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First Direct Detection of Gravitational Waves!
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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 sinultanecusly observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitatonal-wave swrain of 1.0 x 107", 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 ohserved 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 himinosity distance of 4107 I':',f'f Mpc comresponding toa redshift 7 = 0.087 5
In the source frame, the initial black hole masses are 36", M, and 297}M . and the final black hole mass is
6273 M, with 30702 M ,c” 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.

DOL: 101103 PhysRevLeit. 1 16061102

L INTRODUCTION The discovery of the binary pulsar system PSR B1913+16
by Hulse and Taylor [20] and subsequent observations of

In 1916, the year after the final formulation of the field : : - -
its energy loss by Taylor and Weisberg [21] demonstrated

equations of seneral relativity, Albert Emstein predicted
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History of Gravitational Waves (GWs)

Einstein, A.:
Sitzungsberichte
der Kéniglich
Preufsischen
Akademie der
Wissenschaften
(Berlin) 1, 688
(1916)




History of Gravitational Waves (GWs)

Einstein, A. and
Rosen, N.:“On
Gravitational
Waves,” J.
Franklin Institute
223, pp.43-54
VEEY)

(search for:
“‘who’s afraid of the
referee?”)




Linearised general relativity

Take small perturbations, h, of the space-time metric:




Linearised general relativity

Vacuum solution




Linearised general relativity

Two polarisation states:

Mass quadrupole:




Linearised general relativity

Two polarisation states:

Mass quadrupole:




Observations: Hulse, Taylor and Weisberg

Copyight & 2004 Peardon Educetion, publisning 55 Addison Wesalay,

e = observed data point
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1974: Discovered
binary pulsar
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Observations: Hulse, Taylor and Weisberg

Copyight & 2004 Peardon Educetion, publianing 55 Addison Wesalay

e = observed data point
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1974: Discovered
binary pulsar
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1993: Nobel prize
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First direct test of GR in strong field regime

Ringdown

_—

Image: Kip Thorne




Completely new type of astronomy

Distant Objects in the Hubble Ultra Deep Field HSTe ACS
R L e T ; __-'. .";_'-?_:-'.‘.',.:_-' = ; =

LA

NASA, ESA, R. Windhorst (Arizona State University) STScl-PRCOD4-28
and H. Yan (Spitzer Science Center, Caltech)




Direct measurement

Has to be extremely sensitive in strain: h, < 0(1021)
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LASER interferometers

Michelson type: sensitive, broad-band

Non-directional
(need a network
to get position
observations)
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The LIGO Network

~i
' LIGO Livingston!

‘ :

»
LIGO Hanford

4 km baseline, seismic isolation
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The LIGO-Virgo Networ
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Largest ultra-vacuum chamber in the world:
one trillionth of an atmosphere (a few

nundred times less than space near the
nternational Space Station)

Power bill to ‘bake’ LIGO: > USS1M

Large quantum mechanical devices!

Hanford is the location of two-thirds of the
USA's high-level radioactive waste
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Advanced LIGO

Upgraded from initial LIGO (2010); not yet to design sensitivity

1. Optomechanics (mirrors larger and heavier,
electrostatic actuation, suspension system
vastly improved)

2. Higher input power (~*200 W input)

3. Configuration changes (signal recycling, DC
read-out)

Design: ~10 times more sensitive---relatively
much better at low frequency




N\

High Range

Electrostatic
Actuator

http://arxiv.org/abs/1602.03845
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GW Search Types

. Compact Binary Coalescence (CBC; transient,
modelled waveforms)

. Burst (transient, unmodelled waveforms)

. Stochastic (persistent, broadband
waveforms)

. Continuous Wave (persistent, narrow-band
waveforms)
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Matched filter

Ir }w Signal |
*1 WWMMMMWWl

50




Matched filter

Filter
r~1

Good match!




1: CBC

Historical GW source (what LIGO was built for!)




1: CBC

Historical GW source (what LIGO was built for!)
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Image: Hannam, Mark et al., Phys.Rev. D 79 (2009) 084025




Chirp mass




*High [h]
*Minimal assumptions on signal
*Position reconstruction requires

network
*Multi-messenger follow-up




Multi-messenger follow-up

*Independent confirmation of GW burst event
*Send triggered alerts to observatories with wide
fields

*MoU with a range of partners (incl.
ANZSKAP/MWA, IceCube, SkyMapper)




3: Stochastic

* GW background, cosmological and
astrophysical in origin (strings, primordial GW
events, unresolved sources)

* Cross-correlation between any two IFOs




4: Continuous wave

* Low hO, but can take long averages (glitches!).
At ~ days-weeks-years(?)

