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Cannon et al. ApJ 748 136 (2012) 
Messick et al. PRD 95, 042001 (2017)

Event Submitted  
at 8.47 EDTFalse alarm rate 

looks significant 
~ 1 / 9000 years...

High signal-to-
noise ratio (14)

Low chirp mass 
(1.20) and low 
total mass (2.8) 
suggests binary 

neutron star...

Fermi gamma-ray burst event 
~ 2 second after merger!

But only seen at 
Hanford,  

even though 
Livingston and 

Virgo were 
operating... 







GCN 21509 at 10:09 am EDT announcing significant BNS candidate 
coincident with the Fermi GBM trigger...



Usman,... DAB, et al. Class. Quant. Grav.33 215004 (2016)
Abbott,..., DAB et al. PRL 119 161101 (2017) 
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Nitz, Dent, Dal Canton, Fairhurst, DAB. Astrophys. J. 849 118 (2017)
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GCN 21513 at 1:54 pm EDT with localization...



Singer and Price PRD 93, 024013 (2016)





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





Cantiello et al. Astrophys.J. 854 L31 (2018)

• Precise sky location measurement from Soares-Santos, et al. 

• Prior on distance from Cantiello, et al. dL = 40.7 ± 2.36 Mpc

Inclination angle of the binary 
is degenerate with the distance

Can break this degeneracy with 
an accurate distance measure



Viewing angle is 32+10
�13 ± 1.7 deg

Lower limit of � 13deg

robust to choice of prior

Finstad, De, DAB, Berger, Biwer ApJ 860 L2 (2018)

Daniel Finstad



Mooley et al. Nature 561, 355 (2018)

Distance-constrained GW observations 
of viewing angle are consistent with 

EM observations

Mooley et al. report 14 - 28 deg from radio

Troja et al. report 21 - 29 deg from  
broad band observations

Troja et al. MNRAS arXiv:1808.06617

GW and EM observations support 
successful-jet cocoon model  

(structured jet)



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



Topic 7 Fluid Dynamics Lecture 4

Equations of State and Solving the TOV Equation

A white dwarf or neutron star in equilibrium has exhausted all its nuclear fuel. Gravitational collapse is
prevented by fermion degeneracy pressure. The thermal energy per fermion kBT is much smaller than the
Fermi energy EF and can be set to zero. The star is then in its quantum ground state. An equation of
state relates pressure, density, and temperature. At T = 0 the EOS relates pressure to density

P = P (⇢) .

This relation can be computed from the electromagnetic and nuclear forces of the electons, ions, protons,
neutrons, and other subatomic particles in the star.

PHY 411-506 Computational Physics 2 1 Monday, May 5

Pick an EOS and integrate the TOV equation, matching to Schwarzschild outside



Ozel and Freire (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

M =
(m1m2)3/5

(m1 +m2)1/5
⌘ =

(m1m2)

(m1 +m2)2



⇤̃ =
16

13

(12q + 1)⇤1 + (12 + q)q4⇤2

(1 + q)5

q = m2/m1  1

Tidal effects enter the post-Newtonian gravitational-wave phase as

Flanagan and Hinderer PRD 77 021502 (2008)
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FIG. 3. Integrands, per frequency octave, of the inte-
grals determining the measurability of M, ν, ρ (SNR) and
λT . While most of the SNR is gathered around frequencies
f̂ = f/(56.56 Hz) ∼ 1, the measurability of M and ν is con-
centrated towards lower frequencies (f̂ = f/f0 < 1), and that
of the tidal parameter λT gets its largest contribution from
the late inspiral up to the merger. The rightmost vertical line
indicates the merger frequency for C = 0.1645, while the left-
most vertical line marks 450 Hz for a 1.4M⊙ + 1.4M⊙ BNS
system.

