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* The discovery in a nutshell: GW150914

LIGO Hanford Data Predicted

Strain (102")

* The gravitational wave saga

* How to detect gravitational waves?
= Giant suspended interferometers

Strain (10?")

* GW150914 & GW151226

LIGO Hanford Data (shifted)

e And now?
= Opening a new window onto the Universe
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Thanks to the many colleagues
from the LAL Virgo group, from Virgo and LIGO
from wich | borrowed ideas and material for this talk



The discovery In a
nutshell: GW150914



September 14 2015, 11:51 CET

. Sl_gnal In both LIGO detectors Event
with a 7 ms delay
it e dele labelled
ery short (< 1s) GW150914
= \Very strong

= With respect to the instrument noises
= \ery weak in absolute

= Expected signature for the fusion of two black holes

LIGO Livingston Louisiana, USA il
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« Ladies and gentlemen,
we have detected
gravitational waves,
we did it. »
David Reitze,
Executive Director of
the LIGO Laboratories

 Simultaneous press conferences in Washington DC, Cascina (Virgo site, Italy),
Paris, Amsterdam, etc.

 Detection paper, accepted on PRL, made available online
= Published by the LIGO and Virgo collaborations
= http://journals.aps.org/prl/abstract/10.1103/PhysRevl ett.116.061102

 Several « companion » papers online at the same time — or shortly thereafter
= See full list at https://www.ligo.caltech.edu/page/detection-companion-papers



http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
https://www.ligo.caltech.edu/page/detection-companion-papers
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In between these two dates?

* 5 months of deep analysis involving hundreds of scientists worldwide
— Many open questions had to be answered accurately
— While keeping secret the potential discovery
= Any test not passed could have turned it into a noise fluctuation

* Does the observed event originate from the cosmos?
» Neither an artificially simulated signal nor ... a hacking of the LIGO observatories!
= Not caused by an environmental phenomenon

* Were the two LIGO detectors running nominally at the time of the event?
= Quality and accuracy of the data
= Decision to « freeze » the detector configurations for a few weeks
— In order to record enough « similar » data and assess the « reality » of the signal
= How likely is it to come from the cosmos?

* Which are the scientific results one can extract from this unique (at the time) event?

 Writing of the discovery article and of several companion papers
= Discovery to be announced only when discovery article accepted by PRL 6



The gravitational
wave saga



Schema huius pramiffz divifionis Sphxrarum.

Celestial mechanics

e Initially: geocentric model of the solar system
(11"d century A.C.) from Ptolemy
— Earth in the center
— All the « wandering stars » orbit around it, moving
on complex set of spheres

* First significant questioning:
the heliocentric model from Copernic (1543)

* Galileo : observations in contradiction
with Ptolemy*‘s model (1610)
— Catholic church forces him to renounce to Copernic‘s « mistake »

e Kepler (1609-1619) : assumes an heliocentric model
& elliptical orbits
— Deduces three empirical laws from which
he makes predictions confirmed by observation



http://upload.wikimedia.org/wikipedia/commons/3/3a/Ptolemaicsystem-small.png
http://upload.wikimedia.org/wikipedia/commons/f/f2/Nikolaus_Kopernikus.jpg
http://upload.wikimedia.org/wikipedia/commons/d/d4/Johannes_Kepler_1610.jpg

Law of universal gravitation

«Every point mass attracts every single other point mass
by a force pointing along the line intersecting both points.
The force is proportional to the product of the two masses and
iInversely proportional to the square of the distance between them»

* Newton (1687) :

e Simple and powerful ™

» Explains Kepler’s laws

* Replaces the huge and complex
set of spheres needed to make
Ptolemy’s mode still work

Rules on mechanics
for more than two centuries

Still widely used today!

* Neptune discovery (1846)
= Urbain Le Verrier (mathematical computations)
= Gottfried Galle (astronomical observations)



Law of universal gravitation

* Special case: assumes that one mass is much stronger than the other: M >> m
= Examples: Earth motion around the Sun
A satellite orbiting around the Earth
— Quasi-circular motion

e Minumun velocity of orbitation
= Orbiting around the body of mass M at a distance r

— 7,9 km /s on Earth
Vorb = \/@
I
* Escape velocity

= Speed needed to escape the attraction of the body of M
— 11,2 km / s for the Earth

— 42,1 km / s for the Sun _ |2GM
(at the Sun-Earth distance) Vesc = r

*V,, and v, are independent from mass m and proportional

10



Black holes?

