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to the one observed at the LIGO-Livingston detector during
GW170817. After applying the glitch subtraction tech-
nique, we found that the bias in recovered parameters
relative to their known values was well within their
uncertainties. This can be understood by noting that a
small time cut out of the coherent integration of the phase
evolution has little impact on the recovered parameters. To
corroborate these results, the test was also repeated with a
window function applied, as shown in Fig. 2 [73].
The source was localized to a region of the sky 28 deg2

in area, and 380 Mpc3 in volume, near the southern end of
the constellation Hydra, by using a combination of the
timing, phase, and amplitude of the source as observed in
the three detectors [138,139]. The third detector, Virgo, was
essential in localizing the source to a single region of the
sky, as shown in Fig. 3. The small sky area triggered a
successful follow-up campaign that identified an electro-
magnetic counterpart [50].
The luminosity distance to the source is 40þ8

−14 Mpc, the
closest ever observed gravitational-wave source and, by
association, the closest short γ-ray burst with a distance
measurement [45]. The distance measurement is correlated
with the inclination angle cos θJN ¼ Ĵ · N̂, where Ĵ is the
unit vector in the direction of the total angular momentum
of the system and N̂ is that from the source towards the
observer [140]. We find that the data are consistent with an
antialigned source: cos θJN ≤ −0.54, and the viewing angle
Θ≡minðθJN; 180° − θJNÞ is Θ ≤ 56°. Since the luminos-
ity distance of this source can be determined independently
of the gravitational wave data alone, we can use the
association with NGC 4993 to break the distance degen-
eracy with cos θJN . The estimated Hubble flow velocity
near NGC 4993 of 3017% 166 km s−1 [141] provides a
redshift, which in a flat cosmology with H0 ¼ 67.90%
0.55 km s−1 Mpc−1 [90], constrains cos θJN < −0.88 and
Θ < 28°. The constraint varies with the assumptions made
about H0 [141].

From the gravitational-wave phase and the ∼3000 cycles
in the frequency range considered, we constrain the chirp
mass in the detector frame to be Mdet ¼ 1.1977þ0.0008

−0.0003M⊙
[51]. The mass parameters in the detector frame are related
to the rest-frame masses of the source by its redshift z as
mdet ¼ mð1þ zÞ [142]. Assuming the above cosmology
[90], and correcting for the motion of the Solar System
Barycenter with respect to the Cosmic Microwave
Background [143], the gravitational-wave distance meas-
urement alone implies a cosmological redshift of
0.008þ0.002

−0.003 , which is consistent with that of NGC 4993
[50,141,144,145]. Without the host galaxy, the uncertainty
in the source’s chirp mass M is dominated by the
uncertainty in its luminosity distance. Independent of the
waveform model or the choice of priors, described below,
the source-frame chirp mass is M ¼ 1.188þ0.004

−0.002M⊙.
While the chirp mass is well constrained, our estimates

of the component masses are affected by the degeneracy
between mass ratio q and the aligned spin components χ1z
and χ2z [38,146–150]. Therefore, the estimates of q and
the component masses depend on assumptions made
about the admissible values of the spins. While χ < 1
for black holes, and quark stars allow even larger spin
values, realistic NS equations of state typically imply
more stringent limits. For the set of EOS studied in [151]
χ < 0.7, although other EOS can exceed this bound. We
began by assuming jχj ≤ 0.89, a limit imposed by
available rapid waveform models, with an isotropic prior
on the spin direction. With these priors we recover q ∈
ð0.4; 1.0Þ and a constraint on the effective aligned spin of
the system [127,152] of χeff ∈ ð−0.01; 0.17Þ. The aligned
spin components are consistent with zero, with stricter
bounds than in previous BBH observations [26,28,29].
Analysis using the effective precessing phenomenological
waveforms of [128], which do not contain tidal effects,
demonstrates that spin components in the orbital plane are
not constrained.

TABLE I. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors ðjχj ≤ 0.05Þ High-spin priors ðjχj ≤ 0.89Þ
Primary mass m1 1.36–1.60 M⊙ 1.36–2.26 M⊙
Secondary mass m2 1.17–1.36 M⊙ 0.86–1.36 M⊙
Chirp mass M 1.188þ0.004

−0.002M⊙ 1.188þ0.004
−0.002M⊙

Mass ratio m2=m1 0.7–1.0 0.4–1.0
Total mass mtot 2.74þ0.04

−0.01M⊙ 2.82þ0.47
−0.09M⊙

Radiated energy Erad > 0.025M⊙c2 > 0.025M⊙c2
Luminosity distance DL 40þ8

−14 Mpc 40þ8
−14 Mpc

Viewing angle Θ ≤ 55° ≤ 56°
Using NGC 4993 location ≤ 28° ≤ 28°
Combined dimensionless tidal deformability ~Λ ≤ 800 ≤ 700
Dimensionless tidal deformability Λð1.4M⊙Þ ≤ 800 ≤ 1400
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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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to the one observed at the LIGO-Livingston detector during
GW170817. After applying the glitch subtraction tech-
nique, we found that the bias in recovered parameters
relative to their known values was well within their
uncertainties. This can be understood by noting that a
small time cut out of the coherent integration of the phase
evolution has little impact on the recovered parameters. To
corroborate these results, the test was also repeated with a
window function applied, as shown in Fig. 2 [73].
The source was localized to a region of the sky 28 deg2

in area, and 380 Mpc3 in volume, near the southern end of
the constellation Hydra, by using a combination of the
timing, phase, and amplitude of the source as observed in
the three detectors [138,139]. The third detector, Virgo, was
essential in localizing the source to a single region of the
sky, as shown in Fig. 3. The small sky area triggered a
successful follow-up campaign that identified an electro-
magnetic counterpart [50].
The luminosity distance to the source is 40þ8

−14 Mpc, the
closest ever observed gravitational-wave source and, by
association, the closest short γ-ray burst with a distance
measurement [45]. The distance measurement is correlated
with the inclination angle cos θJN ¼ Ĵ · N̂, where Ĵ is the
unit vector in the direction of the total angular momentum
of the system and N̂ is that from the source towards the
observer [140]. We find that the data are consistent with an
antialigned source: cos θJN ≤ −0.54, and the viewing angle
Θ≡minðθJN; 180° − θJNÞ is Θ ≤ 56°. Since the luminos-
ity distance of this source can be determined independently
of the gravitational wave data alone, we can use the
association with NGC 4993 to break the distance degen-
eracy with cos θJN . The estimated Hubble flow velocity
near NGC 4993 of 3017% 166 km s−1 [141] provides a
redshift, which in a flat cosmology with H0 ¼ 67.90%
0.55 km s−1 Mpc−1 [90], constrains cos θJN < −0.88 and
Θ < 28°. The constraint varies with the assumptions made
about H0 [141].

From the gravitational-wave phase and the ∼3000 cycles
in the frequency range considered, we constrain the chirp
mass in the detector frame to be Mdet ¼ 1.1977þ0.0008

−0.0003M⊙
[51]. The mass parameters in the detector frame are related
to the rest-frame masses of the source by its redshift z as
mdet ¼ mð1þ zÞ [142]. Assuming the above cosmology
[90], and correcting for the motion of the Solar System
Barycenter with respect to the Cosmic Microwave
Background [143], the gravitational-wave distance meas-
urement alone implies a cosmological redshift of
0.008þ0.002

−0.003 , which is consistent with that of NGC 4993
[50,141,144,145]. Without the host galaxy, the uncertainty
in the source’s chirp mass M is dominated by the
uncertainty in its luminosity distance. Independent of the
waveform model or the choice of priors, described below,
the source-frame chirp mass is M ¼ 1.188þ0.004

−0.002M⊙.
While the chirp mass is well constrained, our estimates

of the component masses are affected by the degeneracy
between mass ratio q and the aligned spin components χ1z
and χ2z [38,146–150]. Therefore, the estimates of q and
the component masses depend on assumptions made
about the admissible values of the spins. While χ < 1
for black holes, and quark stars allow even larger spin
values, realistic NS equations of state typically imply
more stringent limits. For the set of EOS studied in [151]
χ < 0.7, although other EOS can exceed this bound. We
began by assuming jχj ≤ 0.89, a limit imposed by
available rapid waveform models, with an isotropic prior
on the spin direction. With these priors we recover q ∈
ð0.4; 1.0Þ and a constraint on the effective aligned spin of
the system [127,152] of χeff ∈ ð−0.01; 0.17Þ. The aligned
spin components are consistent with zero, with stricter
bounds than in previous BBH observations [26,28,29].
Analysis using the effective precessing phenomenological
waveforms of [128], which do not contain tidal effects,
demonstrates that spin components in the orbital plane are
not constrained.

