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Gravitational Waves

● Distortions of spacetime predicted by Einstein in 1916 
● Indirectly observed in the Hulse-Taylor binary in 1974
● Directly observed from a merger of binary black holes on 

September 14th, 2015 by LIGO 

(Abbott 2016)



  

Animation created by T. Pyle, Caltech/MIT/LIGO Lab

strain h ~ ΔL/L ~ 10-21   

file:///home/lbovard/research/presentation/ice_and_fire_2018/ligo20160211v6.m4v
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BH-BH in NR

NR simulations of BH-BH mergers agree perfectly with 
observations

(Abbott 2016)



  

GW170817

● On August 17th, 2017 
LIGO detected a NS-NS 
merger

● Not just in the GW 
spectrum! EM 
counterpart also observed

● Waveform only inspiral
● Still can constrain EOS

(Abbott 2017)

file:///home/lbovard/research/presentation/ice_and_fire_2018/gw170817_nr.mp4


  

GW170817

(Abbott 2017)



  

GW170817

(Abbott 2017)



  

Tidal Deformability
(Abbott 2017)

Computed from post-Newtonian waveform models → Λ  800≤
See talks later today for more details!



How to constrain 
the EOS

Slides courtesy of Luciano Rezzolla



binary black 
holes (2006)

Anatomy of the GW signal

black-hole 
ringdown



Anatomy of the GW signal



Inspiral: well approximated by PN/EOB; tidal efects important

Anatomy of the GW signal

Chirp 
signal



Merger: highly nonlinear but analytic description possible

Anatomy of the GW signal
transient



post-merger: quasi-periodic emission of bar-deformed HMNS

Anatomy of the GW signal
post-
merger 
(HMNS)



Collapse-ringdown: signal essentially shuts of.

Anatomy of the GW signal

Black-hole 
formation 
(ringdown)



A BNS merger in frequency space

Read et al. (2013)100 Mpc



What we can do nowadays
Takami, LR, Baiotti (2014, 2015), LR+ (2016)

SOFT

STIFF



Takami, LR, Baiotti (2014, 2015), LR+ (2016)
Extracting information from the EOS



A new approach to constrain the EOS

merger 
frequency

Oechslin+2007, Baiotti+2008, Bauswein+ 2011, 2012, Stergioulas+ 2011, Hotokezaka+ 2013, Takami 
2014, 2015, Bernuzzi 2014, 2015, Bauswein+ 2015, Clark+ 2016, LR+2016, de Pietri+ 2016, Feo+ 
2017, Bose+ 2017 …

f3



Oechslin+2007, Baiotti+2008, Bauswein+ 2011, 2012, Stergioulas+ 2011, Hotokezaka+ 2013, Takami 2014, 2015, Bernuzzi 2014, 2015, 
Bauswein+ 2015, Clark+ 2016, LR+2016, de Pietri+ 2016, Feo+ 2017, Bose+ 2017 …

A spectroscopic approach to the EOS

f3

f3

merger 
frequency



Quasi-universal 
behaviour



Many other simulations have 
confrmed this (Bernuzzi+ 2014, 
Takami+ 2015, LR+2016) .

“surprising” result: quasi-universal 
behaviour of GW frequency at 
amplitude peak (Read+2013)

Quasi-universal behaviour 
in the inspiral implies that 
once fmax is measured, so is 
tidal deformability

Quasi-universal behaviour: inspiral



Quasi-universal behaviour: post-merger

We have found quasi-
universal behaviour: i.e., 
the properties of the 
spectra are only weakly 
dependent on the EOS.

This has profound 
implications for the 
analytical modelling of the 
GW emission: “what we do 
for one EOS can be 
extended to all EOSs.”



• Correlations with Love 
number found also for high 
frequency peak f2.

• This and other correlations 
are weaker but equally 
useful.

Quasi-universal behaviour: post-merger

• Important correlation also 
between compactness and 
deformability



  

Non-GW observations
Electromagnetic Counterparts

NSF/LIGO/Sonoma State University/A. Simonnet



  

Electromagnetic Counterparts

● What can we learn about the EOS from E&M follow-up?

● Observational channels
● SGRBs
● r-process
● kilonova 



  

(Abbott et al. 2017 ApJL)



  

(Abbott et al. 2017 ApJL)



  

EOS constraints?

What object could power the SGRB?

● merger remnant collapsed to a rotating BH with disk that 
powered the SGRB (Shibata et al. 2006) 

● merger formed a rapidly rotating, strongly
magnetized NS (millisecond magnetar) with an accretion disk
(Metzger et al. 2008)

● Not very constraining, better can be done: see talks later today

Abbott et al. 2017



  



  

Categories of ejecta
Dynamic ejecta ~ O(10 ms) Neutrino wind ~ O(100 ms)

Martin et al. 2015, 
Fujibayashi 2017

Viscous Heating ~ O(1 s)

Fernández & Metzger 2013

Magnetic driven wind~ O(50 ms)

Siegel et al. 2014

Bovard 2017



  

(Bovard et al. 2017)

Temperature
~ 0.01–100 MeV
Electron fraction
 ~ 0.0 – 0.5
Density
~ 103 – 1015 g/cm3



  

Mass ejection

(Bovard et al. 2017)



  

Mass ejection

Changing selection criteria can change mass ejection by 
factor of 3 (Bovard et al. 2017)



  

Detectability

adapted from Hotokezaka 2015, Rosswog 2017

(Bovard et al. 2017)



  

Nucleosynthesis

(Bovard et al. 2017)



  

Nucleosynthesis

(Bovard et al. 2017)

r-process is robust against changes in EOS, initial 
masses, mass ratio



  

Kilonova

● Where do the heavy elements come from? Rapid 
neutron capture (r-process) is main formation channel

● Need neutron rich astrophysical site for main source of  
r-process: supernovas (some) or neutron star mergers 
(confrmed)

● r-process material undergoes radioactive decay (Li & 
Paczyński 1998) and emits radiation in a kilonova   

● Modeling still has a long way to go (see reviews by 
Metzger 2017, Tanaka 2016) 



  Metzger 2017



  

Angular Ye distribution

Electron fraction distribution directly infuences kilonova light-
curve (Bovard et al. 2017)



  

Angular mass distribution
(Bovard 2017)

(Bovard et al. 2017)



  

Kilonova estimates

Grossman et al. 2014

●  = 1.3α



  

Kilonova observations before GW170817

(Tanaka 2016)



  

Kilonova observations after GW170817

kilonova.space



  

Kilonova

Kilonova light curves depends sensitively on initial mass, mass 
ratio, EOS

(Bovard et al. 2017)



  

Kilonova properties

Metzger 2017



  

Ejecta requirements

Metzger 2017



  

GW170817



  

Conclusions

● GW170817 has opened the door to gravitational wave multi-messenger astronomy 
providing multiple channels to constrain the EOS 

● With 1 observation, already can constrain the EOS through inspiral, but post-merger 
is where things really get interesting! 

● GW170817 tells us we need sophisticated microphysics (e.g. advanced neutrino 
evolution schemes) and long term evolution in our simulations to interpret 
observations → feed input into kilonova models 

● More fully temperature-dependent EOSs are needed to better explore parameter space 
in NR simulations
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