& — N,
~0.00004 o BH.
~0.00006
~0.00008

15 20 25 30 35 40

to/M

Pool Mourier-dimenez, Ribes - Jimenez



Our geometric analysis on the BH horizon

- But also radiation! - Pool-Kolp, Mourier-Jimenez, Ofek + 2021.

| |

Insplral Merger Ring-
down

??? 0/) “/) QG

ﬁu” | | ﬂ

apparent

horizon

infinity

- The depends on the as the
at the horizon (it is spin-2 field).

o =m*mbV, 1, o = E a1 2Vim

5 ?2?? dh
2
Finfalling ~ ‘O-| < g 'Fouthing ~ N~ ’ ’

dt

15



Conclusions ‘

1. Numerical relativitg is needed to understand the astroplﬂgsical GW ringclown.

2.RD amplitudes also useful for tests of GR

3. Correlations observed at the horizon level. Direct proxy of H morphologg?
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Our geometric analysis on the BH horizon

- But also radiation! - Pool-Kolp, Mourier-Jimenez, Ofek + 2021.
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BH Tomography: Spectroscopy of the BH horizon =

Linear Ringdown regime Non linear Ringdown regime
» reference ((1,0,0) QNM) + single-mode fit, without rescaling 1.0 1.2x10°4
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Mode amplitudes. What can we learn? e

Take the whole SXS quasi-circular catalogue and fit for amplitudes and phases

. . m
Amplitude ratio:  A;,,, = Aoos Phase difference: 09imn = 3%20 — Qlmn

: -+ Prior
1 1 Posterior
I 1
1 |
| 1
I I
1 |
I I
I I
I 1
I 1
I 1
| 1
I
I
1
------------------------------------------------ lu----------
I |
| 1
I |
I 1
|
I 1
] | I
A A . " A A A a " 2 A a a " i a a A A l' . . Il
2 4 6 8 | () 0.0 0.1 0.2 0.3 0.4 0.5
Amplitude ratio As30/A>20
q
Jimenez, Bl'lagwat etal. + (2022) Capano etal. + (2021

18



Back to the 70’s, 80's and 90’s.

Let’s do an exercise and let’s go back to the 70’s and look to solve this. For a Schwarzschild BH:

d’ 'y _dy Von = (1 2M [l +1) | . 2M
dr%_l_a) — Vi(r) W(F*,G))——E|t=o+l//|,=o (r)=(1 - » ) 3 + (=5 )7
C. V. Vishveshwara (1970)
: Send Gaussian pulse with a given amplitude.
J|
O: He found that the oscillations were
_ independent on the properties of the pulse.
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The ringdown battle: Linear be or not be that is the question [

But there are more terms that just the linear ones.
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Spectroscopy of the BH horizon =

But what i1s next? - Wave zone-horizon amplitudes comparison.

- Amplitudes in a head-on for the horizon. - Amplitudes in a head-on for the waves
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Introduction

The overtone family on the 22 mode

The overtone family on the 44 mode
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Introduction

The overtone family on the 22 mode

The overtone family on the 44 mode
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Introduction
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The ringdown battle: Linear be or not be that is the question [

Linear perturbation theory vs non-linear effects: Choose your team.

Team non linear models Team linear models
- Phenom, EOB, NR Surrogate models are non-linear. -Models from PT
- Kerr properties of the space-time not satisfied locally. - They fit really well

... They have to be there!! yeye, but where?



Today in LIGO/Virgo observatories. .. =

Recipe to detect a subdominant mode and why amplitudes are important:

- Its frequencies are diff. enough from the fundamental mode - It has enough amplitude
--- Mode: at5% - Mode: 440 at 5% — Mode: 330 at 10%
=== Mode: 330 at 5% — Mode: at 10% — Mode: 440 at 10%
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Jimenez, Bhagwat +

Amplitudes are known from fitting your ansitz to NR data
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About the non-linearities e

- NR simulations show the QNM structure

- Late time tails have been also recently found in NR simulations

- Prompt emission arises naturally by solving the scattering of field in a
Schwarzschild space time

- All three types of emission are excited at different times: Direct emission, light-ring
excitation and field backscattering.

- All together forms a rich but complex RD in which linear and non-linear terms appear...
even in the linearized case.



About the non-linearities

- Comparing NR full non-linear models to the typical solutions show a preference for non-
linear models at t>~10M

- Is this consistent with the direct propagation or prompt emission? Ongoing.
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GW190521: Quite a controversial event

Overtone instability

Axial QNMs (£ = 2)
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