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Abstract: Gravitational waves provide a unique observational handle on the properties of strong, dynamical gravity. Ringdowns, in particular,
cleanly encode information about the structure of black holes, allowing us to test fundamental & nbsp; principles like the no-hair theorem and the area
law. Inthistalk, | will review the status of this effort, including recent observational results and remaining challenges.
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goals

0. argue ringdowns are interesting
. explain data analysis method .
2. review existing measurements

3. dispel some misconceptions
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perturbed BH vibrates w/

characteristic frequencies C,, =A, ebem
mn — mn

initial conditions

excitation radiated away
as ringdown GWs
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Max Isi — Perimeter Institute — May 6, 2021
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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, 2021
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Kerr black holes Ik

In general relativity, a black hole has only three properties

- mass
spin
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
Charge 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!

Max Isi — Perimeter Institute — May 6, 2021
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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

— _iéjfmnt
h= z / Cf mn€
‘mn
i imeter Institute — May 6, 2021
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Max Isi — Perimeter Institute — May 6, 202 | 8
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® rlngdown
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ringdown  leils
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ringdown s
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ringdown

h=h, —ih, , J= {z;”,|m|,n}

1 | |
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Max Isi — Perimeter Institute ~ May 6,2021 @, right ascension; 8, declination 0= —(dy+ N2, do;= (y;—b_)I2 10
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ringdown  leiis

Kerr analysis

WDpmn = a)gysn(M’X) > Tlmn = Tgnl;{n(M:»X)

beyond-Kerr analysis

for all but one of the modes

Max Isi — Perimeter Institute — May 6, 2021 I
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Max Isi — Perimeter Institute — May 6, 202 | 12
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.

GW150914 simulated by SXS ..
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inspiral

irsa: 21050010
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inspiral merger-rd

ﬂJ\/\w

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
sinusoids In time domain J N/ \J \JIWW

Max Isi — Perimeter Institute — May 6, 2021 *"IMR" = inspiral-merger-ringdown 18
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enhanced IMR

x10~2!

> {5fzfmn’ 5Tfmn

—— SEOBNR
—— pSEOBNR -

endow waveform with additional
degrees of freedom in ringdown \:

Brito+2018 [arXiv:1805.00293]
Ghosh+2021 [arXiv:2104.01906]

hy(t)

0

avoid explicit choice of ringdown
start time in the data

e o by v by oW by

L

use regular LVC inference

) . ) R XA 1Y S - R S - Y- Sy R 1y
infrastructure in freq. domain Time (seconds)
(big plus)
couples ringdown to inspiral
Max Isi — Perimeter Institute — May 6, 2021 19
Page 23/65
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time-domain truncatio

truncate data and fit a number of

damped sinusoids 2
Isi+2019 [arXiv:1905.00869] - |
Carullo+2018 [arXiv:1805.04760] = : A
X 1
. , = 01 A1V
assuming data are QNMs + noise E YERVYERIA
from some time on, what are their ? 11 vl
properties? O T T TR T
o) O -+ "- - -:; -':'-v-:*—- -‘;‘ »— -:"‘;:I'- . *r:—: "I—:-'-"‘:"-; —i:““:_’- '-'- "'h"r' “2 "v- S O =g = g o = gy T
. . ‘_3 T T |.; T T T
technlcally tI‘ICk)!! cannot use -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02
standard LIGO-Virgo approach Hms from peait s)
Max Isi — Perimeter Institute — May 6, 202 | 20
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time-domain truncatio

truncate data and fit a number of /\ /\ WEIERg)S
damped sinusoids L

si+2019 [arXiv:1905.00869] \/ \/ \/

Carullo+2018 [arXiv:1805.04760]

Tukey pre-peak
assuming data are QNMs + noise | /\ /\
from some time on, what are their \/ v
broperties’