* Reminder: escape velocity

= Scales like VM 2GM
— The more massive the body, the stronger its attraction Vese = r

= Scales like 1/
— The further away from the body, the weaker its attraction

 Limit speed: velocity of light in vacuum
= Special relativity theory (Einstein, 1905) : —
" c=299792458m/s

* Can one have v, =C?

* Yes: take M very big and/or r very small ol —

= Situation already foreseen during XVIII™ century || S
— Mitchell (1783) Corpuscular theory e e e
— de Laplace (1796) of light

= Should such stars exist, their gravitional field would be strong
that nothing, not even light, could espace from it

o XIXt" century : light < wave
— Issue put aside until the General relativity theory (1915) 11



* Newtonian escape velocity: v .. =

* Schwartzschild radius R (1916): R = 2GM ~ 3Kkm (lj

Schwartzschild Radius

* R¢(M) suchasv,=c¢
— Very small for « usual » celestial objects
= Planets, stars

2GM
r

C2

M

Sun

. R
* Compacity C = S <1
radius
Object Earth Sun White dwarf | Neutron star | Black hole
Compacity 1.410°° 4.3 100 104 0.3 1

* Beware: compact and dense are two different things!

= Black hole « density »
" Mass”

"Volume"

2
~ 1.8><1016g/cm3(M§’/|“” j
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General relativity in a nutshell

* “Spacetime tells matter how to move; matter tells spacetime how to curve”
John Archibald Wheeler (1990)
= A massive body warps the spacetime fabric
= Objects (including light) move along paths
determined by the spacetime geometry

e Einstein’s equations

Guv: o4 Tuv

— In words: Curvature = Matter

* Einstein tensor G ,,: manifold curvature
* Stress-energy tensor T, density and flux of energy and momentum in spacetime
 Equality between two tensors

— Covariant equations
* Need to match Newton’s theory for weak and slowly variable gravitational fields

— Very small coupling constant: the spacetime is very rigid
* Non linear equations: gravitational field present in both sides 13



Gravitational waves

* One of the first predictions of
General relativity (1916)
= Accelerated masses induce
ripples in the space-time which
propagate at the speed of light

* No gravitational wave (GW) emission if the source is axisymetrical
= A « powerful » GW source must have an asymetrical mass distribution

e GW amplitude h
= Dimensionless
= Scales like 1/(distance d to the source)
= Detectors directly sensitive to h

— Gain of a factor 2 (10) in sensitivity
< Gain of a factor 2 (10) in distance
< Observable volume of the Universe

Increased by a factor 8 (1000)

100 million light years

14



Effect of gravitational waves on test masses

* GW: propagating perturbation of the spacetime metric
= Acts on distance measurement between test masses (free falling)

- ¢ Variation doubled for

A \ B SL _ h_l— an interferometer with

_________________________________________ max 2 arms of equal length L:
< L > 6L ro = hL

* Effect of the two GW polarizations on a ring of free masses

"+H
P

) ) ;‘_.' ."0._.: /r'—.\& :‘_c'.. . --__... / \; .
" « +» polarization -, R [ Lo

Te_g e

= « x » polarization

One period 15



Effect of gravitational waves on test masses

e |In 3D




A diversity of sources

* Rough classification
= Signal duration
= Frequency range
= Known/unknown waveform
= Any counterpart (electromagntic spectrum, neutrinos, etc.) expected?

e Compact binary coalescence
= |_ast stages of the evolution of a system like PSRB 1913+16
— Compact stars get closer and closer while loosing energy through GW
» Three phases: inspiral, merger and ringdown
— Modeled via analytical computation and numerical simulations
= Example: two masses M in circular orbit (fo\, = 2 forpical) ‘

h~10-2 ( 500 Mpc j[ Mass j(Orbital radiusj2 (Frequencyj2 radius

Distance /{ 30 M 100 km 100 Hz

17

Sun

* Transient sources (« bursts »)
= Example: core collapses (supernovae)