TABLE I. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors ðjχj ≤ 0.05Þ High-spin priors ðjχj ≤ 0.89Þ
Primary mass m1 1.36–1.60 M⊙ 1.36–2.26 M⊙
Secondary mass m2 1.17–1.36 M⊙ 0.86–1.36 M⊙
Chirp mass M 1.188þ0.004

−0.002M⊙ 1.188þ0.004
−0.002M⊙

Mass ratio m2=m1 0.7–1.0 0.4–1.0
Total mass mtot 2.74þ0.04

−0.01M⊙ 2.82þ0.47
−0.09M⊙

Radiated energy Erad > 0.025M⊙c2 > 0.025M⊙c2
Luminosity distance DL 40þ8

−14 Mpc 40þ8
−14 Mpc

Viewing angle Θ ≤ 55° ≤ 56°
Using NGC 4993 location ≤ 28° ≤ 28°
Combined dimensionless tidal deformability ~Λ ≤ 800 ≤ 700
Dimensionless tidal deformability Λð1.4M⊙Þ ≤ 800 ≤ 1400
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GW170817: What do we know?

•The observation of GW170817  
provides  information on the 
chirp mass  

•Assuming low spin priors:

M1 +M2 = 2.74+0.04
�0.01M�

M1 = 1.36� 1.60M�

M2 = 1.17� 1.36M�

From M and q, we obtain a measure of the component
masses m1 ∈ ð1.36; 2.26ÞM⊙ and m2 ∈ ð0.86; 1.36ÞM⊙,
shown in Fig. 4. As discussed in Sec. I, these values are
within the range of known neutron-star masses and below
those of known black holes. In combination with electro-
magnetic observations, we regard this as evidence of the
BNS nature of GW170817.
The fastest-spinning known neutron star has a dimension-

less spin≲0.4 [153], and the possible BNS J1807-2500B has
spin≲0.2 [154], after allowing for a broad range of equations
of state. However, among BNS that will merge within a
Hubble time, PSR J0737-3039A [155] has the most extreme
spin, less than ∼0.04 after spin-down is extrapolated to
merger. If we restrict the spin magnitude in our analysis to
jχj ≤ 0.05, consistent with the observed population, we
recover the mass ratio q ∈ ð0.7; 1.0Þ and component masses
m1 ∈ ð1.36;1.60ÞM⊙ andm2 ∈ ð1.17; 1.36ÞM⊙ (see Fig. 4).
We also recover χeff ∈ ð−0.01; 0.02Þ, where the upper limit
is consistent with the low-spin prior.
Our first analysis allows the tidal deformabilities of the

high-mass and low-mass component, Λ1 and Λ2, to vary
independently. Figure 5 shows the resulting 90% and
50% contours on the posterior distribution with the
post-Newtonian waveform model for the high-spin and

low-spin priors. As a comparison, we show predictions
coming from a set of candidate equations of state for
neutron-star matter [156–160], generated using fits from
[161]. All EOS support masses of 2.01# 0.04M⊙.
Assuming that both components are neutron stars described
by the same equation of state, a single function ΛðmÞ is
computed from the static l ¼ 2 perturbation of a Tolman-
Oppenheimer-Volkoff solution [103]. The shaded regions in
Fig. 5 represent the values of the tidal deformabilitiesΛ1 and
Λ2 generated using an equation of state from the 90% most
probable fraction of the values ofm1 andm2, consistent with
the posterior shown in Fig. 4. We find that our constraints on
Λ1 and Λ2 disfavor equations of state that predict less
compact stars, since the mass range we recover generates
Λ values outside the 90% probability region. This is con-
sistent with radius constraints from x-ray observations of
neutron stars [162–166]. Analysis methods, in development,
that a priori assume the same EOS governs both stars should
improve our constraints [167].
To leading order in Λ1 and Λ2, the gravitational-wave

phase is determined by the parameter

~Λ ¼ 16

13

ðm1 þ 12m2Þm4
1Λ1 þ ðm2 þ 12m1Þm4

2Λ2

ðm1 þm2Þ5
ð1Þ

[101,117]. Assuming a uniform prior on ~Λ, we place a 90%
upper limit of ~Λ ≤ 800 in the low-spin case and ~Λ ≤ 700 in
the high-spin case. We can also constrain the functionΛðmÞ
more directly by expanding ΛðmÞ linearly about m ¼
1.4M⊙ (as in [112,115]), which gives Λð1.4M⊙Þ ≤ 1400
for the high-spin prior and Λð1.4M⊙Þ ≤ 800 for the low-
spin prior. A 95% upper bound inferred with the low-spin
prior, Λð1.4M⊙Þ ≤ 970, begins to compete with the 95%
upper bound of 1000 derived from x-ray observations
in [168].
Since the energy emitted in gravitational waves depends

critically on the EOS of neutron-star matter, with a wide
range consistent with constraints above, we are only able to
place a lower bound on the energy emitted before the onset
of strong tidal effects at fGW∼600Hz asErad > 0.025M⊙c2.
This is consistent with Erad obtained from numerical
simulations and fits for BNS systems consistent with
GW170817 [114,169–171].
We estimate systematic errors from waveform modeling

by comparing the post-Newtonian results with parameters
recovered using an effective-one-body model [124] aug-
mented with tidal effects extracted from numerical relativity
with hydrodynamics [172]. This does not change the
90% credible intervals for component masses and effective
spin under low-spin priors, but in the case of high-spin priors,
we obtain the more restrictive m1 ∈ ð1.36; 1.93ÞM⊙, m2 ∈
ð0.99; 1.36ÞM⊙, and χeff ∈ ð0.0; 0.09Þ. Recovered tidal
deformabilities indicate shifts in the posterior distributions
towards smaller values, with upper bounds for ~Λ and
Λð1.4M⊙Þ reduced by a factor of roughly (0.8, 0.8) in the

FIG. 4. Two-dimensional posterior distribution for the compo-
nent massesm1 andm2 in the rest frame of the source for the low-
spin scenario (jχj < 0.05, blue) and the high-spin scenario
(jχj < 0.89, red). The colored contours enclose 90% of the
probability from the joint posterior probability density function
for m1 and m2. The shape of the two dimensional posterior is
determined by a line of constant M and its width is determined
by the uncertainty inM. The widths of the marginal distributions
(shown on axes, dashed lines enclose 90% probability away from
equal mass of 1.36M⊙) is strongly affected by the choice of spin
priors. The result using the low-spin prior (blue) is consistent with
the masses of all known binary neutron star systems.
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M =
(m1m2)

3/5

(m1 +m2)
1/5
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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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The Astrophysical Journal Letters, 732:L6 (6pp), 2011 May 1 Rezzolla et al.

Figure 2. Left panel: GW signal shown through the ℓ = 2,m = 2 mode of the + polarization, (h+)22 (top part), and the MHD luminosity, LMHD (bottom part) as
computed from the integrated Poynting flux and shown with a solid line. The corresponding energy, EMHD, is shown with a dashed line. The dotted and dashed vertical
lines show the times of merger (as deduced from the first peak in the evolution of the GW amplitude) and BH formation, respectively. Right panel: evolution of the
maximum of the magnetic field in its poloidal (red solid line) and toroidal (blue dashed line) components. The bottom panel shows the maximum local fluid energy,
indicating that an unbound outflow (i.e., Eloc > 1) develops and is sustained after BH formation.

between a few 1047 erg and a few 1049 erg over a fraction of a
second. This energy would be sufficient to launch a relativistic
fireball, but because we do not yet account for radiative losses,
the large reservoir of thermal energy in the torus cannot be
extracted in our simulations.

