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Neutron star equation of state

From Lattimer 2012



low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.
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Fig. 1.— The strength of the red and blue KN signatures of a BNS merger depends on the compact remnant which forms immediately
after the merger; the latter in turn depends on the total mass of the original binary or its remnant, M

tot

, relative to the maximum NS
mass, M

max

. A massive binary (M
tot

& 1.3� 1.6M
max

) results in a prompt collapse to a BH; in such cases, the polar shock-heated ejecta
is negligible and the accretion disk outflows are weakly irradiated by neutrinos, resulting in a primarily red KN powered by the tidal ejecta
(left panel). By contrast, a very low mass binary M

tot

. 1.2M
max

creates a long-lived SMNS, which imparts its large rotational energy
& 1052 erg to the surrounding ejecta, imparting relativistic expansion speeds to the KN ejecta or producing an abnormally powerful GRB
jet (right panel). In the intermediate case, 1.2M

max

. M
tot

. 1.3 � 1.6M
max

a HMNS or short-lived SMNS forms, which produces both
blue and red KN ejecta expanding at mildly relativistic velocities, consistent with observations of GW170817.

ral (Hinderer et al. 2010; Damour & Nagar 2010; Damour
et al. 2012; Favata 2014; Read et al. 2013; Del Pozzo
et al. 2013; Agathos et al. 2015; Lackey & Wade 2015;
Chatziioannou et al. 2015) and for quasi-periodic oscilla-
tions of the post-merger remnant (e.g. Bauswein & Janka
2012; Bauswein et al. 2012; Clark et al. 2014; Bauswein
& Stergioulas 2015; Bauswein et al. 2016). Searches on
timescales of tens of ms to . 500 s post-merger revealed
no evidence for such quasi-periodic oscillations in the
GW170817(LIGO Scientific Collaboration & Virgo Col-
laboration 2017).
While the radii of NS are controlled by the properties of

the EOS near and below nuclear saturation density, the
maximum stable mass, M

max

, instead depends on the
very high density EOS. Observations of two pulsars with
gravitational masses of 1.93 ± 0.07M� (Demorest et al.
2010; Özel & Freire 2016) or 2.01± 0.04M� (Antoniadis
et al. 2013) place the best current lower bounds . How-
ever, other than the relatively unconstraining limit set
by causality, no firm theoretical or observational upper
limits exist on M

max

. Indirect, assumption-dependent
limits on M

max

exist from observations of short GRBs
(e.g. Lasky et al. 2014; Lawrence et al. 2015; Fryer et al.
2015; Piro et al. 2017) and by modeling the mass distri-
bution of NSs (e.g. Alsing et al. 2017).
Despite the large uncertainties on M

max

, it remains
one of the most important properties a↵ecting the out-
come of a BNS merger and its subsequent EM signal
(Fig. 1). If the total binary mass M

tot

exceeds a criti-
cal threshold of M

th

⇡ kM
max

, then the merger prod-
uct undergoes “prompt” dynamical-timescale collapse
to a black hole (BH) (e.g. Shibata 2005; Shibata &
Taniguchi 2006; Baiotti et al. 2008; Hotokezaka et al.

2011), where the proportionality factor k ⇡ 1.3 � 1.6
is greater for smaller values of the NS “compactness”,
C

max

= (GM
max

/c2R
1.6), where R

1.6 is the radius of a
1.6M� NS (e.g. Bauswein et al. 2013). For slightly less
massive binaries with M

tot

. M
th

, the merger instead
produces a hyper-massive neutron star (HMNS), which
is supported from collapse by di↵erential rotation (and,
potentially, by thermal support). For lower values of
M

tot

. 1.2M
max

, the merger instead produces a supra-

massive neutron star (SMNS), which remains stable even
once its di↵erential rotation is removed, as is expected to
occur . 10 � 100 ms following the merger (Baumgarte
et al. 2000; Paschalidis et al. 2012; Kaplan et al. 2014).
A SMNS can survive for several seconds, or potentially
much longer, until its rigid body angular momentum is
removed through comparatively slow processes, such as
magnetic spin-down. Finally, for an extremely low binary
mass, M

tot

. M
max

, the BNS merger produces an indef-
initely stable NS remnant (e.g. Bucciantini et al. 2012;
Giacomazzo & Perna 2013). Figure 2 shows the baryonic
mass thresholds of these possible BNS merger outcomes
(prompt collapse, HMNS, SMNS, stable) for an example
EOS as vertical dashed lines.
The di↵erent types of merger outcomes are predicted to

create qualitatively di↵erent electromagnetic (EM) sig-
nals (e.g. Bauswein et al. 2013; Metzger & Fernández
2014). In this Letter, we combine EM constraints on
the type of remnant that formed in GW170817 with GW
data on the binary mass in order to constrain the radii
and maximum mass of NSs.