* Permanent sources
= Pulsars, Stochastic backgrounds




Gravitational wave spectrum

Quantum fluctuations in early universe

F 3

ermassive Black
galactic nuclei

Binary Sup
_ Holesin
m <
Q
)
-
= © NASA
V)
, age of
wave period years

log(frequency) -16 -14 -12 -10 -8 -6

Detectors

universe

L

v

Compact Bigaries in our

Galaxy & beyond
Compact objects
captured by Rotating NS,
Supermassive Black Supernovae
Holes < >
hours sec ms

-—s —>
Cosmic microwave Pulsar Timing
background
polarization

-4 -2 0 +2
Space Terrestrial
Interferometers] interferometers

LIGO, Virgo, etc.
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» Ground-based

» Resonant bars (Joe Weber’s pioneering work)

— Narrow band, limited sensitivity: not used anymore
= Interferometric detectors

— LIGO, Virgo and others

— 2"d generation (« advanced ») detectors started operation

Design studies have started for 3" generation detectors (Einstein Telescope)

= Pulsar Timing Array (http://www.iptadgw.org)

— GW would vary the time of arrival pulses emitted by millisecond pulsars

* In space
= Future mission eLISA (https://www.elisascience.org, circa 2030)
= Technology successfully tested by the recent LISA pathfinder space mission

19


http://www.ipta4gw.org/
https://www.elisascience.org/

Detecting
gravitational waves

20



1916-2016: a century of progress

¢ 1916: GW prediction (Einstein)

1957 Chapel Hill Conference

* 1963: rotating BH solution (Kerr)

* 1990’s: CBC PN expansion
(Blanchet, Damour, Deruelle,
lyer, Will, Wiseman, etc.)

Theoretical developments

¢ 2000: BBH effective one-body
approach (Buonanno, Damour)

¢ 2006: BBH merger simulation
(Baker, Lousto, Pretorius, etc.)

Experiments

(Bondi, Feynman, Pirani, etc.)

* 1960’s: first Weber bars

* 1970: first IFO prototype (Forward)

® 1972: IFO design studies (Weiss)

* 1974: PSRB 1913+16 (Hulse & Taylor)

* 1980’s: IFO prototypes (10m-long)
(Caltech, Garching, Glasgow, Orsay)

* End of 1980°s: Virgo and LIGO proposals
* 1990’s: LIGO and Virgo funded
e 2005-2011: initial IFO « science » » runs

* 2007: LIGO-Virgo Memorandum
Of Understanding

e 2012 : Advanced detectors funded

e 2015: First Advanced LIGO science run 21



An interferometer in a nutshell




The Advanced Virgo detector revealed

e Animation by Marco Kraan, NIKHEF
= https://www.youtube.com/watch?v=6raomY 119P4
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https://www.youtube.com/watch?v=6raomYII9P4

Main interferometer noises

Thermal noise

(coating + suspension)

POP

—

© Antonino Chiummo

Input
Mode
Cleaner
200W Faraday
E Isolator

Laser

-
—

+-1{:P NI i NE
Bs Stray-light
Zam|

Residual gas
(phase noise)
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Interferometer control

* Sensitivity to OG < Interferometer kept at its working point
= Resonant optical cavities + interferometer on the dark fringe
= Accuracy of the length cavity control: down to 10-'> m
= Accuracy of the mirror alignment control: 10-° rad

e A complex engineering problem
= Broken down in several successive steps
Mirror free motion — Local control — Global control
= Use of « error signals » to measure the difference
between the detector current state and its working point
— Corrections (positions, angles) are
computed and applied onto the mirrors
= Control loops: from a few Hz to a few kHz
= Limitations: control bandwidth and performance
of the actuators which apply the
corrections to the mirror suspensions

L Il \7 \l VI IV IV | |\ ”I V I i ”I”I”I |
0.48 0.49 0.5 0.51 0.52
&1, (\/2)

d5 quad 25




From 1nitial to advanced detectors

» Goal: to improve the sensitivity by one order of magnitude
= \Volume of observable Universe multiplied by a factor 1,000
» Rate should scale accordingly
— Assuming uniform and isotropic distribution of sources (true at large distance)