Tukey post-peak
technically tricky! cannot use /\ /\

standard LIGO-Virgo approach \/ \/ \/

Max Isi — Perimeter Institute — May 6, 2021 Isi & Farr (in prep.) 21
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time-domain truncatio

truncate data and fit a number of G
damped sinusolds S o

si+2019 [arXiv:1905.00869]
( ullo+20| Lum :1805.04760]
truncate and define likelihood
in time domain, using an
acyclic covariance matrix

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

technically tricky! cannot use
standard LIGO-Virgo approach total sgnal

Max Isi — Perimeter Institute — May 6, 202 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
properties?

technically tricky! cannot use | cmedoman A \/W |
S-tanda'rd LIGO-VlrgO approaCh 2220 2;30 2:10 250 260 2'I70 2é6
f (Hz)
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
. other (angular) modes much weaker

ﬂ
i

u “ GW 150914 as seen by LIGO Hanford*

*whitened and bandpassed [30, 250] Hz

Max Isi — Perimeter Institute — May 6, 202 |
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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 “ GW150914 as seen by LIGO Hanford*

*whitened and bandpassed [30, 250] Hz

Max Isi — Perimeter Institute — May 6, 202 | 26

irsa: 21050010 Page 30/65



good news!

but overtones can improve our chances

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

| /

“ GW 150914 as seen by LIGO Hanford*

*whitened and bandpassed [30, 250] Hz

can already do this now

Max Isi — Perimeter Institute — May 6, 202 |
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overtones



overtones

infinite family of tones with a given Zm
quality factor

frequency e
30 - n =0
e
— =9
Fn{ __ 1lh
&
& fundamental
]-O . 1 j
first overtone "
0+ . |
0.0 0.5 1.0 .
X

all legitimate solutions to the Teukolsky equation

Isi & Farr (in prep.) 28

Max Isi — Perimeter Institute — May 6, 2021
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relevance of overtones i

search for overtones in numerical relativity simulations

N=2 t~ IOM 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*

Max Isi — Perimeter Institute ~ May 6, 2021 *strain of 22 mode for spin-aligned compact binaries using up to 7 overtones
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ringdown starts at the peak

O 4 GW 1509 [4-like NR waveform SXS:BBH:0305
. I I

complex amplitudes found through least-squares

X overtones

_ o hNR
numerical relativity —— 29 |
N=T7
~ h22
/ \ — -y
/ \_" RSSSHEES N S SN D St ey
gl

dominate early times

20

Max Isi — Perimeter Institute — May 6, 2021 1M ~ 03 ms for‘ GW | 509 |4
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40 60 30
t — tpeak [M]

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

Page 35/65

30



prolected amplltude decay “

amplltudes measured at peak with N=7

=—=
— n=1
10%p n=2|
== e
— n=4
— =g

S
I

=

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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Max Isi — Perimeter Institute — May 6, 202
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ringdown starts at the peak

GW 1509 [4-like NR waveform SXS:BBH:0305

complex amplitudes found through least-squares

. ” hNE
numerical relativity —— 29
1 f/ \‘ hN:?
\ [ \ - 27
‘ ' , \ - e v e e st e R e
\ / \ / N\ I, - T
\ /
\ | s
\ /
\ / )

dominate early times

| | |
1 | 1 |

X overtones

I 1M ~ 0.3 ms for GW 150914

20 40 60 30
t — tpeak [M]

Giesler, Isi, et al (PRX 2019) [arXiv:1903.08284] 30
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Max Isi — Perimeter Institute — May 6,
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projected amplitude decay

i

101}

amplitudesl measured at peak with N=7

n=>0
n=1
=2

5 10 15
t— tpeak [M ]

20 25

Giesler, Isi, et al (PRX 2019) [arXiv:1903.08284] 3
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consistent recovery over timau
10“ — [ , . . ‘

