
What have we learned about binary 
neutron stars since the discovery of 

GW170817?
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As massive objects move around, the curvature of space changes

The strength of the gravitational waves radiated is given by their strain 
 

h(t) = change in length / length
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However, the energy radiated is enormous

Solar luminosity L ~ 1033 erg/s 
Gamma Ray Bursts L ~ 1049-52 erg/s



Proxima Centauri

4.2 light years

Imagine measuring this 
distance to a precision 

of ten microns



Advanced LIGO











Abbott,..., DAB et al. PRL 119 161101 (2017) 



Soares-Santos,..., DAB, et al. ApJ 848 L16 (2017)



• The equation of state (EOS) of cold, ultra-dense matter remains 
poorly constrained at high densities 

• At T = 0, the EOS relates pressure to density P = P(𝞺) 

• Nuclear experiments are only able to constrain EOS models up to 
the nuclear saturation density (2.7 x 1014 g / cm3) 

• Densities of the cores of neutron stars reach 8 - 10 times nuclear 
saturation density and so neutron stars allow us to explore the EOS 
at much higher densities



Ozel and Freire Ann. Rev. Astron. Astro. 54 401 (2016)

"Soft" EOS, low radius

"Stiff" EOS, large radius



Haas et al. PRD 93, 124062  (2016)



Haas et al. PRD 93, 124062  (2016)



Haas et al. PRD 93, 124062  (2016)
Rezzola and Takami Phys. Rev. D 93, 124051 (2016)

Not detectable for GW170817 
Abbott et al. ApJL 851 16 (2017)



�GW(t) = 0pN(t;M) [1 + 1pN(t; ⌘) + · · ·+ 3.5pN(t; ⌘) + 5pN(t; EOS)]

The information about the EOS is encoded in the 
gravitational-wave phase evolution
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(m1m2)3/5
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Tidal effects enter the post-Newtonian gravitational-wave phase as

Flanagan and Hinderer PRD 77 021502 (2008)
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Damour, Nagar, Villain Phys. Rev. D 85, 123007 (2012)

Information about chirp mass 
and mass ratio come from 

lower frequencies

Tidal information comes from 
late inspiral signal

Tidal information not strongly 
degenerate with other parameters

= f / 56  Hz



• Does the gravitational-wave signal show evidence for finite size 
effects? 

• Use Bayesian inference to decide 

• Model the waveform with and without the tidal deformability 

• Compute the Bayes factor comparing GW170817 against two 
models (BBH and BNS)

Biwer, Capano, De, Cabero, DAB, Nitz Publ. Astron. Soc. Pac. 131 024503 (2019)



Calculate Bayes factor 
for specific EOS vs BBH

Only the stiffest EOS 
are ruled out 

at high confidence

Soft EOSes 
and black holes 

are all consistent with 
GW170817

c.f. Abbott et al. 
CQG 37 045006 (2020)  
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But black holes are... black!





Analyses of Gravitational-Wave Observations
• Agnostic to neutron star's equation of state:

• Abbott et al. PRL 119, 161101 (2017) 

• Abbott et al. PRX 9, 011001 (2019) 

• Dai, Venumadhav, Zackay arXiv:1806.08793 

• Analyses with a constraint on the equation of state:

• De, Finstad, Lattimer, DAB, Berger, Biwer. PRL 121, 091102 (2018) 

• Abbott et al. PRL 121, 161101 (2018) 

• Radice and Dai. Eur. Phys. J. A 55 50 (2019) 

• Capano, ..., DAB, et al. Nature Astronomy 4, 625 (2020)



• Common EOS constraint ⇤1 = q6⇤2R̂ ⌘ R1 ⇡ R2

• For nearly every specific EOS in the mass range relevant to 
GW170817 [1.1,1.6] solar masses, change in radius is very small

h�Ri ⌘ hR1.6 �R1.1i = �0.070 km

De, Finstad, Lattimer, DAB, Berger, Biwer, Phys. Rev. Lett. 121, 091102 (2018)



Soumi De
De, Finstad, Lattimer, DAB, Berger, Biwer, Phys. Rev. Lett. 121, 091102 (2018)

