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What was seen 2015

Fig 1. (top) Abbott et al. PRL 116 (2016) 6, 061102



  

Gravitational waves

● What are gravitational waves?

● Why are they detectable now?

● What have we learnt?

● Where are we going in the future?



  

What are gravitational waves?
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Einstein equation

Small linear perturbation

Wave equation

Einstein quadrupole formula



  

Einstein 1916

“...so sieht man, daß A (die
Ausstrahlung des Systems
durch Gravitationswellen pro
Zeiteneinheit) in allen nur
denkbaren Fällen einen
praktisch verschwindenden Wert
haben muß.”

A. Einstein, Sitzungsberichte der Königlich Preußischen Akademie der
Wissenschaften (Berlin), 1916 688



  

Source: Wikimedia; C. Moore, R. Cole and C. Berry

Full GW spectra



  Source: LIGO Lab
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How LIGO really works

● Long arms: Earth's curvature over 4km
is ~1m

● High vacuum: One trillionth atm, 10-9 
torr in 10,000m3

● High power laser: 20W 1064 nm
Nd:YAG (neodymium-doped yttrium
aluminium garnet) (will be up to 200W)

● Higher power beams: Fabry-Perot
cavities, 100kW, power and signal
recycling

● Near-dark photo diodes: 50 mW
● Active seismic isolation: at ~10-13 m
● Passive suspension: at ~10-19 m
● Heavy test-mass mirrors: 40kg

suspended by fused-silica wires 0.4mm
thick (Suprasil 3001)
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Reading between the lines

Interference pattern:

:Accumulated phase difference

Displacement sensitivity:



  

What was seen II
Hanford Livingston

Frequency ~30 Hz to ~250 Hz
Wavelength ~10,000 km to ~1,000 km
Visible duration ~ 0.1 secs
Increasing amplitude, increasing frequency = chirp
0.007 secs earlier in Livingston
The same signal in both detectors!

Fig. 10 Abbott et al. CQG33 (2016) 134001



  

LVT151012

Fig. 13 Abbott et al. CQG33 (2016) 134001

False Alarm Rate, 1 per 2.3 years



  

http://pem.ligo.org/



  

Non-Gaussian transients

Fig. 3 Abbott et al. CQG33 (2016) 134001



  

Search significance

Fig 4 Abbott et al. PRL 116 (2016) 6, 061102



  

Binary inspiral

● Quadrupole formula

● Newtonian order, chirp mass

● Increase of frequency determined by “chirp mass”
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What was seen

Fig 1. (top) Abbott et al. PRL 116 (2016) 6, 061102



  

Three binary black hole events

Fig 1 of Abbott et al. 1606.04856



  

Source parameters

Fig 4 of Abbott et al. 1606.04856



  

X-ray binaries masses and spin



  

X-ray + GW masses and spins



  

Astrophysics

● Formation of heavy black holes – direct collapse?

● Time to merge from 1AU by GW alone,
     ~ 100x age of universe  - common envelope?

● Formation of binary still open – cluster or field?

● Peak energy flux            solar masses per second

200−20
+30

200−20
+30



  

Signal consistency test

Fig. 3 (bot) of Abbott et al. PRL 16 (2016) 221101  



  

IMR consistency going forward

Source: Archisman et al PRD94 (2016) 021101



  

Event rate estimates

Ten or more
detections by the end
of O2 is quite likely

Fig 12 of Abbott et al. 1606.04856



  

Other potential aLIGO sources

● Neutron stars – tidally disrupting
● Deformed rotating neutron stars
● Galactic supernovae
● Astrophysical background
● Cosmic strings
● First-order phase transitions
● Inflationary particle production
● Non-perturbative preheating
● Inflationary vacuum fluctuations

Source: NASA/HST



  

Squeezed light
● Heisenberg uncertainty in amplitude, phase
● Inject phase-locked squeezed vacuum state

into output port
● Periodically poled potassium titanyl phosphate
● Hoped for ~30% gain in sensitivity
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Worldwide network

Source: Virgo/LAPP, T. Patterson



  

Full GW spectra

Source: Wikimedia; C. Moore, R. Cole and C. Berry



  

Pulsar Timing Arrays and LISA

Source: elisascience.org

Source: Amaro-Seoane et al 1201.3621

Source: David Champion/MPIfR



  

Summary

● LIGO has detected gravitational waves

● Binary black hole systems exist

● Binary black holes merge

● The future is likely to bring more



  

Thank you
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Gravitational Waveforms
● Numerical relativity

either finite differencing or spectral methods

● Effective One Body (EOBNR)
maps two body problem to one body problem via effective
Hamiltonian and calibrated to numerical simulations

● IMRPhenom
combines post-Newtonian inspiral with phenomenological fit
model of numerical simulations of late inspiral and merger,
and quasi-analytical ringdown phase

Source: Khan et al. PRD 93 (2016) 044007



  

Average Sensitivity

Fig. 1 Abbott et al. CQG33 (2016) 134001



  

Spectral lines

Fig. 1 Abbott et al. CQG33 (2016) 134001
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