\\

— n=0>0

\ — n=1
=2 |

— =20

— =

—— measured |
------- expected

A0

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

30

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 U
— ) - = O
= ae s S 060
. 0.925 e & 075 8 5
= I = E é
0.900 —0.90
~1.05
s N =0 ~1.20
t[) = tpmk —1.35
0.5 0.6 0.7 0.8 0.9 05 06 07 08 0.9
Xf Xf

fit with overtones recovers correct mass and spin

Max Isi — Perimeter Institute — May 6, 2021

Giesler, Isi, et al (PRX 2019) [arXiv:1903.08284] 33
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worse

|

rms error in
recovered
mass & spin

|

better

Max Isi — Perimeter Institute — May 6, 202
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perturblng the overtones
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non-GR
overtones
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Giesler, Isi, et al (PRX 2019) [arXiv:1903.08284] 34
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takeaways

spin-aligned NR waveforms are well described by
remnant overtone model starting at ~peak strain

(looking only at 22 mode)

amplitudes are recovered self-consistently in time
(for at least n < 4)

overtones contribute: perturbing their
frequencies biases inferred remnant properties

empirical claims!

Max Isi — Perimeter Institute — May 6, 2021 35
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measurements -



GWI150914 at the peak

i Al = Ip = fpeak
. . . oeak = 1126259462.423 GPS
we identify at least two ringdown = N
modes in GW 1509 14 1.0y== -
H -’ 4
’-’ ," \
that Is the least-damped mode plus 08 27 A7 .\
/.“. "- ’ |.. ......
at least one overtone (N=1) AP S
0.61 / S v
- — o J/ ’/ l’
with N=1, can measure remnant = LT AP 2 MR
. 0.41 e |
mass and spin at the peak ‘,' Vi Atg=0ms |
- : ¢ N =
result in agreement with 0.2) M= B
measurement from full waveform T --- N=2
6-credible regions
Ot 60 70 80 9 100
Max Isi — Perimeter Institute — May 6, 2021 Mf [M(D] Isi+2019 [arXiv:19205.00869] 37
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T recovered amplitlﬂ

no clear gain from 2nd overtone

| ﬁ posterior for N=2 favors
il first overtone, in agreement
HHH with

Ay (x100)

1— ar‘ch expected i
from simulations | |!

.87

1 1
| R |
ngbq}sa;b&%xﬁs%‘%%%%%%

misses the mark, as
expected at the peak

950, 0 Oy <, 950, 0, 04 4,
1 1 1 | 1 1 1 1

Ay (x1072)

Q Q B L o QO Oy ESMERNREEEN U W
Ag (XlU 20) Al (X 10~ 20) Ag (X 4 20)
Max Isi — Perimeter Institute ~ May 6, 2021 Isi et al (PRL 2019) [arXiv:1905.00869] 38
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GWI150914

spectroscopic analysis of fundamental + first overtone

x10~% : i
o fractional
)] " fundamental — total | deviations
i 703 ] ; in overtone
total signal a1 l frequency and
-% i it damping time
T 0- _/\\//\ o
— median e ol LA .
. 90% CL ® o I
—17 --» overtone N
*this fit assumes Kerr :QC.O i — : B 1 7 (S
0.000 0.005 0.010 0.015 0.020 PNSNEN Q“' o7 o 7Y Q7 P
time from peak (s) 5f o7
reconstruct fundamental and agreement with Kerr
overtone of 22 mode ~20%at lo

39

Max Isi — Perimeter Institute — May 6, 2021
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GWI150914

total BH area must not decrease

27 127 : ringdown model
o inspiral i e breaks N =1, Aty =0 ms
IO 1+ it .‘E‘ area : [/ N =0, Aty = 3 ms
= i g 0.8- law |
= § =
g 01 X i &
T ) l[ =t 0.6
—~ L 5
4+ v\J @
15! s s
-1 o 0.4 -
—
o
37 UCTIRRTIN " VRN IR A SRR PPN 0.2
o 0 —"‘""‘—“‘-—‘——L—-ll'“‘—t—e"“'it,;’!;}w“_‘;‘ﬂ"’”;;"‘%"‘m;;m‘—f ———————————————
5 whitened residuals'® + /' P - S i
B T T T T T T . T T T T T
-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 -1 0 1 2 3
time from peak (s) fractional change in total BH area
independent ringdown and agreement with area law
. i . o . al e
inspiral measurements with ~97% credibility
Max Isi — Perimeter Institute — May &, 2021 *the inspiral measurement here was terminated at the peak, but overall conclusions do not change if we cut earlier; feel free to ask! Isi+2020 [arxiv:ZO | 204486] 40
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second LIGO-Virgo transient catalog

