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Recent results from
gravitational-wave searches

Florent Robinet



Gravitational waves

Minkowski metric + small perturbation
Niherungsweise Integration der Feldgleichungen ) 1620
der Gravitation. 1" 0u0vhas = ———Tnp
Von A. Ernsee. ¢ The Nobel Prize in Physics
- gravitational waves 1993
speed of light + 2 polarizations

— > g

Bei der Behandlung der meisten speziellen (nieht prinzipiellen) Probleme hpl/ (Zlfa) = Al“/ elkga:
auf dem Gebicte der Gravitationstheorie kann man sich damit begniigen,
die g,, in erster Niherung zu berechnen. Dabei bedient man sich mit )
Vorteil der imaginiren Zeitvariable &, = it aus denselben Griinden wie . U I R R (R
in der speziellen Relativitiitstheorie. Unter »erster Nitherung« ist dabei G _i“?.-‘
verstanden, da die durch die Gleichung

[ —8, 4+, (1) 5

~ C Russell A. Hulse Joseph H. Taylor Jr.
definierten Grofien v, . welche linearen orthogonalen Transformationen 0 L Prize share: 1/2 Prize share: 1/2
gegeniiber Tensorcharakter besitzen, gegen 1 als kleine Grotfen be- :: B
handelt werden kinnen, deren Quadrate und Produkte gegen die ersten E —10 — The Nobel Prize in Physics 1993 was awarded jointly to Russell A.
Potenzen vernachliissigt werden diirfen. Dabei ist d,, =1 bzw. d,, =0, = C Hulse and Joseph H. Taylor Jr. "for the discovery of a new type of
je nachdem p =v oder p v, 5 I~ pulsar, a discovery that has opened up new possibilities for the
Wir werden zeigen, daB diese y,. in analoger Weise bereehnet +2 15 I N\ study of gravitation"

werden kimnen wie die retardierten Potentiale der Elektrodynamik. g | \
Daraus folgt dann zuniichst, daf sich die Gravitationsfelder mit Lieht- %‘_ - \\ Ehotes copiTIEhtoTheNobel Foundation

geschwindigkeit ausbreiten. Wir werden im Anschluf an diese all- . 20 | /

gemeine Lusnn!‘g die l_-x:(nltcltlons“(llm und deren Entstehungsweise — General Relativity prediction

untersuchen. Es hat sich gezeigt, daB die von mir vorgeschlagene = \

Wahl des Bezugssystems gemiB der Bedingung g = | g,.| = —1 far “ ae I \ﬁ 1

die Berechnung der Felder in erster Niherung nicht vorteilhaft ist. 0 TeP \* =

Ieh wurde hierauf aufmerksam dureh eine briefliche Mitteilung des = — N _

Astronomen pe Srrrer, der fand, daB man durch eine andere Wahl = — \ 1

. - * - C 7'-" \\

des Bezugssystems zu einem einfacheren Ausdruck des Gravitations- 5 =V \* ]

feldes eines ruhenden Massenpunktes gelangen kann, als ich ihn frither ~ I N\

gegeben hatte'. Ieh stiitze mieh daber im folgenden auf die allge- C \\ -

mein invarianten Feldgleichungen. —J35 — \_
~ PSR1913+16 e
| L !

 Bitaigier VI, bt o S ban — Loss of energy through gravitational waves '
so il Lo Lo b b Lo

1975 1980 1985 19890 1995 2000 2005
ear
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Gravitational-wave detectors

Rainer Weiss Barry C. Barish Kip 5. Thorne Hanford, Washington (H1) Livingston, Louisiana (L1)

Prize share: 1/2 Prize share: 1/4 Prize share: 1/4 . : : : ‘ . Ki I O m ete r_Sca I e M ic h e | SO n
interferometric detectors

WWMUA\/\/\AAMM The detectors are designed

)| B [ tosense gravitational waves
[ | [ ‘ 7 from astrophysical sources

The Nobel Prize in Physics 2017 was divided, one
half awarded to Rainer Weiss, the other half jointly
to Barry C. Barish and Kip S. Thorne "for decisive
contributions to the LIGO detector and the
observation of gravitational waves."

