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Abstract: Gravitational waves provide a unique observational handle on the properties of strong, dynamical gravity. Ringdowns, in part
cleanly encode information about the structure of black holes, allowing us to test fundamental&nbsp;principles like the no-hair theorem and tl
law. In this talk, | will review the status of this effort, including recent observational results and remaining challenges.
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probing Strong gravity:
BH ringdowns
Maximiliano Isi .

NASA Einstein Fellow @ MIT

based loosely on ,
[arXiv:1905.00869] [arXiv:2012.04486]
[arXiv:2010.14529] [Isi & Farr; in prep.]-
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goals

0. argue ringdowns are Interesting

| . explain data analysis method .

2. review existing measurements

3. dispel some misconceptions



ringdown
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ringdown

perturbed BH vibrates w/

characteristic frequencies C,, =A, ebem
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initial conditions

excitation radiated away
as ringdown GWs
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Kerr black holes

In general relativity, a black hole has only three properties

. mass
spin
charge

spacetime described by the Kerr metric

if not true, not a vanilla BH in GR

should hold for a merger remnant!

Max Isi — Perimeter Institute — May 6, 202 |
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Kerr black holes

In general relativity, a black hole has only three properties

. mass
spin
Chare £ no charge for astrophysical BHs
spacetime described by the Kerr metric

if not true, not a vanilla BH in GR

should hold for a merger remnant!
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Kerr black holes

In general relativity, a black hole has only three properties

mass no=hair

Spin theorem
eharge no charge for astrophysical BHs

spacetime described by the Kerr metric

if not true, not a vanilla BH in GR

should hold for a merger remnant!
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black-hole spectroscop

Kerr spectrum depends only on mass and spin
measure BH parameters from GW signal

extract frequency and damping of multiple
of modes to check consistency with Kerr

h = 2 / Cfmne
‘mn
i imeter Institute — May 6, 202
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@ ringdown
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ringdown e
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ringdown
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ringdown
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ringdown
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ringdown

Kerr analysis

D = cog’nlfn(M ) > T = Tc(”}nl:z{n(M’)( )

beyond-Kerr analysis

for all but one of the modes

Max Isi — Perimeter Institute — May 6, 2021 I
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L]

GW 150914 simulated by SXS..
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merger-rd

J\’W

ﬂ

I |

define ringdown operationally as superposition of damped sinusoids
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inspiral merger-rd

define ringdown operationally as superposition of damped sinusoids
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strategies

enhanced IMR analysis

construct IMR model with
additional degrees of freedom

time-domain analysis

truncate data and fit damped - e A
sinusoids In time domain

Max Isi — Perimeter Institute — May 6, 2021  *“IMR" = inspiral-merger-ringdown 18
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enhanced IMR i Ak
. { & orn> % mn

—— SEOBNR
—— pSEOBNR -

endow waveform with additional 10
degrees of freedom in ringdown A

Brito+2018 [arXiv:1805.00293]
Ghosh+202 | [arXiv:2104.01906]

hi(t)

avoid explicit choice of ringdown
start time in the data

§ 102 |

use regular LVC inference ——
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infrastructure in freq. domain Time (seconds)
(big plus)
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couples ringdown to inspiral

Max Isi — Perimeter Institute — May 6, 2021 19
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time-domain truncatio

truncate data and fit a number of

damped sinusoids 3
1si+2019 [arXiv:1905.00869] 3
Carullo+2018 [arXiv:1805.04760] = % A
a | £t A
assuming data are QNMs =+ noise o 2 YERVERIA'
) ) i) A e .'; %:
from some time on, what are their 71 v
properties? 3 T T T TR T
b 0+ -.,-‘r—i-'_—-‘-“; -"--v-;w—*— | —T'—" ] —— S ves- St ¢ e W 102 el Ty e [
._3 .

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02
time from peak (s)

technically tricky! cannot use
standard LIGO-Virgo approach

Max Isi — Perimeter Institute — May 6, 2021 20
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truncate data and fit a number of
damped sinusoids

Isi+2019 [arXiv:1905.00869]
Carullo+2018 [arXiv:1805.04760]

assuming data are QNMs =+ noise
from some time on, what are their
broperties?

technically tricky! cannot use
standard LIGO-Virgo approach

Max Isi — Perimeter Institute — May 6, 2021
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Tukey pre-peak

Tukey post-peak

Isi & Farr (in prep.) 2
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time-domain truncatio

truncate data and fit a number of 7
damped sinusoids 5222

IS!‘L\ 9 [arXiv:1905.008 b“f]
ullo+2018 [arXiv:1805.04760]

assuming data are QNMs + noise truncate and define likelihood

. . in time domain, using an
from some time on, what are their I' . i
. acyclic covariance matrix
broperties?

technically tricky! cannot use
standard LIGO-Virgo approach e

Max Isi — Perimeter Institute — May 6, 2021 Isi & Farr (in prep.) 22
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time-domain

truncate data and fit a number of
damped sinusoids

Isi+2019 [arXiv:1905.00869]
Carullo+2018 [arXiv:1805.04760]

assuming data are QNMs =+ noise
from some time on, what are their
broperties?