* A wide range of improvements
= Increase the input laser power
= Mirrors twice heavier
= Increase the beamspot size on the end mirrors
» Fused silica bonding to suspend the mirrors
= Improve vacuum in the km-long pipes
= Cryotraps at the Fabry-Perot ends
= Instrumentation & optical benches
under vacuum

| w—
100 million light years

e Advanced LIGO (aLIGO) funded a year or so before Advanced Virgo (AdV)
» Financial crisis in 2008-2010...
— aLIGO ready for its first « observation run » in September 2015
= AdV upgrade done, commissioning in progress 26



A network of interferometric detectors

GO ‘Livingston
Louisiana, USA




A network of interferometric detectors

Hanovre
| (Allemagne)

Hanford
(Etat de Washington, aux Etats-Unis)

* Single interferometer not
enough to detect GW . _ ' <

= Difficult to separate a signal ~  PONSREES __,,9 _ ATRAVERS LENONDE

from noise with confidence N e ¥

* There have been unconfirmed

claims of GW detection in the past

Livingston
(Louisiane, Etats-Unis)

LIGO

KAGRA

(prés de Pise en ltalie)
I (en construction)

Virgo

— Need to use a network
of interferometers

e Agreements (MOUSs) between the
different projects — Virgo/LIGO: 2007

] SOURCE
= Share data, common analysis,
publish together
- . IFO | A
« [FO: non-directional detectors: pair | ey
non-uniform response inthe sky % VH | 2720
GHOST V-L 26.39
» Threefold detection: reconstruct H-L | 1000

source location in the sky

28



First detections
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GW150914
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Simulation of the coalescence




Rapid response to GW150914

» 2015/09/14 11:51 CET: event recorded — first in Livingston, 7 ms later in Hanford

» 3 minutes later : event flagged, entry added to database, contacts notified
= Online triggers important in particular for searches of counterparts

* 1 hour later: e-mails started flowing within the LIGO-Virgo collaboration

From Marco Drago
Subject [CBC] Very interesting event on ERS8

Hi all,
cWB has put on gracedb a very interesting ewvent in the last hour.
https://gracedb.ligo.org/events/view/G184098

20 minutes later: no signal injected at that time
= Confirmed officially at 17:59 that day — blind injections useful to test pipelines

10 minutes later: binary black hole candidate
25 minutes later: data quality looks OK in both IFOs at the time of the event

* 15 minutes later: preliminary estimates of the signal parameters
= False alarm rate < 1/ 300 years: a significant event!

» Two days later (09/16, 14:39 CET): alert circular sent to follow-up partners

32



GW150914: raw power ,

L1:CAL-DELTAL_CTRL_DQ time series

e Blue: aLIGO Livingston
Yellow: aLIGO Hanford

Amplitude [?]

1126259462 1126259462.1 1126259462.2 1126259462.3 1126259462.4 1126259462.5
Time [s]

Time [s]
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GW150914: calibrated h(t)

 Control signals used to
recover the strain signal

L1:DCS-CALIB_STRAIN_C02 time series

Amplitude [7]

_I_I_I_I
1126259462 1126259462.1 1126259462.2 1126259462.3 11262594€2.4 11262594625
Time [s]

H1:DCS-CALIB_STRAIN_CO02 time series

Amplitude [?7]

_I_I_I_i
1126259462 1126259462.1 1126259462.2 1126259462.3 11262594624 1126259462.5
Time [s]
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GW150914: band-pass filtering

L1:DCS-CALIB_STRAIN_C02: amplitude conditionned time series

* 20 Hz — 500 Hz

Amplitude

1126259462

H1:DCS-CALIB_STRAIN_C02: amplitude conditionned time series
:2:2:2:1 0_Iis

Amplitude

35



GW150914: whitened data

 Data weighted by the noise
level in frequency space
— Whitened data have

a flat PSD

e + 20 nW peak-to-peak at the

Interferometer output port

* To be compared with the
Incident power on the
beamsplitter: ~500 W

Llllh W f’\ M

1126259462 1126259462.1 1126259462.2 1126259462.4 1126259462.5
Time [s]