logarithmic frequency axis of several relevant measura-
bility signals is illustrated in Fig. 3. Note in particular
how the integrands of I−10 (chirp mass) and I−6 (sym-
metric mass ratio) are peaked at frequencies below the
SNR integrand of I0. Physically, this corresponds to say-
ing that most of the useful cycles for the measurability of
M and ν come from the early inspiral. As the PN expan-
sion converges reasonably well for such low frequencies,
using a 2PN accurate phasing is guaranteed to be a rea-
sonably good approximation for the point-mass part of
the phase. This has been checked by Ref. [32] for the
measurement of M and ν, which found (see their Ta-
ble II) that using a 2PN accurate (instead of a 1.5PN
accurate, as in Ref. [31]) template led to only ∼ 10%
differences in the fractional uncertainties in ν and M.
We found, as expected, that the situation is even better
for the measurement of λT : namely, we found that the
fractional uncertainty on λT is changed (and actually im-
proved) when using a 2PN template for Ψ0, rather than
a 1.5PN one, only at the 5 × 10−3 level By contrast to
the cases of M and ν, the measurability of the tidal pa-
rameter λT is associated in the Fisher matrix to an in-
tegral of the type I+10 =

∫
d ln ffγ(f)v(f)10, which gets

its largest contribution from the late inspiral up to the
merger (see solid line in Fig. 3). More specifically, the in-
tegrand of I+10, i.e. ∝ fγ(f)f10/3 is equal to f2/Sn(f).
The ZERO DET high P advanced LIGO noise curve Sn(f)
happens to be a rather flat function of f between ∼ 50 Hz

and ∼ 800 Hz and then increases to reach a shot noise
behavior Sn(f) ∝ f2 at high frequencies. This implies
that the integrand of I+10, i.e. f2/Sn(f), roughly grows
like f2 between 50 Hz and 800 Hz, to then asymptote
towards a finite limit at high frequencies. The clear sep-
aration between, on the one hand, the two SNR curves
associated to M and ν (which are relatively close to each
other) and on the other hand the SNR curve associated to
λT also indicates (as we shall discuss below) that M and
ν are strongly correlated among themselves, while λT is
not so strongly correlated to M and ν. The figure also
displays two possible cut-off frequencies for the measure-
ments of the tidal signal: the conservative value 450 Hz
(dashed vertical line) used in Refs. [5, 9], f̂ = 7.956, or
the compactness–dependent contact frequency that we
shall use here, (πMf)contact = C3/2 (dash-dotted verti-
cal line, computed using EOS BSK21 with a model with
M = 1.4M⊙ and C = 0.1645). Evidently, the use of the
late-inspiral cut-off frequency f̂contact calls for a formal-
ism able to describe the phasing up to the merger (here,
the EOB formalism and its accurate high PN expanded
representation discussed in the previous section).
In Eq. (53) we have included also a parameter β as-

sociated to the spin-orbit interaction and a parameter σ
associated to the spin-spin one [36]. These parameters
are equal to

β =
1

12

(
113X2

A + 75ν
)
L̂ · âA + (A ↔ B), (64)

σ =
ν

48

(
−247âA · âB + 721 L̂ · âA L̂ · âB

)
, (65)

where âA = SA/(GM2
A) is the dimensionless spin param-

eter of body A. Previous work [9, 31, 32] discussing data-
analysis including the spin parameters β and σ had incor-
porated Bayesian priors à la [31] constraining the mag-
nitudes of |β| and |σ| to be smaller than 8.5 and 5.0 re-
spectively, which are plausible theoretical upper limits on
them. However, such values are very conservative bounds
on β and σ in view of observed binary pulsar systems (as
already pointed out in Refs. [31, 36]). Indeed, recent
estimates of the event-rate for BNS GW observations
are mainly obtained from extrapolation of the currently
observed binary pulsar systems. All the known binary
pulsar systems have rather small observed spin parame-
ters. Considering the fastest spinning pulsar observed in
a BNS system, namely PSR J0737-3039A, whose spin pe-
riod is 23 ms [37], we concluded from the calculations of
moments of inertia by Bejger et al. [38] (who work with
the EOSs: BPAL12, APR, SLy, BGN2H1 and GNH3)
and by Morrison et al.[39] (who use FPS), that the ini-
tial dimensionless spin parameter â is between approxi-
matively 0.017 (for BPAL12) and 0.03 (for GNH3). This
leads to an initial range for the corresponding parame-
ter β of order |β| ∈ [0.11; 0.196], while the 2PN-level
spin-spin parameter σ is at most of the order |σ| ! 10−4.
Taking into account the slowing down of the spin until
the moment of merger, we estimated that β at the time
of the merger would be within the range [0.09; 0.17] so