Strain (10?2%)

H — Numerical relativity — Numerical relativity v 1
Reconstucted (wavelet) Reconstructed (wavelet)
mm Reconstucted (template) B Reconstructed (template)

GW150914: First gravitational-wave

event detected by LIGO z 8?;1
g 65
The signal is produced by the : * 2
2 e
merger of 2 black holes .S
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0,45
Time (s) Time (s)
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Sensitivity to gravitational waves

[1251849618-1251936018, state: Locked]
Virgo gravitational-wave strain

—
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+ Technical noise:

- control and saturation
- electronic

- scattered light

- environment
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Detector noise

>

n. ‘Mid low' (P1200087)

frequency

Obs. s

M Virgo

Virgo gravitational-wave strain

1000 Hz -

l“"

Frequency [Hz

Amplitude relative to median

100 Hz - (M .

VIIZO gravitailolal-wave sulalll

T— oo stationary noise

i = I
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Time [hours] from 2019-09-07 00:00:00 UTC (1251849618.0)
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Gravitational-wave sources

| .

frequency

1000 Hz —

100 Hz —

10 Hz =

i i i Poo

1s 1 min 1 hour duration
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Gravitational-wave sources
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Gravitational-wave sources
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Gravitational-wave sources
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Gravitational-wave sources
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Gravitational-wave sources
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Historical events

H1-DCS_CALIB_STRAIN_C02_OMICRON

GW150914
- Gravitational-wave discovery

- Direct observation

- Existence of a black-hole binary

- First evidence of high-mass stellar black holes (> 25 M
— Parameter estimation

-36 M +29M_ = - 63 Msun

- Spin not well-constrained (short signal)
- First opportunity to test GR in a strong-field regime
- In-depth review of instrumental and environmental noise

Frequency [Hz]

sun)

Lo | e, e - o | 0y g
1126259462 1126259462.11126259462.2 1126259462.4 1 126259469.5
Loudest: GPS=1126259462.421, f=132.733 Hz, snr=12.752 Time [s]

L1-DCH_CLEAN_STRAIN_C02_T1700406_v3_OMICRON: Q=99.459

GW170817

- First gravitational-wave signal from the merger of 2 neutron stars
- Birth of multi-messenger astronomy with gravitational waves

- Observed in coincidence with a short gamma-ray burst

- Kilonova followed-up over months in all wavelengths

Frequency [Hz]

- Tests of GR (PN coefficients, Lorentz invariance, massive gravitons...)
- Standard siren to measure the Hubble constant

- Star equation of state and tidal effects

- Source of heavy elements (via r-process nucleosynthesis)

1 1 ‘ L L 1 i ‘ L L L 1 | 1
1187008860 1187008870 1187008880
Loudest: GPS=1187008880.078, 1=97.960 Hz, snr=6.688 Time [s]
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LIGO-Virgo data sets

mm O1 02 mm O3 ww O4 w= O5 01 02 03a 03b
80 100 110-130 160-190 Target 100 -
I_I G O l\/lic Mpc .Mpc Mic 330 Mp|cil g
E 80 -
= -
30 50 90-120 150-260 |=
] Mpc Mpc Mpc Mpc | "7
@]
Virgo B - .
} } } } } } } } } } } } 0 . T . T
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 0.000 0.001 0.002 0.003 0.004

Effective BNS time-volume [Gpe® yr]

- O3 run = O3a (Apr-Oct 2019) + O3b (Nov. 2019 - Mar. 2020)
- Binary neutron star range improvement: x 1.5 (LIGO), x 1.75 (Virgo) / O2

- 04 will start in Dec. 2022 with more sensitive LIGO and Virgo detectors
- Event rate x 10 » ~1 CBC event / day
- KAGRA (Japan) will join the network with a limited sensitivity (>1Mpc)
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results

01 02 O3a O3b

100
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40

Cumulative detections

20 1

0 I 1 I I
0.000 0.001 0.002 0.003 0.004

Effective BNS time-volume [Gpc?® yr]

Increased statistic of you detection set - access “corners” of your parameter space:
“Exceptional” events

14
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Frequency [Hz|

GW190521: High-mass black holes

Phys.Rev.Lett. 125 (2020) 10, 101102
Astrophys.].Lett. 900 (2020) 1, L13

Hanford Livingston Virgo
120
100+
— 80-
(o]
= ﬁ.n
™~
& 60 N :
100 = \_<
50 40
X T 80 100 120

0.30 .35 0140 (.45 (.50 .55 (.60 11,30 .35 0.0 0.45 (.50 0.55 0.60 0.30 .35 (.40 (.45 .50 (.55 (.60
Time [a] Time [H Time [b]

mMg]

- Shortest signal detected so far (~ 100 ms) = Only ~4 cycles between 30 Hz and 80 Hz

— Heaviest progenitor: 85 M_ + 66 M_ - 142 M_

- Cosmological distance: 5.3 Gpc

- Could match signals from other sources?
Alternative scenarios: orbital eccentricity, gravitational lensing, primordial black holes, cosmic strings,
core-collapse supernova
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GW190521: High-mass black holes

Phys.Rev.Lett. 125 (2020) 10, 101102
Astrophys.].Lett. 900 (2020) 1, L13

300 Metallicity

Mass gap
GW events —- 20x102  —=- 10x10° = gf/
2004 e LOx 10?2 —— 10x10"!