Abbott et al (2020) [arXiv:2010.14527]
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GWTC-2 ringdowns

damped sinusoids enhanced IMR model
o = 004287 = N\
1.0+ ! B 1.5 A
. T T B
— GW150914 | I —— GW190519_153544
—— GW190519 153544 —— GW190521 074359
— GW190521 074359 — GW190910 112807
0.5 hierarchically hierarchically
7" combined ™" combined
£ 0.38
o 5 8fpp0 = 0.03755¢
& 00F----- -—+--f- & )
& < 8tyy0 = 0.161733
705 T I L = A e [ 1/ L N R ol ] o e A R
-1.0 f T T ]
—1.0 1.0 —0.5 0.0 0.5 1.0 1.5
4 faz0

Carullo+2018 [arxiv:1805.04760], Isi+2019 [arxiv:1905.00869] Brito+2018 [arxiv:1805.00293], UPDATED RESULTS Ghosh+2021 [arxiv:2| 04.01906]

Abbott+2020 [arxiv:2010.14529] 42

Max Isi — Perimeter Institute — May 6, 2021
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GWTC-2 ringdowns

damped sinusoids

—-

;oo +0.27 Al
5f221 = 0‘04-0.32 -

1.0 7
GW150914 |
GW190519 153544
GW190521 074359
0.5 1 __ hierarchically
~ combined
& 004 -—=——fmm -
I'Q
7{].5 -
I
1
-1.0 . 1 .
—-1.0 —-0.5 0.0 0.5 1.0

Carullo+2018 [arxiv:1805.04760], Isi+2019 [arxiv:1905.00869]

Max Isi — Perimeter Institute — May 6, 2021
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enhanced IMR model

—— GW190519_153544
—— GW190521 074359
— GW190910 112807

hierarchically
combined

5f' 220 = 01)3":8:32

P — +0.98
6‘1’220 = O 16—0.98

07a20

. T
—0.5 0.0 0.5 1.0 1.5
4 fazo
Brito+2018 [arxiv:1805.00293], UPDATED RESULTS Ghosh+2021 [arxiv:2| 04.01906]

—  Abbott+2020 [arxiv:2010.14529] 42
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common questions

Q: overtones are O-functions, you can fit anything with them!

if that was true, any OT frequency
should work, but things break if we 10|
perturb the frequencies

v 1072
— wa(Mpx) N ——mm o
3 — aggn(Mf Xf,5 0. 01)
1072} aggn(Mf Xf:' = 0. 0-.))
— 6522'11(va X[ 6 =0. 20)

0 1 9 3 4 5 6 7
N

Max Isi — Perimeter Institute — May 6, 2021 Isi & Farr (in prep.) 44
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common questions

Q: overtones are O-functions, you can fit anything with them!

if that was true, any OT frequency
should work, but things break if we
perturb the frequencies

S
N
Q.
= 4.,/ .. /...
o Qr u
b‘( -
/Q
/Q' T T T T T T T T T T
X PR 2 2
N Q)QQQ)Q Q%Q QY ¥ oF
ofi ot
Max Isi — Perimeter Institute — May 6, 2021 Isi & Farr (in prep.) 45
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common questions

Q: overtones are O-functions, you can fit anything with them!