�(f) df ⌘ dff�7/3/Sn(f)R
dff�7/3/Sn(f)

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



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

f (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 these two models 

• Evidence computed using MCMC and thermodynamic integration

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



Bayes factor comparing BNS to BBH = 0.3

The gravitational wave data alone 
cannot say whether a model with 

tidal deformability is preferred 
over a binary black hole model

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



• The probability of a chance 
temporal and spatial association of 
GW170817 and GRB170817A is  
5.0 x 10-8 

• The time delay between the end of 
the gravitational-wave signal and 
the start of the gamma-ray burst  
is 1.74 (+/- 0.05) s

Abbott,..., DAB et al. ApJ 848 L13 (2017) 



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

UV, optical, and near-IR spectra are well fit by a two-component kilonova
0.02 Msun lanthanide-poor ejecta (blue) and 0.05 Msun lanthanide rich ejecta (red)
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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)

vred ~ 0.1 c

vblue ~ 0.25 c

Kilonova light curves suggest 
the existence of a hyper massive 

neutron star prior to collapse 
to a black hole

EM suggests neutron star merger



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, Brown, Berger, Biwer. PRL 121, 091102 (2018) 

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

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



⇤ / m�6

⇤ = ↵

✓
Gm

Rc2

◆�6

Results of TOV 
integrations for 

physically realistic 
polytopes

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



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

• Common EOS constraint

h�Ri ⌘ hR1.6 �R1.1i = �0.070 km

p
h�Ri2 = 0.11 km

⇤1 = q6⇤2R̂ ⌘ R1 ⇡ R2

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



• Explore three different mass priors: 

• Uniform [1,2] solar masses 

• Double neutron star masses from radio observations 

• All neutron star masses from radio observations 

• Measure binary tidal deformability and compute radius



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

8.9  R̂  13.2 km

hR̂i = 10.8 km



Use EOS 
insensitive relations

⇤̂s = (⇤1 + ⇤2)/2

⇤̂a = (⇤1 � ⇤2)/2

⇤̂a(⇤̂s, q)

Yagi and Yunes (2016)

Analytical expression for an 
optimum fit using realistic EOSs, 
for physically reasonable mass

Use MCMC to 
measure

⇤̂s

⇤1,⇤2

⇤(C) Maselli et al. (2013) 
Urbanec et al. (2013)

R1, R2

Abbott et al. PRL 121, 161101 (2018)



Use spectral 
parameterization of EOS

�(p; �i)

�i = �0, �1, �2, �4
Lindblom (2010) 

Lindblom and Indik (2012+)

Use MCMC to 
measure

(�0, �1, �2, �4)

m1,m2

Integrate TOV equations 
using measured

R1, R2

Abbott et al. PRL 121, 161101 (2018)



EOS Insensitive Relations Parameterized EOS

Abbott et al. PRL 121, 161101 (2018)