100
80 }
i A

= 50 I 4 i
Q 1.
bl 3(] * H N RELETETR b
: * J % * i i
........... | I
20 !
1 S !
| S, -
! 1
| i
10 [ !
8 f : ]
| I
; i
5 L
L o 2 > b o B oo LD o 20 30 50 80 100 200 300
/\\-b\\ <'\j} <'\\\\ /\':\\'Q /Q\‘é\' /'\\;b\\ /.\\f‘j'\t <i§\\/ (Q\::," /(;O/ Q(Q, ’ nr[
R S O Gt R mzams (M)
(O ¢ C O e I < C N SO O

Mass gap predicted by pair-instability (Pl) supernova theory : 65 - 120 M_ _
- Low likelihood for the primary black holes to originate from stellar collapse

Final black hole = intermediate mass (100 - 10° M
— First detection in this mass range

sun)
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GW190521: High-mass black holes

Phys.Rev.Lett. 125 (2020) 10, 101102
Astrophys.].Lett. 900 (2020) 1, L13

Parameter

Primary mass

Secondary mass

Primary spin magnitude

Secondary spin magnitude

Total mass

Mass ratio (m,/m; < 1)

Effective inspiral spin parameter (y.s)
Effective precession spin parameter (y,,)
Luminosity Distance

Redshift

Final mass

Final spin

P (m <65 M)

log,, Bayes factor for orbital precession
log,, Bayes factor for nonzero spins

log,, Bayes factor for higher harmonics

8512 Mg
66711 M,

0.27
0. 69+0 o

024
0. 73+064

15077 M
0.797030

0.27
0. 08+0 36

0.25
0. 68+0 37

5.3724 Gpc

-26
+0.28
0.827534

142738 M

0.725503
0.32%

+0.06
1.06 —0.06

+0.06
0.92 —0.06

+0.06
—0.387) 06

e81/(Gm?) 83/ (Gm3)

—— NRSur7dq4
—— Prior

posterior probability per pixel

0.2 0.4 0.6 0.8
Xp

1.0

Evidence for large initial spins + large misalignment
with the orbital angular momentum

- orbital precession

- indication of a capture formation mechanism

Florent Robinet
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GW190412: asymmetric masses

Phys.Rev.D 102 (2020) 4, 043015

For the first time: g = m,/m, =8.0/31.7 <1

Detectable signal from higher-multipole

.

(above the quadrupole) // e |
. . —— Phenom PHM
GR tests in a new regime 0.4
EOBNR PHM |
L1-DCS_CALIB_STRAIN_CLEAN_SUBG60HZ_CO01_OMICRON: Q=18.212 \
% 03 ]
% chﬁ . \
%x:i = )
- 0.2 1
0.1
1239082261.5 1239082261.8 1239082262 1239082262.211239082262.05 02 03 q 04 05
Loudest: GPS=1239082262.090, =64.051 Hz, snr=7.828
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GW190425: massive neutron stars (?)

— x < 0.89
— x < 0.05
------- (GGalactic BNS

[P

o0

161 /

o
=}

1.4

my (M)

e

l""\
e ,
/ h
A \

: :rJ L%l
’ b
3 N\
1 5
( : - =

S ‘2(2;/] )2«50 275 300 D00 295 250 275 300 325 350 355 4.00
o Mot (ﬂ/fu)

Probability density

1.24

]

- Probably the second merger of 2 neutron stars (?)

- Single-detector event

- Detected with low-latency but no EM counterpart was found (GRB signal in INTEGRAL data?)
- Total mass is higher than what is known from galactic binaries

— No evidence of tidal effects

- Light black holes ?
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GW200115 & GW200105

Astrophys.].Lett. 915 (2021) 1, L5

The “missing” gravitational-wave source: BBH (2015) - BNS (2017) - NSBH (2020)

GW200115

10°
LIGO Hanford
GW200105
100
Normalized energy
0 2 4 6 8 10 12 14 . ul
] * 4=1/2 i
I ; 10° 2.50F % li'
) = LIGO Livingston o i
& =z t
) 55 , 2.25r
2 100 2 100
5 el
= = 2008
é = e q=1/10
10 10 —~1.78F
10° 10? = —  high spin
1.50F ==+ low spin
1950 | GW200105
100 100 W GW200115
| g0k B GW190814 ]
GW190426_152155
L 19 3 5 0 15 30 25
-5 i - o my (M)
Time (seconds) Time (seconds)
GW200105 GW200115
Low Spin  High Spin Low Spin  High Spin
(x2 < 0.03) (x2 < 0.99) (x2 < 0.05) (x2<0.99)
Primary mass m1 /Mg 891’}% 801’%2) 5.9féj'11 S.Tféﬁ;
Secondary mass ma/Mg 1.9f?,-_§ 1.9f}}_; 14t22 l.ngjg
Mass ratio g 0.211+9-0¢ 0221508 0.247030  0.2670%
. 0.9 ‘ 1.2 .5
Total mass M/Mg 10.810% 10.9775 73512 710
Chirp mass M /Mg 3.4170:08 3.4110-08 2.42%0:05  2.42+0-05 20
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O1: first discoveries