* Rotating, non-axisymmetric neutron stars
* Physics relatively well understood




Directed searches

e Position known well (e.g. from x-ray data) but
no periodic emission in EM

* |solated non-pulsing neutron stars: compact
objects in supernova remnants




Cassiopeia A

*Young (~300 yr) compact object
| *Position is well known

Wette, K. et al.: "Searching for gravitational waves from Cassiopeia A with LIGO,"
Class. Quantum Grav., 25(235011):1-8 (2008)




Galactic Longitude

Aasi, J. et al.: “Searches for Continuous Gravitational Waves from Nine Young
Supernova Remnants,” ApJ 813 (1) 39, 16 pp. (2015)
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Strain (10?%)
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Detector State During the Event

e Detectors’ states:
e Detector characterisation:

e Calibration state:

Detectors working perfectly!




Significance

Binary coalescence search

20 30 40 b5.10 >5.10
20 30 405.10 >5.10

Search Result

GW150914 |

— Search Background
— Background excluding GW150914

il

10 | I I —
14 16 18 20 22 24

Detection statistic O




Parameter Estimation

m, =29 M m. =62, M

Sun Sun

Energy radiated = 3*)2 M_c’ Final spin = 0.67 7

Sun

D =410"}5, Mpc Source redshift = 0.097

P =3.6x10"ergs” =3.6x10* W (200 billion supernovae)

max




Parameter Estimation

— Qverall
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Merger Ring-
down
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— Numerical relativity

Reconstructed (template)
' i

| === Black hole separation
=== Black hole relative velocity

Separation (Rg)










Arguments for BBH

 Waveform is what was expected from detailed
numerical relativity

* Given the chirp mass and the frequency, the
Keplerian orbit would have been about 347
xm! (B. Allen et al.)

Have to be black holes or would have touched
and merged at lower frequencies




EM follow-up

Sent low latency triggers to partner observatories
within a few minutes




90% Credible Region: ~600 sq.

NGC 3372
. (Carina Neb;

' Prqby

i
o] )

Orion
+ < Nebula

7;;_?Sirius ‘ Rige|

~ « < Canopus

Achernar
v

Credit: LIGO/Roy
Williams, Shane
Larson/NWU, Thomas
Boch, CDS Strasbourg




EM follow-up

« HEN (Antares/IceCube/LSC):
* Fermi-LAT: upper limit on 100 MeV

° Fermi GBM

Possible transient, BRupEI(MEEee" 1 keV - 10 MeV
(counterpart plausibility unknown)




Astrophysical origins

Two possibilities:
1. Isolated binaries
2. Dynamical formulation




Astrophysical origins

|solated Dynamical

: |

“ordinary”
or

rapid
rotation
or

Poplll

Fig. after Ziosi




Astrophysical origins
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Tests of General Relativity

*All PPN terms consistent with GR
*Constraint on Compton wavelength of graviton:

Ay 21.5%10° m

012 103 10% 101
Ag (km)




Rates Estimation
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Space-based interferometers: LISA

Noise [orces Wavelength
on test massces shorter than
arm length

Shot noise
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http://www.srl.caltech.edu/lisa/




Pulsar Timing Arrays




New standard candles

Distances in astronomy are hard to come by!

Current best objects for large distances are
supernovae

GW wave-form can give relatively accurate
distances

Great if we can get a confirmed multi-
messenger counterpart!




How Can You Participate?

TO HELP FIND GWS!




— . Emstem@Home

Einstein@Home

e

. AJ‘é)CTbO Radlo Pulsar Search SO far 36 l

d@te;t/lc;ns of 23 different known radlo pulsars

\ﬁ;“ ':b + H\\ .’lr ¢ -HE““: ,f’\ If f.
" \id }Ii/
E"“Stem@Horne searchfor per}éfjm/

gravw@tronal Wé\(es in-early S5 LJGE) data,"
. 'Phys. Revi. D;80,.042003 (2009)

Total Credit; 16207 .85 Ra: de.93
Host Credit: 0.00 DEC: -73496

TeRin B @UWN 125 Hz -> 225 mémm%g:ﬁ of sotrces
RERE DT R with hO > 3 10-24 would-hav &n detected




How Can You Participate?

We've got:

*Tutorials!

Data!

*Pretty pictures!
*Nice, helpful people!
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What Does GW150914 Sound Like?




