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The spectrum of gravitational wave astronomy
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Gravitational wave sources

Merging compact objects

— “Chirped” signal

— Template from theoretical calculations

— Strains Al/I~ 1022to 1021
Continuous waves

— Rotating neutron stars, strain ~ 102 ?

— Binary white dwarf/neutron star, strain ~ 1021 ?
Stochastic waves

— Slight asymmetries at inflation

— Background of continuous waves for f <1 mHz
Burst waves

— Supernovae? Strain 1022 ?

— Difficult: no template to search against

https://youtu.be/l 88S8DWbcU

Pulsar timing searches for stochastic
gravitational waves
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Basic Michelson Interferometer
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Basic Michelson Interferometer
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Basic Michelson
Interferometer with 4 km
Fabry Perot Cavities

4 km
B
QR
)
/f. )
O,
%

Easer :

Y

JA
|JOJJ_I|N_

~250 reflections for
~1000 km pathlength

https://www.ligo.caltech.edu/page/ligos-ifo




Basic Michelson
Interferometer with 4 km
Fabry Perot Cavitiesand
Power Recycling mirror

Power recycling
mirror

https://www.ligo.caltech.edu/page/ligos-ifo

LIGO “test mass”

40 kg mirrors

https://www.ligo.caltech.edu/page/optics
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Metal masses N
(1% 8 2* pendulums) !

“Main Chain"
Side

Penultimate mass/7 il

(3" pendulum)

and test masses

https://www.ligo.caltech.edu/page/vibration-isolation

Proof that LIGO was built_y_by aliens?
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Waves from a Binary Black Hole Merger

B. P. Abbon e al,
(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2006; published 11 February 2016)

On September 14, 2005 at 0950045 UTC the two detectors of the Laser Interferometer Gravitutional-Wave
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These observations demonstrate the existence of binary stellar-mass hlack hole systems. This is the first dinect

detection of

wvitational waves and the first observation of 2 binary black hole merger
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L parameters for GWI5S0914. We report
median values with 90% credible intervals that include stavistical
errors, and systematic errors from averaging the resulls of
different waveform models. Masses are given in the source
frame: 10 convent to the detector frame muliiply by (1 +z2)
[90]. The source radshift as andard cosmology [91].
Primary black hole mass Jb_j,lf__
Secondary black hole mass 19_‘:,\4_"
Final black hole mass 6271 M,
Final black hole spin 067005
Luminosity distance 4107 ';‘.‘J‘ Mpe
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FIG. 1. The gravitationak-wave cvent GWI150914 observed by the LIGO Hanford (HI, left column pancls) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are fil

‘with a 35-350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive freguency band, and band-rgject
filters to remove the stong instrumental spearal lines seen in the Fig. 3 spectm. Top row, lefi: HI smuin. Top row, right: L1 strain
GWI150914 arrived first at L1 and 69755 ms later at H1: for a visual comparison, the H1 data are also shown, shifted in time by this
amount and invered (to account for the detectors” relative orientations). Second row: Gravitationalwave strain projected onto each
detector in the 35-350 Hz hand. Solid lines show a numerical relativity waveform for a system with parmeters consistent with those
recovered from GW 150914 | 37,38] confirmed to 99.9% by an independent calculation hased on [15]. Shaded areas show 90% credible
megions for two independent wavcform reconstructions. One (dark gry) models the signal wsing binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead caloulates the strain signal s a lincar combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39). Third row: Residuals after subtracting the
filered numerical relativity waveform from the fihered detector time series. Bomam row: A time-frequency mpresentation [42] of the
stmin data, showing the signal frequency increasing over time.
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FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GWI50914 projected onto HI. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.

The insct images show numerical relativity maodels of the bl
hole horizons as the black holes coalesce. Horrom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(Rs = 2GM /c?) and the effective relative velocity given by the
post-Newtonian parameter v/c = (GMaf/c*)'/? whcrcj J\ thc
\' Illllnll “wave |l\(il]k|[( Y calc d w llh NUImer
‘md M is the total mass (value from Table 1).
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FIG. 1. The gravitationak-wave cvent GWI150914 observed by the LIGO Hanford (HI, left column pancls) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 215 at 09:50:45 UTC. For visualization, all time series are filtered
‘with a 35-350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive freguency band, and band-rgject
filters to remove the stong instrumental spearal lines seen in the Fig. 3 spectm. Top row, lefi: HI smuin. Top row, right: L1 strain
GWI150914 arrived first at L1 and 69755 ms later at H1: for a visual comparison, the H1 data are also shown, shifted in time by this
amount and invered (to account for the detectors” relative orientations). Second row: Gravitationalwave strain projected onto each
detector in the 35-350 Hz hand. Solid lines show a numerical relativity waveform for a system with parmeters consistent with those
recovered from GW 150914 | 37,38] confirmed to 99.9% by an independent calculation hased on [15]. Shaded areas show 90% credible
megions for two independent wavcform reconstructions. One (dark gry) models the signal wsing binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead caloulates the strain signal s a lincar combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39). Third row: Residuals after subtracting the
filered numerical relativity waveform from the fihered detector time series. Bomam row: A time-frequency mpresentation [42] of the
stmin data, showing the signal frequency increasing over time.
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While adetector’s directional response is maximal for this case, it 1s still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inser (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33-38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

12/12/2016



