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Quasi-Normal (QN) Modes of BHs and Ringdown

B. P. Abbott et al. (2016)

relaxation process of a BH ringing
Insvplral Merger Ring- =ringdown phase
= superposition of quasi-normal modes
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ringdown fundamental mode 1st overtone 2nd overtone

hringdown ~ Z Ane_t/w[mfg (t — " = t()) = 6?1]

determined only by mass and angular momentum (no-hair theorem)

Credit: EHT collaboration



Quasi-Normal Modes (QNMs)

:_ fundamental
mode

overtones

wq = Relwq| + ilmjwg|
(frequency) (damping rate)



Why is a BH ringing important?
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Ne— Ringdown
(black hole ringing)
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— Measurement of each QN mode

—Test of GR in strong-gravity regimes



Overtone QN modes

fundamental mode

Important at late time

high damping rate —> “overtones™
less important?? '
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1 Ringdown of comparable mass ratio BBH mergers
NO arXiv: 2109.09757



When does ringdown start?

B. P. Abbott et al. (2016)

Inspiral Merger Ring-
down

VI (909

Many overtones are highly excited (!)
(from data anaIyS|s)
Giesler, Isi, Scheel, Teukolsky (2019)

|

Fundamental mode dominates at late time.
— Numerical relativity I ! N

B Reconstructed (template)




Binary Black Hole with comparable mass ratio

Black hole ringdown: the importance of overtones

Matthew Giesler,!> * Maximiliano Isi,>3 T Mark A. Scheel,! and Saul A. Teukolsky' *

., Walter Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, CA 91125, USA
2LIGO Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

3LIGO Laboratory, California Institute of Technology, Pasadena, California 91125, USA 10° '
Jornell Center for Astrophysics and Planetary Science, Cornell University, Ithaca, New York 14853, N =0
(Dated: January 13, 2020) o 1071 — N=1{
Qo N =2
It is possible to infer the mass and spin of the remnant black hole from binary black hole mergers g 9
by comparing the ringdown gravitational wave signal to results from studies of perturbed Kerr & 107 — N=3]
spacetimes. Typically these studies are based on the fundamental quasinormal mode of the dominant 2 5 — N=14
¢ = m = 2 harmonic. By modeling the ringdown of accurate numerical relativity simulations, we £ 1073} — N =57
find, in agreement with previous findings, that the fundamental mode alone is insufficient to recover 2 N =6
the true underlying mass and spin, unless the analysis is started very late in the ringdown. Including 1074} — N=7"
higher overtones associated with this £ = m = 2 harmonic resolves this issue, and provides an
unbiased estimate of the true remnant parameters. Further, including overtones allows for the 1079}
modeling of the ringdown signal for all times beyond the peak strain amplitude, indicating that
the linear quasinormal regime starts much sooner than previously expected. This implies that the 10-6|
spacetime is well described as a linearly perturbed black hole with a fixed mass and spin as early as
the peak. A model for the ringdown beginning at the peak strain amplitude can exploit the higher 7 strain peak
signal-to-noise ratio in detectors, reducing uncertainties in the extracted remnant quantities. These 10 _20 _'10 0 1'0 2'0 3'0 4'0 50
results should be taken into consideration when testing the no-hair theorem. to — tpeak [M]

Fundamental mode Higher overtones
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Universality of the importance of overtones

Ma, Giesler, Varma, Scheel, and Chen (2021)

X init

X init

(b) SKd

FIG. 1. Sketches for a SKu (a) and a SKd (b) system. Two arrows
(in different colors) represent two individual spins. The letter “u”
and “d” refer to the up- and down-state for the red arrow. Both SKu
and SKd systems have equal mass BHs with the same dimensionless
spin magnitude yini. For SKd, two individual spins are anti-parallel,
whereas for SKu, only the orbital-plane components are opposite. SKd
and SKu are fully characterized by three parameters: (Xinit> @inits Pinit)s
where 6;,;; stands for the polar angle of one of the holes (relative to
the orbital angular momentum), and ¢;,; the azimuthal angle of the
in-plane spin measured from the line of two BHs. Three parameters Oinit

are specified at a reference time in the inspiral regime (labeled by the
subscript ‘init’). (a) mass quadrupole wave

Initial configuration of BBH overtones




Why are the 4th and 5th overtones dominant???

(Based on fitting analys:s)
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(a) mass quadrupole wave

Ma, Giesler, Varma, Scheel, and Chen (2021)



f—Quasi—normaI modes of BH are characterized by

- 1. frequency (real part)
2. damping rate (imaginary part)

| 3. Excitability rxeliation factor

(residue at a pole (QN frequency) of the Green’s function),

Wimn Elmn
Analogy with a vibrating strlng

Berti and Cardosg (2013)
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Vibrating string

String

Which pattern is dominant?