Tews, Capano, Brown, De, Margalit, Kumar, DAB, Krishnan, Reddy

Calculate Bayes factor 
for specific EOS vs BBH

Stiffest EOS ruled out 
at high confidence

Soft EOSes are all 
consistent with 

GW170817

c.f. Abbott et al. 
arXiv:1908.01012  



2 David Radice, Liang Dai: Multimessenger Parameter Estimation of GW170817

2 Methods

We perform Bayesian parameter estimation using the com-
bined GW and EM data to determine posteriors for the bi-
nary parameters ✓ = {Mdet, q, �e↵ , �a, ⇤̃, tc,1, tc,2}, where
Mdet = (1+ z) (M1 M2)3/5/(M1 +M2)1/5 is the detector-
frame chirp mass, q = M2/M1  1 is the binary mass
ratio, �e↵ = (M1�1z + M2�2z)/(M1 + M2) and �a =
(�1z � �2z)/2 are the parameters describing spin com-
ponents aligned with the binary orbital angular momen-
tum, and tc,1 and tc,2 are the arrival times at Livingston
and at Hanford, respectively. Not aiming to measure the
source’s orientation and its sky position, we independently
maximize the likelihood at each detector with respect to
a constant wave phase and an amplitude normalization,
and we assume that tc,1 and tc,2 can be independently ad-
justed. This approximation greatly simplifies the param-
eter estimation by reducing the number of parameters.
Since GW170817 has a high matched filtering signal-to-
noise ratio (SNR), this simplification does not bias the
maximum-likelihood values of the parameters but only
leads to percent-level increase of their uncertainties [53].

Assuming GW and EM data to be independent, we
can write the joint GW and EM likelihood as the product
of the separate likelihoods, namely

P
⇥
{dGW, dEM}|✓

⇤
= P [dGW|✓] P [dEM|✓], (1)

where dGW and dEM denote the GW and EM data, re-
spectively.

We compute the first factor with the relative binning
method [54, 55]. We use the noise-subtracted LIGO data
release1 of GW170817 and include frequencies in the range
[23, 1000] Hz. The exclusion of higher frequency GW data
results in a slightly broader posterior of ⇤̃ whose support
also extends to somewhat larger values, as discussed in de-
tail in Ref. [55]. It is important, however, to remark that
the two NSs first touch when the GW frequency is between
1.0 kHz and 1.5 kHz [56]. It is thus not clear whether or not
current waveform models, which are typically constructed
by adding tidal corrections to point particle models, are
reliable past 1 kHz, e.g., Ref. [57]. Consequently, to be
conservative, we restrict our analysis to the part of the
GW signal below frequency of 1 kHz, which is theoreti-
cally well understood. We use the phenomenological wave-
form model IMRPhenomD NRTidal [58, 59] implemented in
LALSuite.

We follow Ref. [2] for the choice of priors. Both com-
ponent masses have flat priors in the range [0.5, 7.7] M�.
The two dimensionless spin vectors have their moduli uni-
formly distributed in [0, 0.89] and have isotropic orienta-
tions. Their aligned components are then extracted and
used to evaluate the non-precessing waveform model
IMRPhenomD NRTidal.

Following the prescription of Ref. [24], we relate the
component tidal deformability parameters through ⇤1 =

1 In the noise-substracted data release, the glitch that hap-
pened to overlap with GW170817 in the Livingston strain has
been removed by the LIGO/Virgo collaboration.
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Fig. 1. Remnant disk mass as a function of the tidal deforma-
bility parameter ⇤̃. The data points show the results from our
simulations, while the dashed line shows the fit in the form of
Eq. (3). The gray shaded region in the lower panel shows the
uncertainty � we use in Eq. (4). We find that disk formation
is suppressed in the case of prompt BH formation.

⇤s q3 and ⇤2 = ⇤s/q3, where ⇤s is assigned a uniform
prior within [0, 5000]. This implicitly assumes that no
first-order phase transition occurs in matter at densities
intermediate between those achieved in the secondary and
in the primary NS, so that the two NS radii are compara-
ble. Note that the error introduced assuming that the NSs
have a commensurate radii is much smaller than current
statistical errors [24]. This choice is also consistent with
the use of data from our simulations not accounting for the
possibility of first order phase transitions in dense matter.
Finally, we exclude ⇤̃ > 5000 which is unreasonable with
any plausible EOS.