8.9  R̂  13.2 km

hR̂i = 10.8 km
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Fig. 1.— Schematic diagram of the neutrino-irradiated wind from
a magnetized HMNS. Neutrinos from the HMNS heat matter in a
narrow layer above the HMNS surface, feeding baryons onto open
magnetic field lines at a rate which is substantially enhanced by
magneto-centrifugal forces from the purely neutrino-driven mass-
loss rate (e.g. Thompson et al. 2004; Metzger et al. 2007). Mag-
netic forces also accelerate the wind to a higher asymptotic velocity
v ⇡ vB ⇡ 0.2 � 0.3 c (eq. 5) than the purely neutrino-driven case
v . 0.1 c (eq. 2), consistent with the blue KN ejecta. Though
blocked by the accretion disk directly in the equatorial plane, the
outflow has its highest rate of mass-loss rate, kinetic energy flux,
and velocity at low latitudes near the last closed field lines (Vlasov
et al. 2014). The wind velocity / �1/3 / B2/3/Ṁ1/3 may increase
by a factor of ⇠ 2 over the HMNS lifetime (Fig. 4) as its mass loss
rate Ṁ subsides, or its magnetic field B is amplified, resulting in
internal shocks on a radial scale Rsh ⇠ vtrem ⇠ 1010(trem/1s) cm,
substantially larger than the wind launching point. This late re-
heating of the ejecta leads to brighter KN emission within the first
few hours after the merger (Fig. 3). Relativistic break-out of the
shocks as the magnetar wind becomes trans-relativistic on a similar
timescale might also give rise to gamma-ray emission.

Mart́ınez-Pinedo et al. 2012 for recent work in the core
collapse context).
The electron fraction of an unmagnetized PNS wind is

su�ciently high Ye & 0.4 � 0.5 to synthesize exclusively
Fe-group nuclei or light r-process nuclei with the low
opacities needed to produce blue KN emission. However,
the quantity Ṁ⌫trem . 10�3M� and velocity v⌫ ⇠ 0.1 c
of the neutrino-driven wind ejecta are too low compared
to observations of GW170817. The predicted compo-
sition may also be problematic; the radioactive energy
input of Ye ⇡ Ye,⌫ & 0.4 matter is dominated by a few
discrete nuclei (Lippuner & Roberts 2015), inconsistent
with the observed smooth decay of the KN bolometric
light curve (Rosswog et al. 2017). Matter with lower Ye
can be unbound by neutrino heating of the surrounding
accretion disk (e.g. Metzger & Fernández 2014; Perego
et al. 2014; Martin et al. 2015), but the velocity of this
material . 0.1 c is also too low (Table 1).

2.2. Magnetized, neutrino-heated wind

A standard neutrino-heated wind cannot explain the
observed properties of the blue KN, but the prospects
are better if the merger remnant possesses a strong mag-
netic field. Due to the large orbital angular momentum
of the initial binary, the remnant is necessarily rotating

close to its mass-shedding limit, with a rotation period
P = 2⇡/⌦ ⇡ 0.8� 1 ms, where ⌦ is the angular rotation
frequency. The remnant is also highly magnetized, due
to amplification of the magnetic field on small scales to
& 1016 G by several instabilities (e.g. Kelvin-Helmholtz,
magneto-rotational) which tap into the free energy avail-
able in di↵erential rotation (e.g. Price & Rosswog 2006;
Siegel et al. 2013; Zrake & MacFadyen 2013; Kiuchi et al.
2015). As a part of this process, and the longer-term
MHD evolution of its internal magnetic field (e.g. Braith-
waite 2007), the rapidly-spinning remnant could acquire
a large-scale surface field, though its strength is likely to
be weaker than the small-scale field.
In the presence of rapid rotation and a strong or-

dered magnetic field, magneto-centrifugal forces accel-
erate matter outwards from the HMNS along the open
field lines in addition to the thermal pressure from neu-
trino heating (Fig. 1). A magnetic field thus enhances the
mass loss rate and velocity of the HMNS wind (Thomp-
son et al. 2004; Metzger et al. 2007), in addition to reduc-
ing its electron fraction as compared to the equilibrium
value obtain when the flow comes into equilibrium with
the neutrinos, Ye,⌫ (e.g. Metzger et al. 2008c).
A key property quantifying the dynamical importance

