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OUTLINE

ÅProgenitors of gravitational wave transients

ÅLow-latency searches

Å Information for multi -messenger astronomy
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THE GRAVITATIONAL WAVE SPECTRUM

Å The gravitational wave 

spectrum spans over 18 

orders of magnitude, 

which is largely 
unexplored ðwe had our 

first direct detection on 

September 14, 2015!

Gravitational wavesé

Å Are excellent probes 

because they are not 

absorbed or scattered by 

matter and energy

Å Come from the central 
engine of astrophysical 

objects

Å Are only weakly beamed 

meaning detectors act as 
òmicrophonesóImage credit : LIGO
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COMPACT BINARY MERGERS

Image credit : NSF/LIGO/Sonoma State University/A. Simonnet
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COMPACT BINARY MERGERS

Image credit : NSF/LIGO/Sonoma State University/A. Simonnet, B. P. Abbott et al ., Phys. Rev. Lett. 116, 061102 (2016)

GW signal from GW150914, a BBH 

merger
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COMPACT BINARY MERGERS

Image credit : NSF/LIGO/Sonoma State University/A. Simonnet, B. P. Abbott et al ., Phys. Rev. Lett. 116, 061102 (2016)

GW signal from GW150914, a BBH 

merger

The waveform of the merger: 
the collected history of the 
stretching and squeezing of 
space by gravitational 
waves



3

COMPACT BINARY MERGERS

Image credit : NSF/LIGO/Sonoma State University/A. Simonnet, B. P. Abbott et al ., Phys. Rev. Lett. 116, 061102 (2016)

GW signal from GW150914, a BBH 

merger

The waveform of the merger: 
the collected history of the 
stretching and squeezing of 
space by gravitational 
waves

The chirp :
rising frequency of the 
gravitational waves
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COMPACT BINARY MERGERS

Image credit : NSF/LIGO/Sonoma State University/A. Simonnet, B. P. Abbott et al ., Phys. Rev. Lett. 116, 061102 (2016)

GW signal from GW150914, a BBH 

merger

The waveform of the merger: 
the collected history of the 
stretching and squeezing of 
space by gravitational 
waves

The chirp :
rising frequency of the 
gravitational waves

Please see Katerina Chatziioannouõs talk!

Unique information about the 
source is encoded in the 
amplitude/phase evolution:
masses, spins, and moreé
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COMPACT BINARY MERGERS

Image credit : NSF/LIGO/Sonoma State University/A. Simonnet

If the merger includes a neutron star, 
possible EM counterparts include

Å Short gamma -ray burst

Å Kilonova emissions: multi -wavelength 

afterglow emissions in X -ray, UV ray, 

optical, near infrared, and radio

Å Radio blast wave emissions
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COMPACT BINARY MERGERS

Image credit : NSF/LIGO/Sonoma State University/A. Simonnet

Scientific motivation for joint observations

Å Confirm short gamma -ray 

burst/BNS/NSBH connection

Å Learn about energetics of short 

gamma -ray bursts from the beaming 

angle of the burst

Å Independently measure the Hubble 

constant



CORE-COLLAPSE 
SUPERNOVAE
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Image credit : NASA, ESA, R. Kirshner (Harvard -Smithsonian Center for Astrophysics and Gordon and Betty Moore Foundation), and M. Mutchler and R. Avila (ST ScI)



CORE-COLLAPSE 
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Image credit : NASA, ESA, R. Kirshner (Harvard -Smithsonian Center for Astrophysics and Gordon and Betty Moore Foundation), and M. Mutchler and R. Avila (ST ScI)

ÅThe explosion occurred about 160,000 years ago

ÅLight is just reaching the earth now (in 1987)



6

Image credit : NASA, ESA, R. Kirshner (Harvard -Smithsonian Center for Astrophysics and Gordon and Betty Moore Foundation), and M. Mutchler and R. Avila (ST ScI)

Scientific motivation for joint observations

Å Unknown explosion mechanism

Å Confirm observed mass gap in 

supernova remnants

CORE-COLLAPSE 
SUPERNOVAE
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The key to the resultant gravitational waves is the initial rotation rate ( ) of the iron core!

GWõS FROM CORE-COLLAPSE SUPERNOVAE



Neutrino mechanism MHD mechanism

Progenitor Non -rotating or slowly rotating stars

ɱ πͯȢρrad/s

~99% of the progenitors -- these are the 

main players!