Current models of the EM signal are not yet su�-
ciently advanced to follow the same procedure as for the
GW data. However, extant light curve models indicate
that 0.02�0.05 M� of material with a broad distribution
in electron fraction and asymptotic velocity of ⇠0.1 c is
needed to explain the observations [17,19–21,23]. Because
of their properties, these ejecta are thought to originate
from winds launched from the remnant accretion disk af-
ter merger, e.g., Ref. [60]. Long term simulations of post-
merger disks indicate that these winds can entrain 10�40 %
of the total disk mass [22, 61–78]. Consequently, we can
conservatively estimate that a disk of at least 0.04 M�
should have formed in GW170817. Accordingly, we ap-
proximate the EM likelihood as

P [dEM|✓] ' P [Mdisk(✓) > 0.04 M�]. (2)

We have performed numerical relativity simulations of
merging NS using the WhiskyTHC code [79–81]. We consid-
ered 29 binaries, including both equal and unequal mass
configurations and 4 temperature and composition depen-
dent nuclear EOSs: the DD2 EOS [82, 83], the BHB⇤�

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

Use numerical simulations of  
binary neutron stars to  

construct a relation between  
the tidal deformability and  

remnant disk mass

Current best constraints 
on the soft end of the EOS 

space come from EM

Soft EOS undergo prompt 
collapse to black hole



Use both GW and EM information

Fit to numerical relativity simulations

GW uses common radius 
constraint of De et al.

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



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



Revisiting the lower bound on tidal deformability derived by AT 2017gfo 5

Table 3
Dependence of the Fate of the Remnant, Mdyn, and Mdisk on �th

q ⇤̃ �th type Mdyn [M�] Mdisk [M�]
0.774 242 1.8 long 0.013 0.26

1.7 short 0.011 0.045
1.6 short 7.6⇥ 10�3 0.036
1.5 short 6.5⇥ 10�3 0.033

0.774 272 1.8 long 0.011 0.26
1.7 long 0.013 0.26
1.6 long 0.014 0.27
1.5 short 9.8⇥ 10�3 0.042

Note. — We specify the models by q(= 0.774) and ⇤̃ to be
compared with those shown in Table 1.

chance of ejecting 0.05M�,9 but also the mass asymme-
try of q = 0.774 does not save any model with ⇤̃ < 377.
On the other hand, if the maximum mass is as large as
2.1M�, many models produce long-lived remnants. Ac-
tually, all the asymmetric binaries considered here are
capable of explaining the luminosity of AT 2017gfo. The
lowest value of ⇤̃ of models that can eject 0.05M� is 242.
Figure 2 suggests that, if Mmax is larger than 2.1M�,
then the lower bound on ⇤̃ derived by AT 2017gfo may
become looser than that found in this study.
We also find that all the models with ⇤̃ > 400 are

capable of ejecting 0.05M� if 100% ejection e�ciency is
adopted. This is consistent with the findings of Radice
et al. (2018b).
The fate of the merger remnant depends on the

strength of the finite-temperature e↵ect for marginal
cases. For example, the lowest value of ⇤̃ that can ex-
plain the luminosity of AT 2017gfo is 242 in our models
if the fiducial �th = 1.8 is adopted, where the outcome
is a long-lived remnant. However, the remnant becomes
short lived for �th  1.7 because of the reduced ther-
mal pressure and fails to eject 0.05M�. This indicates
that the finite-temperature e↵ect must be moderately
strong for this model to account for AT 2017gfo. We
also find that the model with ⇤̃ = 272 results in the
long-lived remnant only when �th � 1.6, whereas the
short-lived remnant for a very small value of �th = 1.5
can eject 0.05M� if 100% e�ciency is assumed. The
results for them are summarized in Table 3. Although
our conclusion that binaries with ⇤̃ . 400 are capable of
explaining the luminosity of AT 2017gfo is unchanged,
these observations imply that accurate incorporation of
the finite-temperature e↵ect is also crucial to infer pre-
cise properties of the zero-temperature equation of state
from electromagnetic counterparts.