1126259462 1126259462.1 1126259462.2 1126259462.4 1126259462.5
Time [s]
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GW150914: whitened data

 Data weighted by the noise
level in frequency space
— Whitened data have

a flat PSD

* + 20 nW peak-to-peak at the

Interferometer output port

* To be compared with the
Incident power on the
beamsplitter: ~500 W

1126259462 1126259462.1 1126259462.2 11262594624 1126259462.5
Time [s]

1'w w

bI
) rw'

4I_I_|
1126259462 1126259462.1 1126259462.2 11262594624 1126259462.5
Time [s]
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GW150914: spectrograms

L1-DCS_CALIB_STRAIN_C02_OMICRON

* Time-frequency maps

Frequency [Hz]

9
8
7
6
5
4
3
2

—

1126259462 1126259462.1 1126259462.2 11262594624 1 1262594625
Loudest: GPS=1126259462.416, {=157.965 Hz, snr=9.225 Time [s]

H1-DCS_CALIB_STRAIN_C02_OMICRON

Frequency [Hz]

1126259462 1126259462.1 1126259462.2 1126259462.4 1 126259469.5
Loudest: GPS=1126259462.421, f=132.733 Hz, snr=12.752 Time [s]
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Burst search

e Search for clusters of excess power (above detector noise) in time-frequency plane

= \Wavelets
GW150914 signal strong enough to be immediately identified on spectrograms

Q
512 = E
R Hanford Livingston g £
I o
= 256 =
o 6 5
c 128 o)
(] 4 o
3 N
> 64 S5
o =
32 05
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45 =

Time (s) Time (s)

 Chirp-like shape: frequency and amplitude increasing with time

e Coherent excess In the two interferometers
» Reconstructed signals required to be similar

e Efficiency similar to (optimal) matched filtering for binary black hole — short signal
= Online last September for O1 39



Compact binary coalescence search

» Well-predicted waveform FT of the data Signal template
— Matched-filtering technique (optimal) N . 7
= Noise-weighted cross-correlation of [T E RS g ;
data with a template (expected signal) (t) = e Sulf) ‘ f
» Parameter space covered by a !
template bank Noise power spectral density

= Analytical for NS-NS, BH-NS
= Analytical + numerical for BH-BH
= Parameters: mass and spin

of the initial black holes

— ~250,000 templates in total

-y
o
iy
|

* Look for triggers from the two IFOs
using the same template and coincident in time
» Check matching between signal and template

Mass 2 [M ]

10Y 4

e Offline search 100 10! 102
= Part of the parameter space searched online Mass 1 [Me]
» Two independent offline pipelines 40



Compact binary coalescence search

» Well-predicted waveform

FT of the data Signal template

— Matched-filtering technique (optimal)
= Noise-weighted cross-correlation of
data with a template (expected signal)

» Parameter space covered by a

T

Y
C(t) :/ £(f)h (f)f__Zm’ftdf

—oo Onlf)
!

template bank

Noise power spectral density

= Analytical for NS-NS, BH-NS
= Analytical + numerical for BH-BH
= Parameters: mass and spin

of the initial black holes

— ~250,000 templates in total

* Look for triggers from the two IFOs

using the same template and coincident in time  _ |
= Check matching between signal and template % 10f

e Offline search
= Part of the parameter space searched online
» Two independent offline pipelines

Arb. Amplitude




Earth shaken by GW150914

* Scale of effect vastly exaggerated
= But animation faithful to the evolution over time of the signal




Why two black holes?

Inspiral Merger Ring-
down

* Result of matched filtering!