of the magnetic field is the wind magnetization

� =
�2

M⌦2

Ṁtotc3
=

B2R4
nsfopen⌦

2

Ṁc3
, (4)

where �M = fopenBR2
ns is the open magnetic flux per

steradian leaving the NS surface, B is the average sur-
face magnetic field strength, fopen is the fraction of
the NS surface threaded by open magnetic field lines,
Ṁtot = fopenṀ is the total mass loss rate, and Ṁ is
the wind mass loss rate when fopen = 1 limit (which in
general will be substantially enhanced from the purely
neutrino-driven value estimated in eq. 1). In what follows
we assume the split-monopole magnetic field structure
(fopen = 1), which is a reasonable approximation if the
magnetosphere is continuously “torn open” by latitudinal
di↵erential rotation (Siegel et al. 2014), neutrino heating
of the atmosphere in the closed-zone region (Thompson
2003; Komissarov & Barkov 2007; Thompson & ud-Doula
2017), and by the compression of the nominally closed
field zone by the ram pressure of the surrounding accre-
tion disk (Parfrey et al. 2016). However, our results can
also be applied to the case fopen ⌧ 1, as would charac-
terize a more complex magnetic field structure, provided
that the ratio B2/Ṁ / f�1

open can be scaled-up accord-
ingly to obtain the same value of � needed by observa-
tions.
Upon reaching the fast magnetosonic surface (outside

of the light cylinder), the outflow achieves a radial four-
velocity v� ' c�1/3 (Michel 1969). Winds with � � 1
thus become ultra-relativistic, reaching a bulk Lorentz
factor � � 1 in the range �1/3 . �  �, depending
on how e�ciently additional magnetic energy initially
carried out by Poynting flux is converted into kinetic
energy outside of the fast surface. By contrast, winds

Metzger, Thompson, Quataert ApJL 856 101 (2018)

Kilonova light curves suggest the existence of a hyper massive neutron star

Cowperthwaite,..., DAB et al. ApJ 848 L17 (2017) 

Remnant cannot be massive enough to directly collapse to black hole



The merger remnant also places a constraint on the 
maximum neutron star mass

Margalit and Metzger ApJL 850 19 (2018)

Mmax  2.17M� (90%)

The remnant NS cannot be long lived, or there would be 
too much energy in the EM observantion



• Construct physically plausible EOS using Chiral Effective Field 
Theory calibrated against nuclear experiments 

• Directly marginalize over EOS using GW observations 

• Apply constraint that the merger remnant did not immediately 
collapse to black hole from Bauswin et al. PRL 111,131101 (2013) 

• Apply constraints on maximum neutron star mass from  
Rezzolla et al. ApJ Lett. 852, L25 (2018)

Capano, Tews, Brown, De, Margalit, Kumar, DAB, Krishnan, Reddy, Nature Astron. 4, 625 (2020)

Lynn et al. arXiv:1901.04868, Machleidt and Entem, Phys. Rept. 503 1 (2011)



Collin Capano

Capano, Tews, Brown, De, Margalit, Kumar, DAB, Krishnan, Reddy, Nature Astron. 4, 625 (2020)



Capano, Tews, Brown, De, Margalit, Kumar, DAB, Krishnan, Reddy, Nature Astron. 4, 625 (2020)



• Use the constraints on the neutron star radius to determine tidal 
disruption in a neutron-star black-hole merger 

• Electromagnetic counterpart is only expected if the neutron star 
disrupts before merger

Foucart et al. Phys. Rev. D 98 081501 (2018)



Capano, Tews, Brown, De, Margalit, Kumar, DAB, Krishnan, Reddy, Nature Astron. 4, 625 (2020)

NSBH mergers 
are unlikely to 
produce EM 
counterparts



Generalize rapid parameter measurement method of Zackay et al. (2018) 
(originally proposed by Cornish) to coherent network statistic  