The GW signal of the whole process is shown in the left
panel of Figure 2, while the bottom part exhibits the evolution
of the MHD luminosity, LMHD, as computed from the integrated
Poynting flux (solid line) and of the corresponding energy, EMHD
(dashed line). Clearly, the MHD emission starts only at the
time of merger and increases exponentially after BH formation,
when the GW signal essentially shuts off. Assuming that the
quasi-stationary MHD luminosity is ≃4 × 1048 erg s−1, the
total MHD energy released during the lifetime of the torus is
≃1.2 × 1048 erg, which, if spread over an opening half-angle
of ∼30◦ (see discussion below), suggests a lower limit to the
isotropic equivalent energy in the outflow of ≃9 × 1048 erg.
While this is at the low end of the observed distribution of
gamma-ray energies for SGRBs, larger MHD luminosities are
expected either through the additional growth of the magnetic
field via the ongoing winding of the field lines in the disk (the
simulation covers only one-tenth of taccr), or when magnetic
reconnection (which cannot take place within our ideal-MHD
approach) is also accounted for (which may also increase the
gamma-ray efficiency; see, e.g., McKinney & Uzdensky 2010).

The last two panels of Figure 1 offer views of the accreting
torus after the BH formation. Although the matter dynamics
is quasi-stationary, the last two panels clearly show that the
magnetic field is not and instead evolves significantly. Only
if the system is followed well after the formation of a BH,
MHD instabilities are seen to develop and generate the central,
low-density, poloidal-field funnel. This regime, which was not
accessible to previous simulations (Price & Rosswog 2006;
Anderson et al. 2008; Liu et al. 2008), is essential for the
jet formation (Aloy et al. 2005; Komissarov et al. 2009).
Because the strongly magnetized matter in the torus is highly
conductive, it shears the magnetic-field lines via differential
rotation. A measurement of the angular velocity in the torus
indicates that it is essentially Keplerian and thus unstable
to the magnetorotational instability (MRI; Balbus & Hawley

1998), which develops ≃5 ms after BH formation and amplifies
exponentially both the poloidal and the toroidal magnetic fields;
the e-folding time of the instability is ≃2.5 ms and in good
agreement with the one expected in the outer parts of the torus
(Balbus & Hawley 1998). Because of this exponential growth,
the final value of the magnetic field is largely insensitive to the
initial strength and thus a robust feature of the dynamics.

A quantitative view of the magnetic-field growth is shown
in the right panel of Figure 2, which shows the evolution of
the maximum values in the poloidal and toroidal components.
Note that the latter is negligibly small before the merger,
reaches equipartition with the poloidal field as a result of a
Kelvin–Helmholtz instability triggered by the shearing of the
stellar surfaces at merger (Price & Rosswog 2006; Giacomazzo
et al. 2009), and finally grows to ≃1015 G by the end of the
simulation. At later times (t ! 22 ms), when the instability
is suppressed, the further growth of the field is due to the
shearing of the field lines and it increases only as a power law
with exponent 3.5(4.5) for the poloidal (toroidal) component.
Although the magnetic-field growth essentially stalls after
t ≃ 35 ms, further slower growths are possible (Obergaulinger
et al. 2009), yielding correspondingly larger Poynting fluxes.
Indeed, when the ratio between the magnetic flux across the
horizon and the mass accretion rate becomes sufficiently large, a
Blandford–Znajek mechanism (Blandford & Znajek 1977) may
be ignited (Komissarov & Barkov 2009); such conditions are
not met over the timescale of our simulations, but could develop
over longer timescales. Also shown in the right panel of Figure 2
is the maximum local fluid energy, highlighting that an unbound
outflow (i.e., Eloc > 1) develops after BH formation along the
outer walls of the torus and persists for the whole duration of
the simulation.

Finally, Figure 3 provides a summary of the magnetic-field
dynamics. It shows the magnetic field in the HMNS formed after
the merger and its structure and dynamics after the collapse to
BH. In particular, in the last three panels it shows the magnetic-
field structure inside the torus and on the equatorial plane
(green), and outside the torus and near the axis (white). It is
apparent that the highly turbulent magnetic field in the HMNS
(t = 13.8 ms) changes systematically as the BH is produced

3
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GW170817A

The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09

0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0

GW.
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Light curves
rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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rate for this mass of r-process material, Mr–p, is
plotted in Fig. 4A.
Although heating from ~0.01 M⊙ of r-process

ejecta could explain thepeak observed luminosity,
it would have several further consequences. First,
the fast rise (<0.5 days) would require that the
specific opacity, k, of this material be less than
~0.08 cm2 g–1 (34). The opacity is strongly de-
pendent on the presence of lanthanide elements,
because they have a large number of bound-
bound transitions due to the presence of an open
f shell (37). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-
rich. Then, the abundance of lanthanides is
strongly dependent on the neutron richness of
the ejecta, often expressed as the electron frac-
tion Ye, where Ye = 0.5 for symmetric matter
(equal proportions of neutrons and protons) and
Ye = 0 for pure neutrons. To produce material
with such lowopacity that is relatively lanthanide-
free would require Ye ≳ 0:3.
Second, this low inferred opacity would cause

the associated material to quickly become op-
tically thin (within ~2 days, when SSS17a is blue/
hot). A low optical depth is inconsistent with the
continuing optical emission that we observed
over the following weeks from SSS17a, so this
model necessitates an additional higher-opacity
component. Comparing the r-process heating to
the later light curve yields a mass estimate of
0.05 ± 0.02M⊙ (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2 to 3 weeks
requires an opacity k ≳ 5cm3g!1 . The evolution
of the light curve over this time interval therefore
constitutes evidence for a second, lanthanide-rich
component, which dominates at later times when
the SSS17a is red/cool.
Such two-component ejecta are generally ex-

pected for neutron star mergers (38, 39). This
structure could correspond to two distinct phys-
ical components, where the lanthanide-rich com-
ponent arises from material ejected on dynamical
time scales via processes such as tidal forces (40)
and the lanthanide-free component forms on
longer time scales (~seconds), such as from the
accretion disk wind (41). Alternatively, both of
these compositional components could arise
from the same dynamical ejecta (42, 43). The exact
contribution of each component to the observed
light curve depends on themass ratio of the merg-
ingbinary, aswell as the orientation relative to the
line of sight (44). For example, it is possible that
the blue component could be underestimated if it
is partially obscured/absorbed by the material
producing the red component. Detailed mod-
eling, which accounts for these degeneracies, is
presented in a companion paper (45).
Figure 4C shows the evolution of the mea-

sured radii. A comparison to model curves for
material moving at 10, 20, and 30% of the speed
of light indicates that the photosphere expands
at relativistic speeds in the first few days. How-
ever, after about 5 days, the photosphere begins
moving inward. This behavior is reminiscent of
hydrogen-rich core-collapse supernovae after hy-
drogen recombination (46), and a similar process
may be occurring here. In the case of an r-process

powered transient, recombination of the open
f-shell lanthanide elements, such as neodymium,
is expected to begin at a temperature of ~2500 K
(37). These ionized elements are the dominant
opacity source, so the recombination causes the
opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated
by the effective temperature of ~2500 K that we
measure from the SED for t > 5 days and supports

our assumption of a roughly constant temper-
ature throughout the remainder of the evolution.
Other processes have been considered for pro-