5. DISCUSSION

We conclude that the lower bound on binary tidal de-
formability is ⇤̃  242 if an ejection of 0.05M� is re-
quired. We speculate that lower values of ⇤̃ than this
could even be acceptable if we employ an equation of
state that supports a maximum mass larger than 2.1M�
and/or increase the degree of asymmetry. The precise
value of the threshold depends also on the strength of
the finite-temperature e↵ect, represented by �th in our
study.

9 A model with ⇤̃ = 508 can eject 0.05M� if the e�ciency
exceeds 77%.
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Figure 3. Disk mass vs. the binary tidal deformability. The
errorbars denote the typical relative error of a factor of two and
absolute error of 10�3M� (see Sec. 3). The values for the thresh-
old density of 1012 g cm�3 and 1011 g cm�3 are shown with small
symbols for long-lived remnants. We also show the fit derived in
Radice & Dai (2019). The correlation between Mdisk and ⇤̃ is not
significant in our models, and the applicability of the fit due to
Radice & Dai (2019) is very limited.

We also find that an asymmetric binary that results
in a no-bounce collapse can explain the luminosity of
AT 2017gfo, if moderately high ⇡ 60% ejection e�ciency
from the remnant is admitted. The lower bounds pro-
posed in Bauswein et al. (2017) are satisfied for the
equation of state of this model, with which the radii of
1.6M� and maximum-mass configurations are 10.93 and
9.66 km, respectively. However, our finding would poten-
tially invalidate the argument of Bauswein et al. (2017)
and its future application.
Our results indicate that the mass ratio is critically

important to derive reliable constraints on neutron star
properties from electromagnetic emission as also argued
in Radice et al. (2018b). If the binary turns out to be
symmetric, it is possible that ⇤̃ & 400 is necessary as
Radice et al. (2018b) originally proposed. Indeed, we
find no symmetric model with ⇤̃ < 377 that can eject
0.05M�. However, Fig. 3 shows that the mass asym-
metry significantly obscures the correlation between the
disk mass and binary tidal deformability, which is the ba-
sis of previous attempts to constrain ⇤̃ from AT 2017gfo.
In light of our results, fitting formulas adopted in Radice
& Dai (2019) and Coughlin et al. (2018b) have severe
systematic errors. Further investigation is required to
clarify precisely the e↵ect of asymmetry. Although the
mass ratio can be determined from gravitational-wave
data analysis, the degeneracy with the spin must be re-
solved to achieve high precision (Hannam et al. 2013).
The velocity and the composition can potentially be

used as additional information to examine binary mod-
els. Some previous work attempted to associate either
the blue or red component of AT 2017gfo to dynamical
ejecta to improve parameter estimation (Gao et al. 2017;

Radice assumed equal 
mass binary in simulations

Kiuchi et al Astrophys. J. 876, L31 (2019)

GW posteriors include 
more unequal mass ratios

Kiuchi et al. can produce 
disk mass with softer EOS 

for higher mass ratios
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FIG. 3: EOS overview including the known constraints on
the maximum TOV mass and the NS radius. Realistic EOSs
need to fall within the green shaded regions and are outside
the 90% confidence intervals in the red areas.

multi-messenger probability density function is given by:

PMMA = PGW170817 ⇥ PAT2017gfo+GRB10817A. (5)