2. CONSTRAINTS FROM EM COUNTERPARTS

This section reviews what constraints can be placed
from EM observations on the energy imparted by a long-

From Margalit & Metzger 2017

Assumption: no prompt BH formation —> EOS must be stiff enough
Assumption: no stable remnant —> EOS must soft enough

See also Bauswein+, Rezzolla+, Shibata+, Ruiz+ (2017)  
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WhiskyTHC
http://www.astro.princeton.edu/~dradice/whiskythc.html

THC: Templated Hydrodynamics Code

! Full-GR, dynamical spacetime*

! Nuclear EOS

! Effective neutrino treatment

! High-order hydrodynamics

! Open source!

* using the Einstein Toolkit metric solvers





Neutron rich outflows

DR, Galeazzi+ MRAS 460:3255 (2016)
See also Wanajo+ 2014,
Sekiguchi+ 2015, 2016, Foucart+ 2016



0 20 40 60 80
Polar angle

0.1

0.2

0.3

0.4

E
le

ct
ro

n
fr

ac
ti
on

10�3

10�2

10�1
M

as
s

fr
ac

ti
on

sin2(✓)

10�4

10�3

10�2

M
as

s
fr

ac
ti
on

SFHo: (1.4 + 1.2) M�; ⌫ cooling only

Dynamic ejecta: role of neutrinos

Perego, DR, Bernuzzi, arXiv:1711.03982
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Neutron rich outflows: model

Perego, DR, Bernuzzi, arXiv:1711.03982



Kilonova modeling (I)

Perego, DR, Bernuzzi, arXiv:1711.03982

See also: Chornock et al. 2017; Cowperthwaite et al. 2017;
Drout et al. 2017; Nicholl et al. 2017; Rosswog et al. 2017; 
Tanaka et al. 2017; Tanvir et al. 2017; Villar et al. 2017



Kilonova modeling (II)

Perego, DR, Bernuzzi, arXiv:1711.03982

See also: Chornock et al. 2017; Cowperthwaite et al. 2017;
Drout et al. 2017; Nicholl et al. 2017; Rosswog et al. 2017; 
Tanaka et al. 2017; Tanvir et al. 2017; Villar et al. 2017



Kilonova modeling (II)

• ~0.05 M⊙ of ejecta

• Final disk mass ≳ 0.08 M⊙

See also: Chornock et al. 2017; Cowperthwaite et al. 2017;
Drout et al. 2017; Nicholl et al. 2017; Rosswog et al. 2017; 
Tanaka et al. 2017; Tanvir et al. 2017; Villar et al. 2017 Perego, DR, Bernuzzi, arXiv:1711.03982
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NS EOS constraints
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Figure 1. Remnant disk plus dynamic ejecta masses (upper
panel) and BH formation time (lower panel) plotted against the
tidal parameter ⇤̃ (Eq. 1). For models that do not collapse during
our simulation time, we give a lower limit. The horizontal dashed
line shows a conservative lower limit for AT2017gfo, 0.05M�, ob-
tained assuming that the entire disk is unbound. The vertical
dotted line is ⇤̃ = 400.

parameter ⇤̃. Our results indicate that binaries with
⇤̃ . 450 inevitably produce BHs with small . 10�2 M�
accretion disks. These cases are incompatible with the
infrared data for AT2017gfo, even under the assumption
that all of the matter left outside of the event horizon
will be ejected.
The reason for this trend is easily understood from the

lower panel of Fig. 1. The NS dimensionless quadrupo-
lar tidal parameters depend on the negative-fifth power
of the NS compactness (GM/R c2; Eq. 2). Consequently,
small values of ⇤̃ are associated with binary systems hav-
ing compact NSs that result in rapid or prompt BH for-
mation. In these cases, the collapse happens on a shorter
timescale than the hydrodynamic processes responsible
for the formation of the disk. Consequently, only a small
amount of mass is left outside of the event horizon at the
end of the simulations.
Binaries with larger values of ⇤̃ produce more mas-

sive disks, up to ⇠0.2 M�, and longer lived remnants.
In these cases, neutrino driven winds and viscous and
magnetic processes in the disk are expected to unbind
su�cient material to explain the optical and infrared ob-
servations for AT2017gfo (Perego et al. 2014; Wu et al.
2016; Siegel & Metzger 2017).

4. DISCUSSION

On the basis of our simulations we can conservatively
conclude that values of ⇤̃ smaller than 400 are excluded.
Together with the LIGO-Virgo constraints on ⇤̃ (Abbott
et al. 2017b), this result already yields a strong constraint
on the EOS.
To illustrate this, we notice that, since the chirp mass

of the binary progenitor of GW170817 is well measured,
for any given EOS the predicted ⇤̃ reduces to a simple
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Figure 2. Tidal parameter ⇤̃ (Eq. 1) as a function of the mass
ratio q for a fixed chirp mass Mchirp = 1.188 M�. The shaded
region shows the region excluded with 90% confidence level by the
LIGO-Virgo observations (Abbott et al. 2017b), with the addi-
tional constraint of ⇤̃ � 400 derived from the simulations and the
EM observations. EOSs whose curves enter this region are disfa-
vored. EOSs are sorted for decreasing ⇤̃ at q = 1, i.e., H4 is the
sti↵est EOS in our sample, and FPS is the softest.