= Excellent match between f ) ( ) G‘

the best template and the
measured signal

* Two massive compact objects
orbiting around each other at
75 Hz (half the GW frequency),
hence at relativistic speed,
and getting very close before -1.0 F—RNumerical relativity

I Reconstructed (template)
1

the merging: only a few Rg away! . | |

1.0 .
0.5 A .
0
5

=

— Black holes are the only So6l {4 .EE
known objects which can 2 0.5 {{ — Black hole separation 13 8

. . . 8 0.4 === Black hole relative velocity 42 &

fit this picture 5 e 11 &

Q

i i > 03E | | | i 0 o

* About 3 Mg, radiated in GW 0.30 0.35 0.40 045

e The « brighest » event ever seen me (s)

= More powerful than any gamma-ray burst detected so far
= Peak power larger than 10 times the power emitted by the visible Universe 43



Exploiting multi-messenger information

* Method

Send info

to observers \W f/
Validate

(DQ, sign-offs)

k

Analyze data,

3 d t
identify triggers, .
c(;ﬂ: estinfiate EI’:?E\R, d;:;gt?: sr e Select event
infer sky map candidates
— (Pipelines, FAR)

44



Exploiting multi-messenger information

eTransient GW events are energetic
» Only (a small) part of the released energy is converted into GW
— Other types of radiation released: electromagnetic waves and neutrinos

* Astrophysical alerts = tailored GW searches
» Time and source location known
Possibly the waveform as well
— Examples: gamma-ray burst, type-11 supernova

e GW detectors are also releasing alerts to a worldwide network of telescopes
= Agreements signed with ~75 groups
— 150 instruments, 10 space observatories

 Low latency h-reconstruction and data transfer between sites
= Online GW searches for burst and compact binary coalescences

45



Looking for
GW150914
counterparts

» SKy coverage

Gw 3

radio

optical/lIR 1
X-ray

20h +-ray (all-sky)

» Observation timeline: no counterpart found — none expected for a binary black hole

Initial GW Initial Updated GCN Circular Final
Burst Recovery GCN Circular (identified as BBH candidate) sky map
[ n [ | [ ]
Fermi GBM, LAT, MAXI, Swift Swift Fermi LAT,
IPN, INTEGRAL (archival) XRT XRT MAXI (ongoing)
! [
Swift UVOT, SkyMapper, MASTER. TOROS, TAROT, VST, iPTF, Keck, Pan-STARRSI
BOOTES-3 MASTER b, 'STARRS I, KWEC. QUEST, DECam, LT, P200, Pi of the Sky, PESSTO. UH vst  TOROS
1 I 15 1 111 11l [ 1]
VISTA
ASKAP. ASKAP, VLA, VLA,
MWA LOFAR  MWA LOFAR LOFAR YA
C ) L . ) LU LI 1
10° 10! 107

I — Imerger (days) 46



Measuring the signal parameters

e More than a dozen unknown parameters in total
= Masses and spins of the two initial black holes and of the final black hole,
distance to the source, etc.

 Use of statistical methods — bayesian inference to name it — in order to
= estimate the value of each parameter and the associated error
= compare waveform models

 Astrophysical results
» Rate of events similar to GW150914
— More events needed to compute the rate accurately
= |_earn more about how stellar mass binary black holes get formed

e General relativity tests
= No significant deviation observed with respect to the predictions
= Best limit on the mass of an hypothetical graviton
— <1022 eV/c?

47



Parameter estimation

* Impact of the black hole parameters on the waveform

| Gw150014 n | 1, Large Spins' N
i A M |'|||f|I"|I
IIIII / 'n'.l ,-'n". Ip m M A AN A AN h'. \ II '| |' '. I|I Il || | || || |””
0 —NI'— llll/\‘\ "flll I 'III Ill" I'III \ \/ IIII'-J'III \/ llu Ill A\ I\ | Il'- I'IIII | I'II III Il' I| ll ll || || ||||||||||H
LN CWWWWYY |I |I|\
L — -1 —
I L | I I | | I I I | I | I | | I I I I
-1 -09 -08 -0.7 -06 -05 -04 -03 -0.2 -0.1 O -1 -09 -08 -0.7 -06 -0.5 -0.4 -03 -0.2 -0.1 O
! Ih I i I ! I I L
. Half the Mass 4 1k Small Mass Ratio B
0 -
L — _1 - —
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GW15091