Possible to run full parameter 
estimation for BNS and NSBH 

in less than 20 mins from detection

Finstad and DAB arXiv:2009.13759 to appear in ApJ Letters

Daniel Finstad



Finstad and DAB arXiv:2009.13759 to appear in ApJ Letters



GW190425



• Single detector event, so no EM counterpart 

• Total mass ~ 3.4 Msun is much larger than GW170817 

• D ~ 160 Mpc 

• However, GW signal is weaker than GW170817...consistent with  
BNS, NSBH, and BBH models

Abbott et al. ApJ 892 L3 (2020) 
Han et al. ApJ 891 L5 (2020)



Abbott, ..., DAB, et al. ApJ 832 L21 (2016) 
Abbott,..., DAB et al. PRL 119 161101 (2017)

GWTC-2

LIGO/Virgo O3a

Abbott, et al. arXiv:2010.14527



Non-linear tides



• Energy from the inspiral can couple into interior stellar oscillation 
modes in neutron stars. 

• This can excite a nonlinear, non-resonant instability of p and g 
modes Weinberg et al. (2013). 

• Essick et al. (2016) developed a parametric model for examining  
p-g mode instabilities in gravitational wave data. 

• Abbott et al. [Phys. Rev. Lett. 122, 061104 (2019)] show that the 
GW170817 is consistent with a signal that  neglects p-g mode tides.



Consistency of GW170817 with non-linear tide model 
is due entirely to degeneracy of model with standard 
waveforms. Any measurable effects are ruled out.

Reyes and DAB ApJ 894, 41 (2020)

Steven Reyes



Eccentric Binaries



If the binary’s orbit is eccentric rather than circular then this will change the 
gravitational waves radiated. See e.g. Moore and Yunes GQG 36 185003 (2019)

Use GW170817 and GW190425 to constrain eccentricity

e ≤ 0.024 (GW170817)  
e ≤ 0.048 (GW190425) 

90% confidence

Amber Lenon

Lenon, Nitz, DAB MNRAS 497, 1966 (2020) 



Cosmic Explorer



Binary mergers 
throughout 
cosmic time

Reitze, ..., DAB, et al. arXiv:1907.04833



Cosmic Explorer

• Facility: 40km L-shaped detector on Earth's surface 

• 14cm wide laser beams, 2 MW laser 

• R&D progress needed in optical coatings, quantum noise, thermal 
compensation 

• Year ~ 2030 and ~ 1B USD

Reitze, ..., DAB, et al. arXiv:1907.04833



CE1 and CE2: two-stage approach
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Interested in Cosmic Explorer? 

https://cosmicexplorer.org/consortium.html



NASA

Can we optimize 
Cosmic Explorer 

to detect 
gravitational waves 
from core collapse 

supernovae?

Richers et al. PRD 95 063019 (2017)



Supernovae in Cosmic Explorer

Srivastava, Ballmer, DAB, Afle, Burrows, Radice, Vartanyan PRD 100, 043026 (2019)

70 kpc at SNR 8

95 kpc at SNR 8

c.f. DUNE



• Can we measure the parameters of the progenitor star? 

• Try to extract ratio of core's rotational kinetic energy to gravitational 
potential energy β (primarily from the bounce) 

• Try to extract the equation of state (primarily from the post merger 
ringing of the protoneutron star) 

• Use Richers et al. catalog of supernovae waveforms to constrict a 
principal component basis to extract physical parameters

Afle and DAB arXiv:2010.00719 to appear in PRD



Afle and DAB arXiv:2010.00719 to appear in PRD

Build a Bayesian measurement algorithm using PCA and test with simulations

Generate posteriors on β and fpeak 



Afle and DAB arXiv:2010.00719 to appear in PRD

A galactic supernova observed by  
Cosmic Explorer could constrain 

fpeak to within 10 Hz

Chaitanya Afle

For a galactic progenitor with β = 0.02, 
90 % credible interval is  
0.02 (aLIGO), 0.002 (CE)



• GW170817 has opened up a new era of EOS constraints 

• Upcoming detections will provide yet more information (both from 
GW and EM) 

• Improvements to aLIGO and future detectors (Cosmic Explorer) will 
give precision measurements of neutron stars, post-merger 
signatures, and possibly supernovae!