Vibrating string

(07 = Op)u(t,x) =0 ult,x) = - /dwdaj GO0 (3, 2/) T (w, 2')
waveform d Green’s function source term

— E E,T, Smn:ve_mt ' ' |

ex0|tat|on factor ~ Source factor

< > n=1 Excitation factor of the

string is proportional to 1/n

n=1 Is the easiest mode
to excite!
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Excitation of QNMs

1Mo | ) N
h= < - /dwdr’zew(r )y St (w, 0) Gy (7,77 ) T (1, )

(spin-weighted) spheroidal harmonic function  Green’s function
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Excitation factor:

Intrinsic quantity of BHs

Quantify the “ease-of-excitaton” of QNMs
Residues of Green’s function




Excitation factor independent of the source of perturbation (universal quantity!!)
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If the source factors have strong dependence on
the overtone number “n”, the behaviour of the
excitation factor is NOT meaningful...
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Giesler, Isi, Scheel, Teukolsky (2019)
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Coon = Eio9, 159,

excitation coefficients excitation factor source factor

overtone numbe ' 0.7
n Y22n| arg{fazn )| | B22

Giesler, Isi, Scheel Teukolsky (2019)
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Source factor is INSENSITIVE to “n”



2 Ringdown of extreme mass ratio mergers

NO arXiv: 2208.02923



Are BH overtones well excited
even for an extreme-mass-ratio merger?




GW waveform induced by a particle plunging into a BH
Extreme-Mass-Ratio Merger Y. Kojima and T. Nakamura (1984)

Sasaki Nakamura equation

& F —d U X T,
dr<2 Im dr* Im Im — +lm Trajectory
VNsolving the geodesic equation and NO self-force)
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Fitting analysis in frequency domain

Fourier
transform

-0.4
20 30 40 50 60 70 80 90

(im)=(2,2) @M

hoNM,im (t) = Z Cple“imnt0(t —(t*)  honmim(w) = o

~

Cp = Cpewimnt’
e.g. Finch, et al. (2021)

see e.g. Giesler, et al. (2019) Ma, et al. (2022) & (2023)

Mourier et al. (2020)

Ma, et al. (2021)

QNM fitting in time-domain waveform

QNM fitting in frequency domain




Start time of ringdown

0.100

0.010

0.001.

~-0.4!
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(I,m) = (2,2) t/(2M)

h : original

hQ : QNM model



Start Time of Ringdown

Mismatch computed in time-domain Mismatch computed in frequency-domain

Nmax = 15
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trajectory strain




Convergence of Analysis

| t = tphoton sphere

nmax
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Destructive Interference of Overtones
in the extreme-mass-ratio merger
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Beginning of Ringdown Strain Peak Exponential Damping
(Destructive Interference) (Overtones getting suppressed) (Fundamental Mode)



3 Alternative modeling of ringdown

for extreme mass ratio mergers
NO arXiv: 2208.02923



Testing GR with QN modes

* QN modes are exponentially damped in time.
* Extracting QN modes from GW data involves many fitting parameters.

* Sensitive to the choice of the start time of ringdown.

Are QN modes unique quantities
to test GR in strong-gravity regimes?



Is there any other no-hair quantity
to test GR?

— greybody factor

(transmissivity/reflectivity of a light ring)



Greybody Factor Imprinted on Ringdown??

” f”- =

/ ‘scattered GW (ringdown)

J compact object (particle)

angular momentum barrier



Greybody Factor Imprinted on Ringdown

NO arXiv: 2208.02923

GW spectrum (+ and x)

QN frequency
(fundamental mode)

0.5 1.0 1.5
2Mw frequency




Exponential cut-off in ringdown spectrum

NO arXiv: 2208.02923

2M =1
the observed GW ringdown. The scattered part of X l(,,%m) in (2.19) is

1 > ~ -
+ dr' Ty (77, w)e ™" (r ),
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( ) 21w J,.(out)
(4.2)




Fermi degeneracy of Kerr ringdown !"-
S - oo

j=0.99 (low Hawking temperature) T3, — 0 J

— H= —
47TT+ 27“_|_

-2 0 2 4 6 8 10 12

m-lawking frequency (M=0.5) \
Ty = 0.0197

Exponential cut-off in GW spectrum

Gringdown = 0'0198(2)j

Ringdown of a near-extremal BH
) — Thermal Fermi system??




QN modes ~ Matsubara modes 1
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Summary

Excitation of overtones

Excitability of QN modes is quantified by the “excitation factor”

It has the peak around at n=5.

T

Consistent with the result of numerical relativity!!

ringdown sourced by an extreme mass ratio merger

Beginning of Ringdown Strain Peak Exponential Damping
(Destructive Interference) (Constructive Interference) (Fundamental Mode)

An alternative model of ringdown — greybody factors
reflectivity (transmissivity) of the light ring
Greybody factor has an exponential cut-off at higher frequency region.

QN fundamental mode has a power-law tail.
Excitation of multiple QN modes lead to the exponential cut-off of ringdown spectrum?



reflectivity of a BH =~ Fermi-Dirac distribution

(WKB approximation) e.g.S. lyer et al. (1987), R. A. Konoplya et al. (2019)

1
1 — Flm ~ i e(w—mQH)/T

Hawking “frequency”

0.07" @ T in the greybody factor

0.80 0.85 0.90 0.95 1.00
j spin parameter NO arXiv: 2208.02923

(Hawking temperature) = (h/kg)(Hawking frequency)

Quantum Classical

apparent thermal ringdown
from an extreme-mass-ratio merger :