Dec 2, 2021

Black Holes of Known Mass

X-Ray Studies

GW150914

LVT151012
GW151226

2015 (01)

Florent Robinet
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O2: first catalog GWTC1

Masses in the Stellar Graveyard

in Solar Masses

A

A
A

EM Neutron Stars

LIGO-Virgo | Frank Elavsky | Northwestern

2018 (01+02)

22

Dec 2, 2021 Florent Robinet



O3a: second catalog GWTC?2

Dec 2, 2021

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

Updated 2020-09-02
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

2020 (O1 - O3a)

Florent Robinet
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O3b: third catalog GWTC3

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars

O Q
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O3b: third catalog GWTC3

e-Print: 2111.03606 [gr-qc]

— Events are listed in the catalog if
> 0.5 (~10-15 % false alarm)

pastro

- 90 events (35 in O3b)
— + ~1000 sub-threshold events

- Final calibration + in-depth data quality
studies and noise subtraction

— 3 CBC- template searches + 1 unmodeled
search

- Parameter estimation studies
- high spins (x > 0.8)
- extreme mass ratio (q < 0.1)

- Waveform models start to be limited

Dec 2, 2021

GW191103.012549
GW191105_143521
GW191100 010717
GW191113.071753
GW191126.115259
GW191127_050227
GW191129_134029
GW191204.110529
GW191204.171526
GW191215.223052
GW191216.213338

GW191219_163120 —+—

GW191222 033537
GW191230_180458
GW200105_162426
GW200112.155838
GW200115.042309
GW200128_022011
GW200129_065458
GW200202.154313
GW200208_ 130117
GW200208_222617
GW200200_085452
GW200210_092254
GW200216_220804
GW200219_094415
GW200220.061928
GW200220.124850
GW200224_222234
GW200225_060421
GW200302_015811
GW200306 093714
GW200308_173609"
GW200311.115853
GW200316_215756

GW200322.091133"
I
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https://arxiv.org/abs/2111.03606

Population studies

E-Print: 2111.03634 [astro-ph.HE]

— Gravitational-wave events from the catalog are used to infer merger rates
- BNS: 13 Gpc3yr! -1900 Gpc3yr! (95%)
- NSBH: 7.4 Gpc3yrt! - 320 Gpc3yr! (95%)
- BBH: 16 Gpc3yr! - 130 Gpc3yr! (95%)

10

10!

M lj\r(mhs / dm

10°

1072

Events Posterior

—————
- -

,,,,, . — Observed Distribution
<

30 40 50 60 70 80

— Merger rates as a function of mass

- Entering the high-statistical
regime

— Parameters can be binned!

- Merger rates as a function of redshift: ~(1+z)?’forz <1

— Correlation studies (spin magnitude vs. mass ratio)

— Formation scenarios

Dec 2, 2021
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https://arxiv.org/abs/2111.03634

Unmodeled searches

Phys.Rev.D 104 (2021) 10, 102001
E-Print: 2107.03701 [gr-qc]

— Various sources of gravitational waves with poorly-modeled waveforms
Core-collapse supernovae, isolated deformed neutron stars, BH accretion disk
instabilities, eccentric binaries...

- Wide parameter space

- All-sky and all-time searches based on excess-power methods

long-duration waveform models
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https://arxiv.org/abs/2107.03701

Targeted searches

E-Print: 2111.03608 [astro-ph.HE]

- Use triggers from other channels to target gravitational-wave searches
Gamma-ray bursts, neutrinos, Magnetar flares, fast-radio bursts

- GRB triggers: Use both CBC-modeled and unmodeled searches
100 10"

Fraction of GRBs
Fraction of GRBs
S

4

s

— /
o’

—o—  Lower Limit —=—  Ohbserved

—&— Upper Limit gl ---- Expected
, :

10_2 I | T T Illbl—l I I T TT II]I-[_}U :Il_h\_z I I LI \\:II-ID\_]- T I T III]I-D[]

p-value p-value

— No detections: exclusion distance, population studies
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https://arxiv.org/abs/2111.03608

Conclusion

- Many O3 results have been released:
- New discoveries (NSBH, intermediate-mass BH...)
- “Exceptional” events used to derive important science
- Major step in terms of number of detections = population studies
- Cosmology implications: H, estimate

- Disappointment: no new multi-messenger event :-(

- Upcoming science with O3 data
- Testing GR with CBC events
- Searches targeting FRB, Magnetar flares, high-energy neutrino...

— O3 dataset is publicly available

— Future prospects: see Tito’s talk
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