viding an optical counterpart to neutron star
mergers, including magnetic dipole spin-down,
heating from radioactive nickel, and cocoon
emission [e.g., (47–49)]. These models must be
compared with our detailed observations as well.
For instance, luminosity poweredby the spin-down
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Fig. 3. Evolution of the UV to near-IR
SED of SSS17a. (A) The vertical axis, log
Fl,o, is the logarithm of the observed
flux. Fluxes have been corrected for
foreground Milky Way extinction (34).
Detections are plotted as filled symbols,
and upper limits for the third epoch
(1.0 days postmerger) as downward
pointing arrows. Less-constraining upper
limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after
the merger, the peak of the SED shifts
from the near-UV (<4500 Å) to the near-IR
(>1 mm) and fades by a factor >70. The
SED is broadly consistent with a thermal
distribution, and the colored curves repre-
sent best-fitting blackbody models at each
epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature
falls from ≳ 10,000 K to ~5000 K. The
epoch and best-fitting blackbody temper-
ature (rounded to 100 K) are listed. SEDs
for each epoch are also plotted individually
in fig. S2 and described in (34). (B) Filter
transmission functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the
UV to near-IR SEDs of SSS17. Vertical dashed
lines indicate the time of merger and 4 days
postmerger, between which SSS17a undergoes
a period of rapid expansion and cooling. (A)
Pseudo-bolometric light curve evolution; repre-
sentative r-process radioactive heating curves
are also shown. Although the initial observed
peak is consistent with ~0.01 M⊙ of r-process
material (blue curve), this underpredicts the
luminosity at later times. Instead, the late-time
(>4 days) light curve matches radioactive
heating from 0.05 ± 0.02 M⊙ of r-process
material (red curve). (B) Best-fitting blackbody
model temperatures. At 11 hours after the
merger, SSS17a is consistent with a blackbody
of ≳ 10,000 K. Between 4.5 and 8.5 days, the
temperature asymptotically approaches ~2500 K,
the temperature at which open f-shell lan-
thanide elements are expected to recombine.
Radii and luminosities beyond 8.5 days are
computed assuming a temperature of

2500þ500
!1000 K and are plotted as squares. This

temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody
model radii. Curved lines represent the radius of material moving at 10, 20, and 30% the speed of
light. At early times the increase in radius with time implies that the ejecta are expanding
relativistically. After ~5 days, the measured radii decrease, likely due to recombination.
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AT2017gfo: Kilonova picture

Table 1: Key Properties of GW170817
Property Value Reference

Chirp mass, M (rest frame) 1.188+0.004
�0.002M� 1

First NS mass, M
1

1.36� 1.60M� (90%, low spin prior) 1
Second NS mass, M

2

1.17� 1.36M� (90%, low spin prior) 1
Total binary mass, M

tot

= M
1

+M
2

⇡ 2.740.04�0.01M� 1
Observer angle relative to binary axis, ✓

obs

11� 33� (68.3%) 2
Blue KN ejecta (A

max

. 140) ⇡ 0.01� 0.02M� e.g., 3,4,5
Red KN ejecta (A

max

& 140) ⇡ 0.04M� e.g., 3,5,6
Light r-process yield (A . 140) ⇡ 0.05� 0.06M�
Heavy r-process yield (A & 140) ⇡ 0.01M�

Gold yield ⇠ 100� 200M� 8
Uranium yield ⇠ 30� 60M� 8

Kinetic energy of o↵-axis GRB jet 1049 � 1050 erg e.g., 9, 10, 11, 12
ISM density 10�4 � 10�2 cm�3 e.g., 9, 10, 11, 12

(1) LIGO Scientific Collaboration et al. 2017c; (2) depends on Hubble Constant, LIGO Scientific Collabora-
tion et al. 2017d; (3) Cowperthwaite et al. 2017; (4) Nicholl et al. 2017; (5) Kasen et al. 2017; (6) Chornock
et al. 2017; (8) assuming heavy r-process (A > 140) yields distributed as solar abundances (Arnould et al.,
2007); (9)Margutti et al. 2017; (10) Troja et al. 2017; (11) Fong et al. 2017; (12) Hallinan et al. 2017

Figure 2: Scenario for the EM counterparts
of GW170817, as viewed by the observer (Al
Cameron) from the inferred binary inclination
angle ✓

obs

⇡ 0.2� 0.5 (LIGO Scientific Collab-
oration et al., 2017d), as motivated by interpre-
tations presented in several papers (e.g. Cow-
perthwaite et al. 2017; Kasen et al. 2017; Nicholl
et al. 2017; Chornock et al. 2017; Fong et al.
2017; Kasen et al. 2017; Margutti et al. 2017;
LIGO Scientific Collaboration et al. 2017b).
Timeline: (1) Two NSs with small radii . 11
km and comparable masses (q ⇡ 1) coalesce.
The dynamical stage of the merger ejects only
a small mass . 10�2M� in equatorial tidal
ejecta, but a larger quantity ⇡ 10�2M� of
Ye > 0.25 matter into the polar region at
v ⇡ 0.2 � 0.3 c, which synthesizes exclusively
light r-process nuclei (e.g. xenon and silver);
(2) The merger product is a meta-stable hy-
permassive NS, which generates a large accre-
tion torus ⇠ 0.1M� as it sheds its angular mo-
mentum and collapses into a BH on a timescale
of . 100 ms; (3) The torus-BH powers a col-
limated GRB jet, which burrows through the
polar dynamical ejecta on a timescale of . 2
s; (4) Gamma-rays from the core of the GRB
jet are relativistically beamed away from our
sight line, but a weaker GRB is nevertheless
observed from the o↵-axis jet or the hot co-
coon created as the jet breaks through the po-
lar ejecta; (5) On a similar timescale, the ac-
cretion disk produces a powerful wind ejecting
⇡ 0.04M� of Ye . 0.25 matter which expands
quasi-spherically at v ⇡ 0.1 c and synthesizes
also heavy r-process nuclei such as gold and ura-
nium; (6) After several hours of expansion, the
polar ejecta becomes di↵usive, powering ⇠ vi-
sual wavelength (“blue”) kilonova emission last-
ing for a few days; (7) over a longer timescale ⇡

1 week, the deeper disk wind ejecta becomes dif-
fusive, powering red kilonova emission; (8) the
initially on-axis GRB jet decelerates by shock-
ing the ISM, such that after ⇡ 2 weeks its X-ray
and radio synchrotron afterglow emission rises
after entering the observer’s causal cone.
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Blue ejecta: ~0.01 
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Red ejecta: ~0.04 
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Ingredients to constrain EOS

EOS CONSTRAINTS

Numerical relativity Physics modelling

Observations

∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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Table 1: Key Properties of GW170817
Property Value Reference

Chirp mass, M (rest frame) 1.188+0.004
�0.002M� 1

First NS mass, M
1

1.36� 1.60M� (90%, low spin prior) 1
Second NS mass, M

2

1.17� 1.36M� (90%, low spin prior) 1
Total binary mass, M

tot

= M
1

+M
2

⇡ 2.740.04�0.01M� 1
Observer angle relative to binary axis, ✓

obs

11� 33� (68.3%) 2
Blue KN ejecta (A

max

. 140) ⇡ 0.01� 0.02M� e.g., 3,4,5
Red KN ejecta (A

max

& 140) ⇡ 0.04M� e.g., 3,5,6
Light r-process yield (A . 140) ⇡ 0.05� 0.06M�
Heavy r-process yield (A & 140) ⇡ 0.01M�

Gold yield ⇠ 100� 200M� 8
Uranium yield ⇠ 30� 60M� 8

Kinetic energy of o↵-axis GRB jet 1049 � 1050 erg e.g., 9, 10, 11, 12
ISM density 10�4 � 10�2 cm�3 e.g., 9, 10, 11, 12

(1) LIGO Scientific Collaboration et al. 2017c; (2) depends on Hubble Constant, LIGO Scientific Collabora-
tion et al. 2017d; (3) Cowperthwaite et al. 2017; (4) Nicholl et al. 2017; (5) Kasen et al. 2017; (6) Chornock
et al. 2017; (8) assuming heavy r-process (A > 140) yields distributed as solar abundances (Arnould et al.,
2007); (9)Margutti et al. 2017; (10) Troja et al. 2017; (11) Fong et al. 2017; (12) Hallinan et al. 2017