technically tricky! cannot use
standard LIGO-Virgo approach

Max Isi — Perimeter Institute — May 6, 2021

Isi & Farr (in prep.) 23
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can we actually
do this now!?
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bad news...

according to the traditional paradigm:

. must look long after peak
2. other (angular) modes much weaker

ﬂ
i i

U “ GW150914 as seen by LIGO Hanford*

*whitened and bandpassed [30, 250] Hz

Max Isi — Perimeter Institute — May 6, 2021
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good news!

but overtones can improve our chances

|. can look closer to the peak
2. don’t need other angular modes

|

I A ina

U “ GW 50914 as seen by LIGO Hanford*

*whitened and bandpassed [30, 250] Hz

Max Isi — Perimeter Institute — May 6, 202 | 26
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good news!

but overtones can improve our chances

|. can look closer to the peak
2. don’t need other angular modes

|

“ GW1509 14 as seen by LIGO Hanford*

*whitened and bandpassed [30, 250] Hz

can already do this now
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overtones
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overtones

infinite family of tones with a given £m

quality factor

frequency damping time
30 - =1l
_— N
— — 9
S{ o3
§
= fundamental
10 - Tongsst ined) f
first overtone ,/
DSk SN __n—y
0 1 ] T
0.0 0.5 1.0 0.0 0.5 L4

X X

all legitimate solutions to the Teukolsky equation

Max Isi — Perimeter Institute — May 6, 2021 Isi & Farr (iﬂ prep.) 28
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relevance of overtones il

search for overtones in numerical relativity simulations

N=2 t~ I0M Baibhav et al (PRD 2017) [arXiv:| 710.02156]
N=I t~20M London et al (PRD 2014) [arXiv:1404.3197]
N=3 t < IOM Buonanno et al (PRD 2007) [arXiv:gr-qc/0610122]

Giesler, Isi, Scheel, Teukolsky waveform well-described by
(PRX 2019) [arXiv:1903.08284]  QNMs from peak onwards’

: . Nt T B PPN e B I e e T S 8 . Ly vl 4 P T L
Max Isi — Perimeter Institute — May 6, 202 | *strain of 24 mode for spin-aligned compact binaries using up to / overtones 29
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ringdown starts at the peak

GW 509 [ 4-like NR waveform SXS:BBH:0305

complex amplitudes found through least-squares

x___ overtones dominate early times

: : RN
numerical relativity —— 29 |
N=T7
~ - h22
, \ o ot L =
’ \ - r 4 ™ —
/

Max Isi — Perimeter Institute — May 6, 202
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- IM ~ 0.3 ms for GW 1509 |4

20

40 60 30
t — tpeak [M]

Giesler Isi, et al (PRX 2019) [arXiv:1903.08284]

Page 35/65

30



projected amplitude decay

10°

amplitudesl measured at peak with N=7

0 5 10 15 20 25

Max Isi — Perimeter Institute ~ May 6, t— tpeak [M] Giesler, Isi, et al (PRX 2019) [arXiv:1903.08284] 31
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ringdown starts at the peak

0 4 GW 1509 [4-like NR waveform SXS:BBH:0305 complex amplitudes found through least-squares
. | - I | ! |
[\ , . hVR
0.2 |\ numerical relativity —— 29 |
g |
g | |\ N\ hN =7
+~> I \ : \ /~\ b 22
_|_ Oo 0 B ! “ f \ / e ' 4 R S B
r@ | | [ \/
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\ /
- O . 2 ™ : \ / 7
o [ ] L
' x___ overtones dominate early times
—0.4 | : | : :
t - tpeak [M]
Max Isi — Perimeter Institute ~ May 6, 2021 1M ~ 0.3 ms for GW 509 |4 Giesler, Isi, et al (PRX 2019) [arXiv:1903.08284] 30
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projected amplitude decay

10°

amplitudesl measured at peak with N=7 0
—_— e

— =]

0 5 10 15 20 25

Max Isi — Perimeter Institute — May 6, t — tpeak [M] Giesler, Isi, et al (PRX 2019) [arXiv:1903.08284] 3
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consistent recovery over tim

104, R <
' \ — n=0
_ _— =]
101} n=2 |
— pg=3
—_— p=4

—— measured

------- expected
1071 ‘\“\
\\\
1072 ' ‘ — ' ‘
—20 30 40

Giesler, Isi, et al (PRX 2019) [arXiv:1903.08284] 32

Max Isi — Perimeter Institute — May 6, 202

Pirsa: 21050010 Page 39/65



extracting remnant propertie

let BH mass and spin vary in fit, compare to true values

1.000 worse
‘ —0.15
0.975 ' —0.30 T
0.950 N B -
S By S E, . 0.60 3 =
. 0.925 it = > —0.75 t,% =
= g = < g
0.900 = —0.90
—1.05
0.875 N=T7 N =10 —1.20
to = tpeak by = tpoak —~1.35
0.5 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 0.9
X Xf

fit with overtones recovers correct mass and spin

Max Isi — Perimeter Institute — May 6, 2021
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worse

|

rms error in
recovered
mass & spin

|

better

Max Isi — Perimeter Institute — May 6, 202
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Giesler, Isi, et al (PRX 2019) [arXiv:1903.08284] 34
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