function of the mass ratio, that is,

⇤̃ = ⇤̃ (q,Mchirp = 1.188M�; EOS) . (3)

We consider a set of 12 EOSs: the four used in the sim-
ulations and other eight from Read et al. (2009). We
compute ⇤̃(q) for each and show the resulting curves in
Fig. 2. There, we also show the upper bound on ⇤̃ from
the GW observations as well as the newly estimated lower
bound from the EM data. On the one hand, sti↵ EOSs,
such as H4 and HB, are already disfavored on the basis
of the GW data alone. On the other hand, EOS as soft
as FPS and APR4 are also tentatively excluded on the
basis of the EM observations6. Soft EOS commonly used
in simulations, such as SFHo and SLy, lay at the lower
boundary of the allowed region, while DD2 and BHB⇤�
are on the upper boundary.
Our results show that NR simulations are key to

exploting the potential of multimessenger observations
While GW data bounds the tidal deformability of NSs
from above, the EM data and our simulations bound it
from below. The result is a competitive constraint al-
ready after the first detection of a merger event. Our
method is general, it can be applied to future obser-
vations and used to inform the priors used in the GW
data analysis. We anticipate that, with more observa-
tions and more precise simulations, the bounds on the
tidal deformability of NSs will be further improved.
The physics setting the lower bound on ⇤̃ is well un-

derstood and under control in our simulations. How-
ever, there might still be systematic errors in our results.
Large components of the NS spins parallel to the or-
bital plane are not expected, but also not constrained

6 Note that FPS is also excluded because it predicts a maximum
NS mass smaller than 2 M�.

3
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on the EOS.
To illustrate this, we notice that, since the chirp mass

of the binary progenitor of GW170817 is well measured,
for any given EOS the predicted ⇤̃ reduces to a simple

0.5 0.6 0.7 0.8 0.9 1.0
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Figure 2. Tidal parameter ⇤̃ (Eq. 1) as a function of the mass
ratio q for a fixed chirp mass Mchirp = 1.188 M�. The shaded
region shows the region excluded with 90% confidence level by the
LIGO-Virgo observations (Abbott et al. 2017b), with the addi-
tional constraint of ⇤̃ � 400 derived from the simulations and the
EM observations. EOSs whose curves enter this region are disfa-
vored. EOSs are sorted for decreasing ⇤̃ at q = 1, i.e., H4 is the
sti↵est EOS in our sample, and FPS is the softest.

function of the mass ratio, that is,

⇤̃ = ⇤̃ (q,Mchirp = 1.188M�; EOS) . (3)

We consider a set of 12 EOSs: the four used in the sim-
ulations and other eight from Read et al. (2009). We
compute ⇤̃(q) for each and show the resulting curves in
Fig. 2. There, we also show the upper bound on ⇤̃ from
the GW observations as well as the newly estimated lower
bound from the EM data. On the one hand, sti↵ EOSs,
such as H4 and HB, are already disfavored on the basis
of the GW data alone. On the other hand, EOS as soft
as FPS and APR4 are also tentatively excluded on the
basis of the EM observations6. Soft EOS commonly used
in simulations, such as SFHo and SLy, lay at the lower
boundary of the allowed region, while DD2 and BHB⇤�
are on the upper boundary.
Our results show that NR simulations are key to

exploting the potential of multimessenger observations
While GW data bounds the tidal deformability of NSs
from above, the EM data and our simulations bound it
from below. The result is a competitive constraint al-
ready after the first detection of a merger event. Our
method is general, it can be applied to future obser-
vations and used to inform the priors used in the GW
data analysis. We anticipate that, with more observa-
tions and more precise simulations, the bounds on the
tidal deformability of NSs will be further improved.
The physics setting the lower bound on ⇤̃ is well un-

derstood and under control in our simulations. How-
ever, there might still be systematic errors in our results.
Large components of the NS spins parallel to the or-
bital plane are not expected, but also not constrained

6 Note that FPS is also excluded because it predicts a maximum
NS mass smaller than 2 M�.

DR, Perego, Zappa, arXiv:1711.03647



Extreme-density physics

1 2 3 4 5

nmax/nnuc

0.5

1.0

1.5

2.0

2.5

M
[M

�
] M = 1.6 M�

BHB⇤�

DD2

2

1.5

DR, Bernuzzi, Del Pozzo+, ApJL 842:L10 (2017)

• Same EOS at low density; 
softening at high density

• Typical binaries have the same   ! 

• Different compactness, collapse 
time of remnant

• Can we tell them apart?                     
Yes with the postmerger!
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Effect on the evolution
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Gravitational waveform
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Detectability
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Conclusions & outlook

• Simulations can bridge GW and EM observations

• First results: constraints on the NS EOS

• Going forward: better neutrino transport, MHD, and longer 
simulations are needed

• Hope for the future: detection of the postmerger signal