Figure 2: Scenario for the EM counterparts
of GW170817, as viewed by the observer (Al
Cameron) from the inferred binary inclination
angle ✓

obs

⇡ 0.2� 0.5 (LIGO Scientific Collab-
oration et al., 2017d), as motivated by interpre-
tations presented in several papers (e.g. Cow-
perthwaite et al. 2017; Kasen et al. 2017; Nicholl
et al. 2017; Chornock et al. 2017; Fong et al.
2017; Kasen et al. 2017; Margutti et al. 2017;
LIGO Scientific Collaboration et al. 2017b).
Timeline: (1) Two NSs with small radii . 11
km and comparable masses (q ⇡ 1) coalesce.
The dynamical stage of the merger ejects only
a small mass . 10�2M� in equatorial tidal
ejecta, but a larger quantity ⇡ 10�2M� of
Ye > 0.25 matter into the polar region at
v ⇡ 0.2 � 0.3 c, which synthesizes exclusively
light r-process nuclei (e.g. xenon and silver);
(2) The merger product is a meta-stable hy-
permassive NS, which generates a large accre-
tion torus ⇠ 0.1M� as it sheds its angular mo-
mentum and collapses into a BH on a timescale
of . 100 ms; (3) The torus-BH powers a col-
limated GRB jet, which burrows through the
polar dynamical ejecta on a timescale of . 2
s; (4) Gamma-rays from the core of the GRB
jet are relativistically beamed away from our
sight line, but a weaker GRB is nevertheless
observed from the o↵-axis jet or the hot co-
coon created as the jet breaks through the po-
lar ejecta; (5) On a similar timescale, the ac-
cretion disk produces a powerful wind ejecting
⇡ 0.04M� of Ye . 0.25 matter which expands
quasi-spherically at v ⇡ 0.1 c and synthesizes
also heavy r-process nuclei such as gold and ura-
nium; (6) After several hours of expansion, the
polar ejecta becomes di↵usive, powering ⇠ vi-
sual wavelength (“blue”) kilonova emission last-
ing for a few days; (7) over a longer timescale ⇡

1 week, the deeper disk wind ejecta becomes dif-
fusive, powering red kilonova emission; (8) the
initially on-axis GRB jet decelerates by shock-
ing the ISM, such that after ⇡ 2 weeks its X-ray
and radio synchrotron afterglow emission rises
after entering the observer’s causal cone.
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Figure 11. Schematic picture for the overall mass ejection processes in the merger and post-merger phases of binary neutron stars. The
time of the delayed collapse of the MNS depends on the neutron-star EOS and the total mass of the binary. If the neutron-star EOS is sti↵
enough or the total mass of the binary is small enough, the MNS survives for a long timescale (Case I), at least the timescale of neutrino
cooling ⇠ 10 s. Otherwise, the MNS collapses to a black hole in the thermal timescale, which is determined by the thermal energy of the
MNS and neutrino emission rate, or the timescale for angular momentum transport in the MNS (Case II).

late-time equatorial viscosity-driven ejecta would have a
much lower value of Y

e

. We also note that if the lifetime
of the MNS is shorter than . 1 s, the value of Y

e

for the
late-time viscosity-driven ejecta could be smaller than
0.3 (Metzger & Fernández 2014; Lippuner et al. 2017).

In the end of this subsection, we emphasize that the
viscous hydrodynamics we employ in this work is an ef-
fective approach to take into account the angular mo-
mentum transport and heating due to the MHD turbu-
lence, and hence, the values of the viscosity parameter
we assumed in this work should be justified by perform-
ing very high-resolution MHD simulations which resolve
a variety of MHD instabilities in the future.

4.2. Elemental Abundance in the Ejecta and
Implications for the Electromagnetic Signals

Here, we discuss the elemental abundance in the post-
merger ejecta. We note that we do not consider the dy-
namical ejecta in this subsection.

Figure 14 shows the mass histogram of the ejecta as a
function of the electron fraction and specific entropy at
t = 1 s for ↵

vis

= 0.02 and 0.04. As found in this figure,
the electron fraction of the ejecta is widely distributed,
but the mass of the ejecta component with Y

e

. 0.25 is
minor. In this ejecta, it is expected that the r-process
elements heavier than the second peak, including lan-
thanide elements are not significantly synthesized (e.g.,
Wanajo et al. 2014; Martin et al. 2015; Tanaka et al.
2017).

Note that the mass histogram of the ejecta for ↵
vis

=
0.04 exhibits remarkable excess in Y

e

⇡ 0.3 � 0.4 and
s/k

B

. 10, compared to those for ↵
vis

= 0.02. The
reason for this is that for ↵

vis

= 0.02, the ejecta at
t = 1 s is composed mainly of the early viscosity-driven

and the late-time polar viscosity-driven ejecta, while for
↵

vis

= 0.04, it is in addition composed of the late-time
equatorial viscous-driven ejecta. Thus, the excess found
for ↵

vis

= 0.04 indicates that the late-time equatorial
viscosity-driven ejecta has Y

e

= 0.3–0.4 and s/k
B

. 10.
We performed a nucleosynthesis calculation as a post

process to the ejecta as done in Wanajo et al. (2014).
In our scheme, the temporal evolution of temperature,
density, and Y

e

are obtained by using a tracer parti-
cle method (see, Nishimura et al. 2015, for details and
methodology). In this work, we employed a nuclear
reaction network by Nishimura et al. (2016), of which
the base theoretical nuclear mass formula is the FRDM
(Möller et al. 1995).

Figure 15 shows the mass fraction of the nuclei as a
function of atomic number Z for five angle bins shown
in Figs. 12 and 13 for the model with ↵

vis

= 0.04, in
which the late-time equatorial viscosity-driven ejecta is
found clearly. As expected from the Y

e

histogram, the
r-process nucleosynthesis does not proceed su�ciently,
and remarkably, the mass fraction of lanthanide ele-
ments is very small. Especially, the material ejected
to angular regions 1–4 in Fig. 12 (i.e., ✓ < 60�) is ap-
proximately lanthanide-free (the mass fraction of the
lanthanide elements is . 10�8). If the ejecta is con-
taminated only minorly by the lanthanide elements, the
opacity of the ejecta is ⌧ 10 cm2 g�1 and would be
⇠ 0.1 � 1 cm2 g�1 (Tanaka et al. 2017). According to
the standard macronova/kilonova model (Li & Paczyński
1998; Metzger et al. 2010), if we observe the post-merger
ejecta directly, the time to reach the peak emission, peak
luminosity, and its e↵ective temperature are estimated to
give

Expected lifetime
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FIG. 17. Comparison of the mass distributions of unbound
tracer particles in terms of their electron fraction at t = t5GK

for the fiducial case without neutrino absorption as in [70] and
including neutrino absorption according to a spherical black
body light-bulb scheme (see the text; “⌫ abs. BB sphere”)
and according to ring-like black body emission (see the text;
“⌫ abs. BB ring”).

the disk (see Fig. 13, bottom panel). The neutrino dis-
tribution function in energy space as a function of coor-
dinate radius r for species ⌫i is then given by

f⌫
i

(E, r; T̄⌫
i

, L⌫
i

) =
1

2

 
1�

r
1� r

2
⌫
i

r

2

!
fFD(E, T̄⌫

i

).

(68)
Ring-like black body. In a second approach following

the neutrino emission geometry of [49], we assume that
neutrinos are emitted with luminosity L⌫

i

and temper-
ature T̄⌫

i

from a ring of radius Rem,⌫
i

in the equatorial
plane around the BH (cf. Eqs. (62), (63), and (66)). This
geometry more closely resembles neutrino emission from
the disk, as most of the emission is confined to regions
close to the midplane (cf. Fig. 7, lower panel) and as the
e↵ective emission rates Q

e↵
⌫
i

are indeed sharply peaked
around some characteristic emission radius r ' Rem,⌫

i

(cf. Fig. 11, upper panel). In analogy to Eq. (68), the
neutrino distribution function in this case is given by

f⌫
i

(E, r, ✓; T̄⌫
i

, L⌫
i

, Rem,⌫
i

) =
1

2
N⌫

i

I⌫
i

fFD(E, T̄⌫
i

), (69)

where

N⌫
i

=
L⌫

i

4⇡R2
em,⌫

i

7
16�T̄

4
⌫
i

(70)

and

I⌫
i

=
1

2⇡

✓
Rem,⌫

i

r

◆2 Z 2⇡

0

d�R

2D(r, ✓, Rem,⌫
i

,�R)/r2
. (71)