We summarize our constraints on the binary parameters
and EOS in Table I. The final constraints on the tidal de-
formability and the mass ratio are shown at the bottom
of Figure 1, where we use the GRB model of Ref. [32]
(similar constraints are obtained with the other GRB
models). According to our analysis, the 90% confidence
interval for the tidal deformability is ⇤̃ 2 (279, 822). The
distribution has its 50% percentile at ⇤̃ ⇠ 572. Relat-
ing the measured ⇤̃ confidence interval to the NS ra-
dius [10], we obtain a constraint on the NS radius of
R 2 (11.1, 13.4) km (with a ±0.2 km uncertainty of
the quasi-universal relation [10, 13] connecting ⇤̃ and
R). This result is in good agreement with that recently
obtained by the multi-messenger analysis presented in
Radice and Dai [13]. Considering the constraint on the
mass ratio, we find that q  1.29 at 90% confidence.
Combining this with the measured chirp mass, the to-

tal binary mass M = M
⇣

(1+q)2

q

⌘3/5
lies in the range

M 2 [2.722, 2.755]M�. The radius constraint, together
with the constraint on the maximum TOV-mass, can be
used to rule out or favor a number of proposed NS EOSs,
as illustrated in Fig. 3.
While many analyses of GW170817 and its electro-

magnetic signatures have been presented in the litera-
ture, that presented here is the first to combine informa-
tion from all three channels: GW170817, GRB170817A,
and AT2017gfo. While this article was in preparation,
Ref. [13] extended the work of [12] in performing a
multi-messenger parameter estimation based on relative
binning incorporating information from the disk mass
derived in [46]. Our work makes use of more avail-
able knowledge than employed in any previous multi-
messenger analyses. In particular, our final posteriors de-
scribe the observed lightcurve data of AT2017gfo, which
have been improved significantly compared to previous
works, and explain the properties of GRB170817A. Fu-
ture improvements on this analysis will require a larger
suite of light curve models, which account for additional
details such as the potentially aspherical geometry of the
merger ejecta. Radiative transfer simulations which ac-
count for these asymmetries will enable additional con-
straints on the system viewing angle. Future simulation
work should also explore the inevitable interplay between
the ejecta components, which could complicate the sim-
ple dynamical ejecta/disk wind ejecta dichotomy adopted
in our analysis.
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The difference between the point particle/BH and BNS 
waveform is comparable to the error in the BNS simulation
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Constraints on the supranuclear EOS governing the
matter inside NSs rely on an accurate measurement of
the tidal phase contribution. This contribution enters
first at the 5th PN order.1

The main idea of the NRTidal approach is to provide
a closed-form approximation for the tidal phase �T or
 T. Because standard GW data analysis is carried out
in the frequency domain, the frequency domain model is
of particular importance, due to its efficiency. In addition
to the tidal contribution, the final NRTidal approximant
also incorporates EOS dependent effects in  SS, since the
spin-spin contributions depend on the quadrupole and
higher moments of the individual stars, and thus on the
internal structure of the stars.

We note that there are higher-order spin-tidal coupling
effects that have recently been computed [21, 22]. How-
ever, as outlined in [23], these terms will be unmeasurable
in the advanced GW detector era. Therefore, we do not
include them in the current description to avoid unnec-
essary computational costs.

B. High-precision NR simulations

The field of NR has made significant progress over the
last years. Nevertheless, the production of highly ac-
curate gravitational BNS waveforms remains challenging
and there exist only a small number of simulations with
low eccentricity and with phase errors small enough to
allow GW modeling; cf. Refs. [24–29].

In addition to the dataset used for the original NRTidal
calibration [34, 54], we performed one additional simula-
tion for a non-spinning equal-mass BNS setup employing
a piecewise-polytropic parametrization of the SLy [68]
EOS. This EOS is in agreement with recent constraints
extracted from GW170817 [13, 56, 57, 60, 69, 70] and
thus is a natural choice for our work.2 The same phys-
ical configuration has already been used in the past for
the construction of the NRTidal model [27, 54]; cf. Ta-
ble I for further details. In [27, 54], we have simulated
this setup with the BAM code [25, 72–74] for 5 different
resolutions with 64, 96, 128, 192, and 256 points in the
finest refinement level covering the individual NSs. Here,

1 There is also the possibility of extracting EOS information from
the spin-spin interaction first entering in the 2PN  SS contri-
bution, where the individual terms of  SS are proportional to
the square of the individual spins, i.e., �2

A, �2
B , or �A�B . Al-

though the maximum NS spin in a BNS is not precisely known,
the fastest spinning NS in a BNS system observed to date (PSR
J1946+2052 [66]) will only have a dimensionless spin of ⇠ 0.02–
0.04 at merger [67]. Thus, obtaining EOS information from the
spin-spin phase contribution is extremely challenging.

