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Testing for hair, memory, and eccentricity
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CONTENTS * Determining gravitational-wave source physics

*Black hole formation through eccentricity measurements
* Gravitational-wave memory
*Challenges testing of the no-hair theorem
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Masses In the Stellar Graveyard
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Masses In the Stellar Graveyard
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Masses In the Stellar Graveyard
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Masses In the Stellar Graveyard
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Masses In the Stellar Graveyard

GW150914
500 LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
)
s ff« @
0
C100 @
} ~ P e gg IMRPhenom | Most massivéneutron star?
I . o® i‘ . SEOBNR Lightest black hole?
O 50 P ... A . | i
N _ QD I
o ? 1 ;
.“ | D P I
o® y OGD ® :
|
o GW190423 \ ol I
GW170817 © | O
10 I
O
I : |
- 2.4 2.5 2.6
! secondary mass, mo |M:]
% GW190814 - ?
2 O
'®) O
o
1

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern




w.  Masses In the Stellar Graveyard
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The user-friendly
Bayesian inference
library

Ashton, Hubner, PL, Talbot + (2019)
Romero-Shaw + (2020)

A versatile parameter-estimation code being used for
production science by LIGO/Virgo collaboration

git.ligo.org/Iscsoft/bilby/

pip install bilby
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* User friendly, open source, modular,

casily accessible

* LIGO production science
*Special events (e.g., GW190412, GW190425, GW190814, GW190521, ...)
*Catalogues
* Populations
*Tests of GR, equation of state, ...
* Synthetic and real data

* Many examples, user forum, help, etc.



Topics in Gravity

1. Orbatal eccentricty and black hole formation
2. Gravitational-wave memory
3. The no-hair theorem
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Measuring orbital eccentricity

How do LIGO/Virgo black hole binaries form?

binary stellar evolution dynamical capture
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Lower, Thrane, | measuring orbital eccentricity?
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Measuring orbital eccentricity

GWTCI (first ten discovered mergers)
Romero-Shaw, Lasky, Thrane (2019)

= GWI150914 — GW151226 — GW170608 — GW170809 — GW170818

= GWI151012 — GW170104 = GW170729 — GW170814 — GW170823 0 . . .
N ~5% of binaries formed 1n globular clusters

o> should have non-zero eccentricity

il (e.g. Samsing, 2018; Rodriguez et al 2018)

eccentricity, e
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chirp mass, M (Mg)

Romero-Shaw, Lasky, Thrane (2019)



Livingston Virgo
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dynamical formation 10 e |
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Hanford Livingston
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Words of caution:

* Our wavetorms don’t go above e = 0.2
* We find precession and eccentricity can be confused in
GW190521-like signals

* Wavetorm models for parameter estimation with eccentricity

0.40 0.45 0.50 0.55 0.60
Time [s]

and precession don’t exist (see also Gayath:

1 et al. 2022).
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A catalogue of events

All mergers are Neee =3
from GCs o =10
\\\\\\ \\ — N =20
\ More eccentric mergers
than can be accounted for
/’lr by GCs alone

10" 101
Branching fraction Romero-Shaw, Lasky, Thrane (2022; in prep)



Gravitational-wave memory

* Non-zero from inspiral of point masses

h (X Q * Also from anisotropic distribution of

projectiles (gravitons) leaving the source

Alternatively, think of gravitational
waves providing extra source term

e.g., Braginsky & Thorne (1987),
Christodoulou (1991), Thorne (1992)



Gravitational-wave memory

with memor)d
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*Too small to measure 1n single
LIGO/Virgo detection (~1/20

amplitude) _ |
*Can detect statistical effect over many T T T
mergers (Lasky+2016) number of events

*Require ~50 loud events
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Gravitational-wave memory
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Challenges testing the no-hair theorem

\n\’f’ . .
(OF" black holes in general relativity
completely characterized by Lﬁﬁé%’ parameters:

mass, spin, Clrarge




Challenges testing the no-hair theorem
__ mass, spin

All values of 7, and /i are entirely determined

by the final mass and spin of the black hole



Challenges testing the no-hair theorem
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Challenges testing the no-hair theorem
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*Mathematically: { — O

* Astrophysically: R&ver (sort of)

Thrane, Lasky & Levin 2018
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Challenges testing the no-hair theorem

Overtones — a surprising, partial solution!
(Giesler et al, 2019; Is1 et al, 2019)

(T, fim) —> (Tinn, finn)

* More than one overtone of Giesler et al (2019)
fundamental harmonic is enough to — N1
: : N=2"

test no-hair theorem. 1.e. 722, f22n — -3,
— N=5:

N=6]

. — N=7 3

Punchline: post-merger .
wavetorm surprisingly well fit e —
DA 111 O OVCILOTICS WL —




remnant spin

Challenges testing the no-hair theorem

Overtones — a surprising, partial solution!
(Giesler et al, 2019; Is1 et al, 2019)

Isictal 2019) __.==z=
0.8 2 2 G VV 150914
..................................... o2l
y Ay~ * Measure first overtone at 3.6
6 - /
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Ay o Anindependent measurement of the
04{ ¢/ £ .
A At —oms  frequency of the first overtone yields
t[ /7 _ : : :
02{ NS ~_ ' agreement with the no-hair hypothesis at
. = N=2 " the ~20% level.”
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Challenges testing the no-hair theorem
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Challenges testing the no-hair theorem

What about model selection?

No-hair test = test no hair (Kerr) vs. hairy (non-Kerr) hypothesis

L | A (B |

2S94 4 -
] O Ot i Wi — O

90 —10 0

10 20 30 40 50

*2+2 XN parameters (amp/phase of each tone)
*For loud signals, require large N

*large Occam penalt

Calderon tll, Lasky& Thrane (2021)



Challenges testing the no-hair theorem

What about model selection?

No-hair test = test no hair (Kerr) vs. hairy (non-Kerr) hypothesis

22225329

-] O Ot = W N — O

* Controlled test: inject SNR = 100

* Bayesian evidence increases with number
of overtones, but so does prior volume.

* Prior volume increases faster than evidence

— Bayes factor supports fewer overtones
Calderon Bustillo, Lasky & Thrane (2021)



Challenges testing the no-hair theorem

solution

Calderon Bustillo, Lasky & Thrane (2021)

GWI150914

In BF = 6.5 for Kerr vs. non-Kerr
1.e. “hairy object hypothesis 1s

| | disfavored with <1 . 600 with respect
* Using that constrains parameter space v o the Kerr black-hole one.”

* Currently 1gnoring information: we kno
perturbed BHs form from binary merger

*use waveform models to constrain possible
phases and amplitudes of overtones.



- - Paul Lasky
Grav1tat10na1-wave astronomy 1S 1n 1ts 1nfancy
* Formation mechanism of binaries: dynamical channel looking relevant

*Memory: detectable 1n a few years
* Testing no-hair: we finally (think we) understand this

Lot’s of interesting science to be done!
. MONASH ww/\/\/w\wzérmv—
2" University







: ‘
“Bayesian parameter

estimation is the future of
gravitational-wave
astronomy”

(4

Matilda B. Bilby*

*not a real quote
(also not a her real name



Gravitational-wave memory

Algorithm for detecting and distinguishing orphan memory and cosmic strings

McNeill, Thrane & Lasky (2017); Divakarla, Thrane, Lasky & Whiting (2020)
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