Here, r and ✓ denote the radial coordinate and polar an-
gle, respectively, and �R denotes the azimuthal angle that
parametrizes the neutrino emission ring. Furthermore,

D = r

"
1 +

✓
Rem,⌫

i

r

◆2

� 2
Rem,⌫

i

r

sin ✓ cos�R

#1/2
(72)

is the distance between a spatial point (r, ✓) and the neu-
trino emission ring at position �R (cf. Fig. B2 of [49]).
Figure 16 reports detailed abundance yields computed

including neutrino absorption with the two methods out-
lined above, in comparison to previous results obtained
by neglecting neutrino absorption [70]. It is reassuring
that these results do not depend on the method by which
neutrino absorption is included, both approaches lead to
essentially the same abundance yields. This is not sur-
prising, given that the source of neutrino radiation with
a diameter of essentially 60 � 80 km is su�ciently com-
pact compared to the spatial size of the entire disk and
outflows (cf. Sec. IVE).
With neutrino absorption included, the production of

the entire range of r-process nuclei from the first to the
third peak of the r-process can be explained. Includ-
ing neutrino absorption dramatically improves the agree-
ment between abundance yields of the lighter nuclei from
the first to the second r-process peak (A ⇠ 80�120) com-
pared to the observed solar system abundances. This
is due to neutrinos irradiating part of the outflow and
the outer parts of the disk, thereby raising Ye in part
of the outflow (see Fig. 17), which enhances the pro-
duction of lighter r-process nuclei. However, a strong
second-to-third peak r-process is still maintained. The
fact that even in the presence of strong neutrino irradia-
tion, the outflows well reach the production of third peak
elements at the required level to explain solar abundances
is at least in part due to the self-regulation mechanism
discussed in Sec. IVC, which continuously releases very
neutron rich material into the outflow. The excellent
agreement with observed abundances is also reflected in
the lower panel of Fig. 16, which compares the abundance
yields from our simulation including neutrino absorption
with observed abundances in metal-poor stars in the halo
of the Milky Way.

VI. CONCLUSION

Below we summarize our main results and conclusions:

(i) We witness the onset of MHD turbulence,
which quickly results in a steady turbulent state
(Sec. IVA) and an e↵ective initial disk configura-
tion that is very similar to results from recent NS–
NS or NS–BH merger simulations. The disk re-
mains in this steady turbulent state for the rest of
the simulation time (Fig. 6). The butterfly diagram
(Fig. 7) indicates a fully operational magnetic dy-
namo with a secular cycle of roughly ⇠20ms. The
dynamo generates magnetic fields of alternating po-
larities in the disk midplane which slowly migrate
to higher latitudes where they gradually dissipate
into heat in a ‘hot corona’.

(ii) We find the emergence of a hot disk corona at
higher latitudes. There, viscous heating from MHD
turbulence and dissipation of magnetic fields is not

no high Ye ejecta

ERM et al in prep.
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Figure 5: Top row: Magnetic-field strength (left panels) and rest-mass density (right panels)
before and after collapse to a black hole of the product of a BNS merger. Bottom row: entropy
density (left panels) and electron fraction (right panels) before and after collapse. The data
refers to an equal-mass BNS with M = 2.7 M� and the SFHO EOS [14].

Finally the allocation has also served to further develop and test a novel method
for the solution of the equations of relativistic hydrodynamics, named ELH
(Entropy-limited hydrodynamics) [15]. This method is a flux-limiter scheme,
where the strength of the limiter is driven by a measure of the local production
of entropy in the fluid, allowing to efficiently track shocks and other problematic
features in the flow. Moreover, since this method avoids the complications usu-
ally associated with HRSC schemes, it can outperform them, and this simplicity
be exploited to write highly efficient and optimized code.

4 Publications with project results

List publications published in peer-reviewed journals or peer-reviewed confer-
ence proceedings, which contain results obtained in this project. LB: I’ve

added mine. please add others

• M. Hanauske, K. Takami, L. Bovard, L. Rezzolla, J. A. Font, F. Galeazzi,
and H. Stöcker. Rotational properties of hypermassive neutron stars from
binary mergers. Phys. Rev. D, 96(4):043004, August 2017.
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Prompt collapse

Bauswein et al 2013

If the two NS in a binary are too 
heavy, the system will undergo 

prompt collapse

of the code). Our study considers 12 microphysical, fully
temperature-dependent EoSs with maximum masses in
the range of 1.95 to 2:79M!, which is compatible with
the observation of a 1:97M! " 0:04M! pulsar [36] (see
Table I). With the exception of the IUF EoS, these EoSs
are also consistent with the detection of a NSwith a mass of
2:01M! " 0:04M! [49]. The radii Rmax of the maximum-
mass configurations vary between 10.32 and 13.43 km (see
also Ref. [23] for the mass-radius relations of most EoSs
considered here). The EoSs are chosen without any selec-
tion procedure and cover approximately the full range of
high-density models regarding their stellar properties. As
initial conditions, we set up cold NSs in neutrinoless beta
equilibrium on a quasiequilibrium orbit a few revolutions
before merging. We assume irrotational stars since tidal
locking is unlikely [50,51], and the orbital period is short
compared to possible stellar rotation. Unless stated other-
wise, we use a resolution of about 340 000 SPH particles.

For each EoS, we determine Mthres by performing simu-
lations of binaries with different values of Mtot, which is
defined as the binary’s total gravitational mass at infinitely
large binary separation. We focus on equal-mass binaries
here and increaseMtot in increments of 0:1M!. We identify
Mstab with the mass of the most massive binary in our
sample with a dynamically stable remnant, i.e., the most
massive system that results in a delayed collapse. We
similarly identifyMunstab with the mass of the least massive
binary whose merger triggers prompt collapse. We then
estimate Mthres ¼ ðMstab þMunstabÞ=2M! " 0:05M!.

Since thermal pressure has an important effect on the
collapse behavior (see, e.g., Refs. [31,35,52]), we have

only considered fully temperature-dependent EoSs in
this study. Many other simulations instead supplement a
barotropic, zero-temperature EoS with a thermal ideal-gas
component in order to approximate finite-temperature
effects [12–14,19,20,23,26,35]. We have found that in
such a ‘‘hybrid’’ treatment the threshold mass Mthres

depends strongly on the ideal-gas index !th. Since !th is
neither unambiguously defined nor constant [35], fully
temperature-dependent EoSs will provide more reliable
values for Mthres than a hybrid treatment.
In order to calibrate the error introduced by the confor-

mal flatness approximation, we reproduced the fully rela-
tivistic simulations of Ref. [20] and found the same
collapse behavior in all but one case, for which we
obtained a small shift in Mthres [53]. We conclude that
the effects of the conformal flatness approximation on
our results are small. We verified that our resolution with
SPH particles is sufficient by reproducing our findings for
the DD2 EoS with both 731 000 and 1 202 000 SPH parti-
cles. Finally, we reran our simulations for the DD2 EoS
starting with different initial binary separations (leading to
2.5, 3.5, and 4.5 orbits before merging) to confirm that this
separation does not affect our results.
Results.—The EoS dependence of Mthres and k can be

expressed by the stellar parameters of nonrotating NSs,
which are uniquely determined by the EoS and thus char-
acterize a given EoS. Our survey reveals that k scales very
well with the compactness Cmax ¼ ðGMmaxÞ=ðc2RmaxÞ of
the maximum-mass configuration of nonrotating NSs
(Fig. 1). We find a similarly tight relation when k is
expressed as a function of C'

1:6 ¼ ðGMmaxÞ=ðc2R1:6Þ, where
R1:6 is the radius of a 1:6M! NS (see Fig. 1). SinceR1:6 may
be more easily determined than Rmax, both by future obser-
vations [23,29,55,56] and theoretical considerations [57],
C'
1:6 might be a more useful quantity than Cmax.
As can be seen in Fig. 1, k is a nearly linear function

of C'
1:6 in the regime of interest. The maximum residual

from the linear fit k ¼ jC'
1:6 þ a with j ¼ (3:606 and

TABLE I. Sample of temperature-dependent, nuclear EoSs
used in this study. Here Mmax, Rmax, Cmax, and !c are the
gravitational mass, areal radius, compactness, and central energy
density of the maximum-mass TOV configurations. We list !c in
units of the nuclear saturation density !0 ¼ 2:7) 1014 g=cm3.
R1:6 is the areal radius of 1:6M! NSs. Mthres denotes the total
binary mass that separates prompt from delayed collapse (see the
text). fstabpeak is the dominant GW frequency in the postmerger

phase of the binary with Mtot ¼ Mstab, the most massive binary
configuration of our sample that does not collapse promptly.

