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The physical effect of a gravitational wave is to
stretch and squeeze spacetime by a strain proportional to

G Ens
ct r

For typical astrophysical sources



Imagine measuring thig -
distance to a precision
of ten microns ®




However, the energy radiated in gravitational waves is enormous

65 A RS ° 50
LGW Y (5) (E) ( N ) ~ 10 erg/s

Solar luminosity L ~ 1033 erg/s
Gamma Ray Bursts L ~ 1049-52 erg/s
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Weliss' 1972 design study
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Transient signal with signal-to-noise ratio ~ 24 identified within
three minutes by low-latency conherent wave burst search

Spectrogram (Normalized tile energy) Spectrogram (Normalized tile energy)
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Probable location of merger

Limited by two-detector network




To detect signals from compact-

:xﬂ T 0-3195& X2 <0.05 object binaries, we construct a
< . //

‘2’; 00805 bank template waveforms and

- ’ matched-filter the data
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Apply additional waveform-consistency tests to separate signal from noise



Significance of the Signal

_I * Matched filter search for signals
405.1C > 5,10 : :
——— . from compact-object mergers Iin

—  Search Background data taken between Sep 12 and
E— Background excluding GW150914 OCt 20 201 5

T o Approximately 250,000 templates

GW150914

 Measure the noise background
by introducing artiticial "time-
shifts” and re-analyzing these
data
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 Observed September 14, 2015
09:50:45 UTC

* The signal is seen first by the Livingston
detector and then 7ms later at Hanford

 Over 0.2 seconds, the signal increases
in frequency and amplitude in about
8 cycles from 35 Hz to a peak amplitude
at 150 Hz




Use this to measure the "chirp mass’

M — (m1mg)?/° _ 5 7 8/3 f=11/3
(m1 —+ m2)1/5 G 96

3/5

From this we can bound the total mass M = mq + mo 2 7T0Mg

The components must reach an orbital frequency of 75 Hz without
touching each other

Black holes are the only known objects compact enough to do this



Use Bayesian analysis to measure source parameters

Primary mass = 3651 M Luminosity Distance = 410ﬂg8 Mpc Final black hole mass = GZfi Mq
Secondary mass = 297 Mg Source redshift z = 0.09700% Final black hole spinz = 0.6710>

Overall Overall Overall
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Inspiral Merger Ring- e Full numerical relativity

down

XX

waveform fits very well to
measured signal

* NoO evidence for deviation
from the merger of two
Kerr black holes
described by General
Relativity

 NR simulations give
— Numerical relativity . 2
I Reconstructed (template) radiated cnergy SM@C




e Measure deviation of
post-Newtonian

parameters from those
oredicted by GR

()= op(xMf)T

] GW150914
VWY 10737-3039

OPN 05PN 1PN 151131\101*(211121\} 25PN 3PN 3.5PN ¢k — ¢k(1 + 590k)




« GW150914 Is the first observation of a binary black hole merger...
e ...and is the best test of GR In the strong field, nonlinear regime

* We find no evidence for disagreement with General Relativity

Compton Wavelength of the Graviton
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GW150914 has important implications for massive star formation
Black holes larger than 25 solar masses exist

Black hole binaries exist and merge within a Hubble time
Merger rates implied by the detection are 2 - 400 Gpc3 / yr

Black holes this massive likely formed in a low-metallicity
environment (less than half the solar metalicity)



Follow-up by a wide variety of electromagnetic observing partners

Initial GW Initial Updated GCN Circular Final
Burst Recovery GCN Circular (identified as BBH candidate) sky map
- I . i
Fermi GBM, LAT, MAXI, Swift  Swift Fermi LAT,
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Abbott et al. arXiv:1602.08492
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— Future upgrades
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Abbott et al. arXiv:1602.03838
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 Advanced LIGO's sensitivity was at the upper end of that predicted

for the first observing run
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Abbott et al. arXiv:1304.0670




100%

U
4
-
D
>
),
=
-
qv
-
4
0,
-
O
&
o] )
=
>
(-
Q
7))
0O
O
(-
O
>
=
.—5
(0
O
O
S
al

e Rates 2 - 400 Gpc3 yr-1
* This is only the beginning of
gravitational-wave astronomy
e | ots more physics ana
~ astrophysics too explore
1 10 100

Increase In spacetime volume
relative to the first 16 days of O1




Hanford, Washington (H1) Livingston, Louisiana (L1)

e LIGO has made the first
measurement of gravitational-
wave amplitude and phase

Strain (107%%)

A merging binary black hole
system has been seen for the
first time

e LIGO will resume the search
for gravitational waves in the
Fall of 2016; Virgo will join In
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The LIGO Scientific Collaboration LSC.
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