Rapidly rotating star with strong magnetic 

fields

ɱ ͯ“rad/s, ὄ 1011 G

~1% (hypothetical link to magnetars and 

collapsars )

Main origin of gravitational 

wave emission

Turbulent convection and SASI (Standing 

Accretion Shock Instability)

Rotating bounce and non -axisymmetric 

instabilities

Gravitational wave 

signatures

Three generic phases :

prompt convection, neutrino -driven 

convection & SASI, and explosion

Rotating bounce (< 20 ms post -bounce) and 

non -axisymmetric instabilities (< ? ms)

Detection prospects Å Requires 3 rd generation detectors to 

see every galactic event with high 

SNR

Å Close by events (2~3 kpc) are 

detectable with Advanced LIGO

Å If detected, critical information about 

the supernova engine (convection 

vs. SASI dominant) can be obtained

Å Bounce GW signal : requires design 

sensitivity of Advanced LIGO

Å GWõs from non-axisymmetric instabilities : 

òquasi-periodicityó of thesignal enhances 

chances of detection

Å Detection of circular polarization : 

important probe of core rotation
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GWõS FROM CORE-COLLAPSE SUPERNOVAE

See reviews in : Janka (2017), Mezzacappa et al. (2015), Burrows (2013), Kotake et al. (2012)
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See reviews in : Janka (2017), Mezzacappa et al. (2015), Burrows (2013), Kotake et al. (2012),
Yakunin et al. (2017), arXiv: 1701.07325v1

GWõS FROM CORE-COLLAPSE SUPERNOVAE
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GWõS FROM CORE-COLLAPSE SUPERNOVAE

See reviews in : Janka (2017), Mezzacappa et al. (2015), Burrows (2013), Kotake et al. (2012)

There are 11 long GRB ñcore -collapse supernovae associations
The neutrino mechanism is inefficient; it canõt deliver hyper-energetic supernovae
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See reviews in : Janka (2017), Mezzacappa et al. (2015), Burrows (2013), Kotake et al. (2012), Kuroda, Takiwaki, and Kotake PRD 89 044011 (2014)

Collapse

Bounce Oscillations



SUPERNOVA 1987A
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Image credit : NASA, ESA, R. Kirshner (Harvard -Smithsonian Center for Astrophysics and Gordon and Betty Moore Foundation), and M. Mutchler and R. Avila (ST ScI)

ÅWe would see the gravitational wave signal first

ÅThen a massive burst of neutrinos within a few 
seconds

ÅThen a shock wave breaking out of the star, 
releasing a bright UV flash (a few hours later)

ÅThe supernova becomes visible at optical 
wavelengths as it expands



LONG GAMMA -RAY BURSTS FOR 
ROTATING PROGENITORS 
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Image credit : NASAôs Goddard Space Flight Center

We will see the burst up to 5 minutes 
after the gravitational wave signal if we 
are lucky because they are beamed!



MAGNETAR STARQUAKES
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Image credit : NASA



MAGNETAR STARQUAKES
11

Image credit : NASA

Possible electromagnetic counterparts :

Å Soft gamma repeaters 

Å Anomalous X -ray pulsars

Å Radio/X -ray pulsar glitches



MAGNETAR STARQUAKES
12

Image credit : NASA

Scientific motivation for joint 
observations :
Å Unknown GW signal Ą Neutron star 

asteroseismology Ą Possible 

constraints on the equation of state
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More speculative sources

ÅIntersecting cosmic strings

OTHER SOURCES 
OF GW TRANSIENTS

Image credit : Allen & Shellard (1990)

Simulation of a cosmic string network 
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Image credit : Allen & Shellard (1990 ), LIGO DCC G1602392

Simulation of a cosmic string network 

Cosmic string cusp injections



13

Image credit : Allen & Shellard (1990 ), LIGO DCC G1602392
Cosmic string cusp injections
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Image credit : Allen & Shellard (1990 ), LIGO DCC G1602392
Cosmic string cusp injections
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More speculative sources

ÅIntersecting cosmic strings

Yet known GW sources

OTHER SOURCES 
OF GW TRANSIENTS

Image credit : Allen & Shellard (1990)

Simulation of a cosmic string network 



OUTLINE

ÅProgenitors of gravitational wave transients

ÅLow-latency searches

Å Information for multi -messenger astronomy

Image credit : LIGO/Caltech
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LIGO: LASER INTERFEROMETER GRAVITATIONAL-
WAVE OBSERVATORY
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LIGO: LASER INTERFEROMETER GRAVITATIONAL-
WAVE OBSERVATORY
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3,002 km:

10 ms light travel time

Please see Dave Reitzeõs and 
Alex Urbanõs talk!



Image credit : LIGO Laboratory

4 km

4 km
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LIGO HANFORD



LIGO LIVINGSTON

Image credit : Science Magazine

4 km

4 km
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VIRGO

Image credit : Virgo Collaboration

3 km

3 km
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Image credit : LIGO/Caltech, Tito Dal Canton, Sennett, Phys. Rev. Lett. 116, 061102 (2016), Phys. Rev. Lett. 116, 241103 (2016)

GW150914

MODELED (CBC) SEARCHES:
MATCHED FILTERING

Please see Alex Nitzõs and 
Alan Weinsteinõs talk!
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Image credit : LIGO/Caltech, Tito Dal Canton, Sennett, Phys. Rev. Lett. 116, 061102 (2016), Phys. Rev. Lett. 116, 241103 (2016)

GW151226

GW150914

MODELED (CBC) SEARCHES:
MATCHED FILTERING

Please see Alex Nitzõs and 
Alan Weinsteinõs talk!



UNMODELED (BURST) SEARCHES:
EXCESS POWER

Image credits : Science Magazine, B . P. Abbott et al ., Phys. Rev. Lett. 116, 061102 (2016)
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GW150914