EoS
Mmax

(M!)
Rmax

(km) Cmax

R1:6

(km)
Mthres

(M!) !c=!0

fstabpeak

(kHz)

NL3 [37,38] 2.79 13.43 0.307 14.81 3.85 5.6 2.78
GS1 [39] 2.75 13.27 0.306 14.79 3.85 5.7 2.81
LS375 [40] 2.71 12.34 0.325 13.71 3.65 6.5 3.05
DD2 [38,41] 2.42 11.90 0.300 13.26 3.35 7.2 3.06
Shen [42] 2.22 13.12 0.250 14.46 3.45 6.7 2.85
TM1 [43,44] 2.21 12.57 0.260 14.36 3.45 6.7 2.91
SFHX [45] 2.13 10.76 0.292 11.98 3.05 8.9 3.52
GS2 [46] 2.09 11.78 0.262 13.31 3.25 7.6 3.19
SFHO [45] 2.06 10.32 0.294 11.76 2.95 9.8 3.67
LS220 [40] 2.04 10.62 0.284 12.43 3.05 9.4 3.52
TMA [44,47] 2.02 12.09 0.247 13.73 3.25 7.2 2.96
IUF [38,48] 1.95 11.31 0.255 12.57 3.05 8.1 3.31
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FIG. 1. Coefficient k [Eq. (1)] as a function of Cmax ¼
GMmax=ðc2RmaxÞ (crosses) and C'

1:6 ¼ GMmax=ðc2R1:6Þ (circles).
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Direct life time assessment
Numerical simulations can also 

directly exclude EOS that
lead to a rapid collapse for 

M ~ 2.7 Msun

TABLE II. List of the simulation models in which a MNS is formed. The model is referred to as the name ‘‘EOS’’-‘‘m1,’’ ‘‘m2;’’ e.g.,
the model employing APR4, m1 ¼ 1:3M", and m2 ¼ 1:4M" is referred to as model APR4-130140. The second–fourth columns show
the adiabatic index for the thermal pressure for the piecewise polytropic EOS and masses of two components. The last three columns
show the numerical results, approximate lifetime of the MNS that was found in our simulation time, the rest mass of disks surrounding
the remnant black hole, and final gravitational mass of the system. The — denotes that the lifetime of the MNS is much longer than
30 ms and we did not find a black-hole formation in our simulation time. The disk mass is measured at 10 ms after the formation of the
black hole. We note that a black hole is formed soon after the onset of the merger with m # 2:9M" for APR4 and with m # 2:8M" for
SLy. For ALF2 with m ¼ 2:9M", a MNS is formed after the merger but its lifetime is quite short, <5 ms.

m1 m2 Lifetime Disk mass Final mass
Model !th ðM"Þ ðM"Þ (ms) ðM"Þ ðM"Þ
APR4-130150 1.8 1.30 1.50 30 0.12 2.69
APR4-140140 1.8 1.30 1.50 35 0.12 2.69
APR4-120150 1.6, 1.8, 2.0 1.20 1.50 — — 2.60, 2.59, 2.59
APR4-125145 1.8 1.25 1.45 — — 2.60
APR4-130140 1.8 1.30 1.40 — — 2.60
APR4-135135 1.6, 1.8, 2.0 1.35 1.35 — — 2.59, 2.61, 2.60
APR4-120140 1.8 1.20 1.40 — — 2.52
APR4-125135 1.8 1.25 1.35 — — 2.53
APR4-130130 1.8 1.30 1.30 — — 2.53

SLy-120150 1.8 1.20 1.50 10 0.12 2.60
SLy-125145 1.8 1.25 1.45 15 0.14 2.60
SLy-130140 1.8 1.30 1.40 15 0.11 2.60
SLy-135135 1.8 1.35 1.35 10 0.08 2.58
SLy-130130 1.8 1.30 1.30 — — 2.51

ALF2-145145 1.8 1.45 1.45 2 0.04 2.84
ALF2-140140 1.8 1.40 1.40 5 0.07 2.72
ALF2-120150 1.8 1.20 1.50 45 0.31 2.63
ALF2-125145 1.8 1.25 1.25 40 0.23 2.63
ALF2-130140 1.8 1.30 1.40 10 0.12 2.63
ALF2-135135 1.8 1.35 1.35 15 0.17 2.62
ALF2-130130 1.8 1.30 1.30 — — 2.54

H4-130160 1.8 1.30 1.60 5 0.12 2.83
H4-145145 1.8 1.45 1.45 5 0.03 2.81
H4-130150 1.8 1.30 1.50 20 0.25 2.72
H4-140140 1.8 1.40 1.40 10 0.03 2.72
H4-120150 1.6, 1.8, 2.0 1.20 1.50 — — 2.65, 2.64, 2.64
H4-125145 1.8 1.25 1.25 — — 2.63
H4-130140 1.8 1.30 1.40 — — 2.62
H4-135135 1.6, 1.8, 2.0 1.35 1.35 15, 25, 35 0.08, 0.08, 0.08 2.62, 2.62, 2.62
H4-120140 1.8 1.30 1.30 — — 2.54
H4-125135 1.8 1.30 1.30 — — 2.55
H4-130130 1.8 1.30 1.30 — — 2.53

MS1-130160 1.8 1.30 1.60 — — 2.85
MS1-145145 1.8 1.45 1.45 — — 2.85
MS1-140140 1.8 1.40 1.40 — — 2.75
MS1-120150 1.8 1.20 1.50 — — 2.65
MS1-125145 1.8 1.25 1.25 — — 2.66
MS1-130140 1.8 1.30 1.40 — — 2.66
MS1-135135 1.8 1.35 1.35 — — 2.65
MS1-130130 1.8 1.30 1.30 — — 2.56

Shen-120150 — 1.20 1.50 — — 2.64
Shen-125145 — 1.25 1.45 — — 2.61
Shen-130140 — 1.30 1.40 — — 2.63
Shen-135135 — 1.35 1.35 — — 2.62
Shen-140140 — 1.40 1.40 — — 2.74
Shen-150150 — 1.50 1.50 — — 2.95
Shen-160160 — 1.60 1.60 10 0.10 3.12

KENTA HOTOKEZAKA et al. PHYSICAL REVIEW D 88, 044026 (2013)
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which is inferred to be smaller than 800 at the 90% con-
fidence level (Abbott et al. 2017b). In the previous equa-
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are the dimensionless quadrupolar tidal parameters,

where k(i)2 are the quadrupolar tidal polarizability co-
e�cients for each star. The fate of the merger remnant
is not known. The postmerger high-frequency GWs were
too weak to be detected, so information on the remnant
is not available from GW observations (Abbott et al.
2017d).
The optical and infrared electromagnetic (EM) data

is well explained by the radioactive decay of ⇠0.05 M�
of material (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). UV/optical light curve modeling of the early emis-
sions, hours to days after merger, points to the presence
of a relatively fast, v ' 0.3 c, M ' 0.02 M�, compo-
nent of the outflow (Cowperthwaite et al. 2017; Drout
et al. 2017; Nicholl et al. 2017; Villar et al. 2017). The
modeling of the later optical/infrared data points to the
presence of at least another component of the outflow
with v ' 0.1 c and M ' 0.04 M� (Chornock et al. 2017;
Cowperthwaite et al. 2017; Drout et al. 2017; Villar et al.
2017). The inferred e↵ective opacities for these two (or
more) outflow components suggest that they had di↵er-
ent compositions and, possibly, di↵erent origins.
GR simulations indicate that only up to ⇠0.01 M� of

material can be unbound dynamically during the merger
itself (Hotokezaka et al. 2013; Bauswein et al. 2013;
Radice et al. 2016; Lehner et al. 2016; Sekiguchi et al.
2016; Dietrich et al. 2017b; Bovard et al. 2017), although
larger ejecta masses can be reached for small mass ratios
q . 0.6 (Dietrich et al. 2017c). The largest ejecta masses
are obtained for soft EOSs. In these cases, the outflows
are fast, v ' (0.2�0.4) c, shock heated, and re-processed
by neutrinos (Sekiguchi et al. 2015; Radice et al. 2016;
Foucart et al. 2016). Consequently, the dynamic ejecta
can potentially explain the UV/optical emissions in the
first hours to days. The inferred properties for the out-
flow component powering the optical/infrared emission
on a days to weeks timescale are more easily explained by
neutrino, viscous, or magnetically driven outflows from
the merger remnant (Dessart et al. 2009; Siegel et al.
2014; Just et al. 2015; Perego et al. 2014; Wu et al. 2016;
Siegel & Metzger 2017; Lippuner et al. 2017). Detailed
modeling suggests that a disk mass of at least 0.08M�
is required to explain AT2017gfo (Perego, Radice, and
Bernuzzi, ApJL submitted, 2017).