2 While the maximum mass of 2.05M� of the SLy EOS is slightly
outside of the 68.3% credible region of the recent heavy pulsar
mass measurement in [71] ([2.07, 2.28]M�), it is well inside the
95.4% credible region of [1.97, 2.40]M�, which is why we still
consider it here.
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FIG. 1. New high-resolution NR data employed for the cali-
bration of the NRTidalv2 approximant. Top panel: Real part
of the GW signal for the six different resolutions employing
64, 96, 128, 192, 256, and 320 points in the refinement levels
covering the individual NSs. The waveforms shown are al-
ready extrapolated to spatial infinity to correct for the finite
radius extraction; see [25] for more details (we use K = 1

here). Middle panel: Phase difference between different res-
olutions. Bottom panel: Phase difference between different
Richardson extrapolated waveforms or between a Richardson
extrapolated waveforms and the waveform from an individ-
ual resolution. The vertical lines in each panel refer to the
time of merger, i.e., the peak time of the GW amplitude for
the individual resolutions. The dashed lines in the bottom
two panels show the phase difference scaled to the next low-
est pair of resolutions assuming second order convergence. u
denotes the retarded time.

we add one additional simulation with 320 points in the
finest refinement level. This corresponds to a spatial res-
olution of 0.047M� ⇡ 70 m and computational costs of
⇠ 5 million CPU-hours for this single resolution.

The availability of six different resolutions and the
presence of clean convergence across multiple resolutions
allows us to employ Richardson extrapolation to obtain
an improved GW signal and to provide an associated er-
ror budget; see Ref. [25] for more details. We present
the GW signal for the different resolutions in Fig. 1 (top
panel) and the phase difference and convergence proper-
ties in the middle and bottom panels.

Except for the lowest resolution, clean second order
convergence is obtained throughout the inspiral. This
becomes evident by comparison of the individual phase
differences with the phase differences rescaled assuming
second order convergence (dashed lines). For the lowest
resolution setup (n64), second order convergence is lost
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Einstein Telescope

• 2011 conceptual design, 10x range of advanced detectors, ~1B Euro cost 

• Facility: 10.3km-long tunnels, 25m high vertex rooms, 100-200m 
underground, 20+year lifetime 

• Three nested detectors, each with two interferometers 

• Triangle geometry: equal sensitivity for both polarizations and more 
isotopic sensitivity

ET Design Study, ET-0106C-10



Cosmic Explorer

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

• One interferometer in faculty 

• 14cm wide laser beams, 2 MW laser 

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

• Year ~ 2030 and ~ 1B USD



CE1 and CE2: two-stage approach
A two-stage approach

CE1
2030s,

à la aligo

CE2
2040s,

à la Voyager

Wavelength 1.0µm 1.5 to 2.0µm
Temp. 293K 123K
Material glass silicon
Mass 320 kg
Coating silica/tantala silica/aSi
Spot size 12 cm 14 to 16 cm
Suspension 1.2m fibers 1.2m ribbons
Arm power 1.4MW 2.0 to 2.3MW
Squeezing 6 dB 10 dB
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ET and CE are complimentary

• 1 x ET + 2 x CE would be awesome, but expensive 

• Community is exploring the scientific benefits of various network 
configurations 

• Other possible detectors: 

• OzGrav High Frequency Interferometer currently in conceptual design 

• Ignoring low-frequency simplifies things a lot, but still lots of physics



• GW170817 has opened up a new era of EOS constraints 

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

• More numerical modeling of sources is needed to interpret this 
information! 

• Improvements to aLIGO and future detectors (Cosmic Explorer, ET) 
will give precision measurements and post-merger signatures