BACKGROUND IMAGES: TIN

.FACTSHEET

SFREQUENCY TRACE (TOP) AND TIME-SERIES

(BOTTOM) IN THE TWO LIGO DETECTORS; SIMULATION OF BLACK HOLE
HORIZONS (MIDDLE-TOP), BEST FIT WAVEFORM (MIDDLE-BOTTOM)

first direct detection of gravitational waves (GW) and first direct observation

of a black

hole binary

observed by
source type

date

likely distance

LIGO L1, H1
black hole (BH) binary
14 Sept 2015

0.75 to 1.9 Gly
230 to 570 Mpc

redshift

0.054 to 0.136

duration from 30 Hz
# cycles from 30 Hz

~ 200 ms
~10

peak GW strain

peak displacement of

interferometers arms

frequency/wavelength
at peak GW strain

1x10%

+0.002 fm

150 Hz, 2000 km

peak speed of BHs ~0.6¢
anaktehoies ratio T peak GW luminosity 3.6 x 10% erg s
false alarm prob. < 1in 5 million radiated GW energy 2.5.3.5 Mo
false alarm rate < 1 in 200,000 yr remnant ringdown freq ~ 250 Hz
B s < remnant damping time ~4 ms
total mass 60 to 70 remnant size, area 180 km, 3.5 x 105 km?
prieaan B 2 to i consistent with passes all tests
secondary BH 25to 33 general relativity? performed
remnant BH 58 to 67 raviton mass bound < 1.2 x10%2eV
. miss rafio . 0.6t coalescence rate of 2 1d 400 G v
primary BH spin <07 binary black holes A
secondary BH spin < 0.9
online trigger latency ~ 3 min
remnant BH spin 0.57 to 0.72 # offline analysis pipelines 5
signal arrival time arrived in L1 7 ms 50 million (20,000
delay before H1 CPU hours consumed >~ T ron =2t
! PCs run for 100 days)
likely sky position Southern Hemisphere

likely orientation
resolved to

face-on/off
~600 sq. deg.

# researchers

papers on Feb 11, 2016

13

~1000, 80 institutions

in 15 countries

Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds.

Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 10'? km; Mpc=mega
parsec=3.2 million lightyear, Gpc=10%* Mpc, fm=femtometer=10-"" m, Mo=1 solar mass=2 x 10*° kg

Tosumup

The final black hole has
about the size of Iceland
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GW151226
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GW151226

* Observed on ‘Boxing Day’
= Online trigger from the matched filtering analysis
= Not detected by the burst online search
= Detailed studies delayed by the completion of the GW150914 analyses
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GW151226

 Excellent agreement between the different reconstructed waveforms

= analytical computation (post-Newtonian expansion, in grey)
= numerical relativity (in red)
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Summing up: two events, one candidate

* Only black hole binary systems

* No other GW source observed so far
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And now!?
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Current status of the detectors

e Advanced LIGO detectors
= Second data taking period started on November 30 2016
= Early March review : 30 days of coincidence data as of February 23 2017
3 candidates identified; partners notified
— Data analysis in progress

e Advanced Virgo detector
= Commissioning at full speed!
= Significant milestones already reached — understanding + control of the instrument
— Advanced Virgo is a « brand new » detector
= Goal : to reach LIGO « as soon as possible »
— A few more weeks of work required...
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Controlling the Advanced Virgo detector

= B8
B2 1., B7
B4
BI}D =" Not to scale
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Conclusions
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Prospects

* Soon: a ground-based detector network
= larger and
" more sensitive
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— On can expect to detect (much)
more GW signals soon
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Detectors and sources: a summary plot

e From http://rhcole.com/apps/GWplotter
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http://rhcole.com/apps/GWplotter

Outlook

* The network of advanced gravitational wave interferometers is taking shape
» The two aL1GO detectors started taking data last September and detected
the first two gravitational wave signals (GW150914 and GW151226)
= Virgo is completing its upgrade and is fully committed to joining LIGO asap
» KAGRA should then join the network in 2018
= And possibly a third LIGO detector (LIGO-India) some years later

e Sensitivity already good enough to detect gravitational waves
» Improvements expected in the coming years
= R&D activities already ongoing for 3" generation instruments

fjf)co
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GW detector peak sensitivity evolution vs. time
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