Introduction Detection Current K dge Future Prospec Conclusions

Tjonnie G. F. Li

Second SVOM scientific workshop
Qiannan, Guizhou province, China

April 24, 2017



Introduction ction urrent g uture Conclu

0000

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott er al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016: published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 102", It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1, The source lies at a luminosity distance of 41078 Mpe corresponding to a redshift z = 0.097{{
In the source trame, the initial black hole masses are .’u(\f_': M, and 2‘):‘;’:4,__,, and the final black hole mass is
(}ZjM.-J. with 3.01’(‘3’_‘_‘: M ¢ radiated in gravitational waves. All uncertainties define 90% credible intervals
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.
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GW151226: Observation of Gravitational Waves from a 22-Solar-Mass Binary
Black Hole Coalescence

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 31 May 2016; published 15 June 2016)

We report the observation of a gravitational-wave signal produced by the coalescence of two stellar-mass
black holes. The signal, GW151226, was observed by the twin detectors of the Laser Interferometer
Gravitational-Wave Observatory (LIGO) on December 26, 2015 at 03:38:53 UTC. The signal was initially
identified within 70 s by an online matched-filter search targeting binary coalescences. Subsequent off-line
analyses recovered GW151226 with a network signal-to-noise ratio of 13 and a significance greater than
50. The signal persisted in the LIGO frequency band for approximately 1 s, increasing in frequency and
amplitude over about 55 cycles from 35 to 450 Hz, and reached a peak gravitational strain of
34107 x 1072, The inferred source-frame initial black hole masses are 14.233M_ and 7.5233M,
and the final black hole mass is 2().8f{’_7' M ,. We find that at least one of the component black holes has spin
lffﬁy Mpc corresponding to a redshift
of 0.097093. All uncertainties define a 90% credible interval. This second gravitational-wave observation
provides improved constraints on stellar populations and on deviations from general relativity.

greater than 0.2. This source is located at a luminosity distance of 44(
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Inspiral Merger Ringdown
post-Newtonian (PN) theory no analyt. model perturbation theory

Effective-one-body (EOB) Numerical Relativity (NR)

Inspiral: Emission of GWs removes energy / angular momentum
Merger: Two objects will merge into single object

Ringdown: Single object reaches quiescent state
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Machine-readable notices
Short bulletins (Circulars) with human descriptions of the events
Releases candidate triggers and their skymaps

Restricted to MoU partners until the event has been published

Organize candidate events from gravitational-wave searches
Provide an environment to record information about follow-ups

Bulletin board to coordinate EM follow-up observations

Tjonnie Li SVOM., Qiannan, China 9



Detection Current Knowledge

Conclusions

[e]e]e]e]lo] ]

14-Sep: GW140915 detected with a FAR below threshold
20-Sep: GCN 18330 sent to MoU partners
Skymap area of 630 deg® (90% probability)

Gamma-ray ~ 100%
X-rays (2-20 keV) 84%
Radio 86%
Optical 50%
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Pr(d|§,1)Pr(§|I)

Pr(6|dI)=

r(9|d’ ) Pr(d| 1)

Pr(d | 6,1): Likelihood Pr(d | d,I): Posterior
Pr(6 | I): Prior Pr(d | I): Evidence

Use Markov-Chain Monte-Carlo techniques to sample the
probability distributions
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Extending O2 run to August
Timing of Virgo joining O2 could
potentially extend the run past August.
Running through the summer will take
advantage of the environmentally more
quiet summer months

Post O2

Estimate it could take at least 12-15
months after ending O2 to complete this
work before beginning O3.

Tjonnie Li SVOM. Qiannan, China

LIGO network duty factor
B Double interferometer [44.0%]
Single interferometer [30.2%]
B No interferometer [25.8%)]
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02 started on November 30, 2016 and is still ongoing.

Nearly hundreds of facilities among space- and ground-based
telescopes have signed MoUs

Provide GW event candidate alerts within tens of minutes
3D skymaps are released for binaries
Provide "EM-bright” flag if event posibly includes NS

As of March 23, 6 triggers have been identified by online
analysis using a FAR threshold of one per month and shared
with partner astronomers. Investigations of the data and offline
analysis are so far still in progress

Tjonnie Li SVOM, Qiannan, China 24
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Advanced Virgo (2017)

Aquired first lock

May join Advanced LIGO during O2
KAGRA (2019-20)

iKAGRA run in 2016

Developping cryogenics, Advanced vibration isolation, optics, ...
LIGO-India (2024)

Site acquisition underway

Preparing export licenses for aLIGO detector components

Tjonnie Li SVOM, Qiannan, China
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A+: modest update of Advanced LIGO (2022)

LIGO Voyager: major update of Advanced LIGO (2027-28)
Einstein Telescope: 3x 10km arms (2035+)

Cosmic Explorer: new GW facility (2035+)

Tjonnie Li SVOM, Qiannan, China 26
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Deformed black holes emit quasi-normal modes (ringdown)
hy(t) = M Z Ay €/ Tm YU cos(wimt — me)
AF - = llm| + Im
,m

M
hy(t) = - Z Ajjm| et/ Tm YIM sin (Wit — m)
I,m>0

Frequencies (wy, ), decay times (73,,) depend on mass and spin

Measuring two or more modes provides smoking gun evidence of

black holes and GR.
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Our Universe is expanding 40000
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OTHER SOURCES

Continuous Waves Sources

» Spinning neutron stars can have ellipticity and emit GWs
» Spin-down limit already beaten for a few pulsars

» O1 analysis not yet concluded

Core Collapse Supernovae

» Supernova explosion still mystery
» Interplay amongst all branches of physics

» GW can probe the explosion mechanism

Stochastic Background

» Superposition of unresolvable (binary) sources

» Useful to study populations
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Census of compact objects in binaries: masses, spins, merger
rate over time

Precision tests of general relativity

Probing the nature of black holes or more exotic objects
Internal structure of neutron stars

Large-scale structure and evolution of the Universe
Supernovae explosion mechanism

Multi-Messenger studies

Tjonnie Li SVOM, Qiannan, China 38
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“Observation of Gravitational Waves
from a Binary Black Hole Merger”.

“GW151226: Observation of
Gravitational Waves from a 22-Solar-Mass Binary Black
Hole Coalescence”.

“Binary Black Hole Mergers in the
First Advanced LIGO Observing Run”.
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“Localization and Broadband
Follow-up of the Gravitational-wave Transient
GW150914”.

“Tests of General Relativity with
GW150914”.

“Astrophysical Implications of the
Binary Black Hole Merger GW150914”.

“The Rate of Binary Black Hole
Mergers Inferred from Advanced LIGO Observations
Surrounding GW150914”.
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“Gravitational-wave sensitivity curves”.

“Spectroscopy of Kerr Black Holes with
Earth- and Space-Based Interferometers”.

“High resolution magnetohydrodynamic
simulation of black hole-neutron star merger: Mass
ejection and short gamma ray bursts”.
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“Demonstrating the Feasibility of
Probing the Neutron-Star Equation of State with
Second-Generation Gravitational-Wave Detectors”.

“Inference of cosmological parameters from
gravitational waves: Applications to second generation
interferometers”.

“Cosmological inference using only
gravitational wave observations of binary neutron stars”.
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