if that was true, any OT frequency 10° ;
should work, but things break if we i TN n1
perturb the frequencies i - "y
n=4
if that was true, only a few data < s
points would be affected near A ‘ n=7
peal< (no freedom in OT placement) 1071 g
1075 5 10 15 20 2
t — tpeak [M]
Max Isi — Perimeter Institute ~ May 6, 2021 lsi & Farr (in prep) 46
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common questions

Q: overtones are O-functions, you can fit anything with them!

if that was true, any OT frequency
should work, but things break if we
perturb the frequencies

if that was true, only a few data
points would be affected near
peal< (no freedom in OT placement])

lower OTs clearly not d-functions
with our time resolution

Max Isi — Perimeter Institute — May 6, 2021

Pirsa: 21050010

x 1021
e ™ fundamental — ftal
. =
total signal B
2 11 A "=
< .
_‘;3 \
m | L
i
sl ‘ / \ /—\\/
—— median
90% CL
—1- “--» Qvertone
*this fit assumes Kerr
0.000 0.005 0.010 0.015 0.020

time from peak (s)

Isi & Farr (in prep.) 47
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common questions

Q2: you would need SNR > |00 to resolve overtone frequencies!

based on the misconception that —
resolving modes requires _ n=0 SNR 20 |
=1

|fo — /1| > max(e, o)

Rayleigh heuristic not valid for o
damped sinusoids . '
can identify modes by their 1

damping time, not just frequency 0

150 200 250 300 350
In (HZ)

Max Isi — Perimeter Institute — May 6, 2021 Isi & Farr (in prep.) 48

Pirsa: 21050010 Page 56/65



common questions

Q2: you would need SNR > |00 to resolve overtone frequencies!

based on the misconception that
resolving modes requires

|fo — /1| > max(e, o7)

Rayleigh heuristic not valid for
damped sinusoids

can identify modes by their
damping time, not just frequency
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common questions

Q2: you would need SNR > |00 to resolve overtone frequencies!

SNR 14

SNR 50

GW 509 | 4-like analytic injections |

based on the misconception that L00-
resolving modes requires -
Jo =/l > max(ay, o5)
Rayleigh heuristic not valid for g o
damped sinusoids i
can identify modes by their ~075
damping time, not just frequency Lo+
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separating modes In the f-T plane

doesn't Imply we measure a o

251 — n=1 1
fractional deviation well -

201 .
precision in 7, # precision in &z, sy 0\ ¥

=
we can have great separation of N
the modes without good relative R, s S
precision on the times 0-
240 245 250 255 260 265
fr (H2)
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Pirsa: 21050010 Page 59/65



separating modes In the f-T plane
doesn't Imply we measure a
fractional deviation well

precision in 7; # precision in 0t

we can have great separation of
the modes without good relative
precision on the times

Max Isi — Perimeter Institute — May 6, 2021
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common questions

Q4: a two-tone model (N=1) should not work at the peak!

the systematic bias from excluding 10 ===
higher n is smaller than statistical 1071
uncertainty 10-2]

1073}

can predict at which SNR / point N
In time each n should matter

22222232
L1l LLILLL

1074}
10-°

simulations show that the second 1076
overtone has no effect currently 10-7

20 —10 0 10 20 30 40 50
to — tpeak [M]
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common questions

Q4: a two-tone model (N=1) should not work at the peak!

the systematic bias from excluding - — —A . *
higher n is smaller than statistical - £ Nl e
. ' A |
uncertainty - )
. . . 0.25 4 / 2
can predict at which SNR / point - i jf .
in time each n should matter s/ /
' : 20
; i —0.50 - / 50 f}
simulations show that the second o /,
—0.75 1 E
overtone has no effect currently | 100
i v 05 0.0 0.5 10
d fa21
Max Isi — Perimeter Institute ~ May 6, 202 GW 1509 |4-like analytic injections Isi & Farr (in prep) 54
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conclusion
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black hole spectroscopy can give
us a particularly clean way to learn
about strong gravity

recent Insights and measurements
have revitalized this program

many open questions and
opportunities for innovation

exciting time!
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