3. SIMULATION RESULTS

We perform 29 merger simulations using the GR hy-
drodynamics code WhiskyTHC (Radice & Rezzolla 2012;
Radice et al. 2014a,b). We consider both equal and

Table 1
BH formation time and disk masses for all models. Values are

given at the final simulation time.

EOS MA MB ⇤̃a Mdisk
b Mej

c tBH
d tende

[M�] [10�2 M�] [ms]

BHB⇤� 1.365 1.25 1028 18.73 0.06 � 23.98
BHB⇤� 1.35 1.35 857 14.45 0.07 � 21.26
BHB⇤� 1.4 1.2 1068 20.74 0.11 � 23.74
BHB⇤� 1.4 1.4 697 7.05 0.09 11.96 16.39
BHB⇤� 1.44 1.39 655 8.28 0.06 10.39 15.77
BHB⇤� 1.5 1.5 462 1.93 0.05 2.27 11.78
BHB⇤� 1.6 1.6 306 0.09 0.00 0.99 10.67
DD2 1.365 1.25 1028 20.83 0.04 � 24.24
DD2 1.35 1.35 858 15.69 0.03 � 24.41
DD2 1.4 1.2 1070 19.26 0.09 � 23.59
DD2 1.4 1.4 699 12.36 0.04 � 24.52
DD2 1.44 1.39 658 14.40 0.05 � 23.52
DD2 1.5 1.5 469 16.70 0.07 � 23.12
DD2 1.6 1.6 317 1.96 0.12 2.28 12.08
LS220 1.2 1.2 1439 17.43 0.14 � 23.22
LS220 1.365 1.25 848 16.86 0.11 � 26.71
LS220 1.35 1.35 684 7.25 0.06 20.34 23.84
LS220 1.4 1.2 893 22.82 0.19 � 23.52
LS220 1.4 1.4 536 4.58 0.14 9.93 26.95
LS220 1.44 1.39 499 3.91 0.19 7.22 14.83
LS220 1.45 1.45 421 2.05 0.16 2.26 11.83
LS220 1.6 1.6 202 0.07 0.03 0.63 10.42
LS220 1.71 1.71 116 0.06 0.03 0.49 9.94
SFHo 1.365 1.25 520 8.81 0.15 � 26.41
SFHo 1.35 1.35 422 6.23 0.35 11.96 22.88
SFHo 1.4 1.2 546 11.73 0.12 � 24.31
SFHo 1.4 1.4 334 0.01 0.04 1.07 13.91
SFHo 1.44 1.39 312 0.09 0.04 0.87 7.06
SFHo 1.46 1.46 252 0.02 0.00 0.70 9.51

aDimensionless tidal parameter, Eq. (1).
bGravitationally bound material with ⇢  1013 g cm�3 outside
of the apparent horizon.
cDynamic ejecta mass, computed as from the flux of unbound

matter through the coordinate-sphere r = 443 km.
dBH formation time, in milliseconds after merger.
eFinal simulation time, in milliseconds after merger.

unequal mass configurations, and we adopt 4 tempera-
ture and composition dependent nuclear EOSs spanning
the range of the nuclear uncertainties: the DD2 EOS
(Typel et al. 2010; Hempel & Scha↵ner-Bielich 2010),
the BHB⇤� EOS (Banik et al. 2014), the LS220 EOS
(Lattimer & Swesty 1991), and the SFHo EOS (Steiner
et al. 2013). This is the largest dataset of simulations
performed in full-GR and with realistic microphysics to
date. Neutrino cooling and Ye evolution are treated as
discussed in Radice et al. (2016). The computational
setup is the same as in Radice et al. (2017a). The resolu-
tion of the grid regions covering the NSs and the merger
remnant is ' 185 m. We verify the robustness of our
results and estimate the numerical uncertainties by per-
forming 6 additional simulations at 25% higher resolu-
tion. A more detailed account of these simulations will
be given elsewhere (Radice et al., in prep. 2017). A sum-
mary of the simulations is given in Tab. 1.
We compute the mass of the dynamic ejecta and of the

remnant accretion disk for each model. Our results are
shown in Tab. 1 and Fig. 1. The typical dynamic ejecta
mass in our simulations are of the order of ⇠10�3 M�,
in good qualitative agreement with previous numerical
relativity results. We do not find any clear indication
of a trend in the dynamic ejecta masses as a function
of the binary parameters or EOS. However, we find a
clear correlation between the disk masses and the tidal

The disk
has a mass fraction of
~3% (Radice+ 2018)

    ~5% (Hanauske+ 2017)
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Tidal deformability

Sufficient mass ejection
seems to depend on the

tidal deformability of the system

Radice et al 2018
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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

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�.
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are the dimensionless quadrupolar tidal parameters,

where k(i)2 are the quadrupolar tidal polarizability co-
e�cients for each star. The fate of the merger remnant
is not known. The postmerger high-frequency GWs were
too weak to be detected, so information on the remnant
is not available from GW observations (Abbott et al.
2017d).
The optical and infrared electromagnetic (EM) data

is well explained by the radioactive decay of ⇠0.05 M�
of material (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). UV/optical light curve modeling of the early emis-
sions, hours to days after merger, points to the presence
of a relatively fast, v ' 0.3 c, M ' 0.02 M�, compo-
nent of the outflow (Cowperthwaite et al. 2017; Drout
et al. 2017; Nicholl et al. 2017; Villar et al. 2017). The
modeling of the later optical/infrared data points to the
presence of at least another component of the outflow
with v ' 0.1 c and M ' 0.04 M� (Chornock et al. 2017;
Cowperthwaite et al. 2017; Drout et al. 2017; Villar et al.
2017). The inferred e↵ective opacities for these two (or
more) outflow components suggest that they had di↵er-
ent compositions and, possibly, di↵erent origins.
GR simulations indicate that only up to ⇠0.01 M� of

material can be unbound dynamically during the merger
itself (Hotokezaka et al. 2013; Bauswein et al. 2013;
Radice et al. 2016; Lehner et al. 2016; Sekiguchi et al.
2016; Dietrich et al. 2017b; Bovard et al. 2017), although
larger ejecta masses can be reached for small mass ratios
q . 0.6 (Dietrich et al. 2017c). The largest ejecta masses
are obtained for soft EOSs. In these cases, the outflows
are fast, v ' (0.2�0.4) c, shock heated, and re-processed
by neutrinos (Sekiguchi et al. 2015; Radice et al. 2016;
Foucart et al. 2016). Consequently, the dynamic ejecta
can potentially explain the UV/optical emissions in the
first hours to days. The inferred properties for the out-
flow component powering the optical/infrared emission
on a days to weeks timescale are more easily explained by
neutrino, viscous, or magnetically driven outflows from
the merger remnant (Dessart et al. 2009; Siegel et al.
2014; Just et al. 2015; Perego et al. 2014; Wu et al. 2016;
Siegel & Metzger 2017; Lippuner et al. 2017). Detailed
modeling suggests that a disk mass of at least 0.08M�
is required to explain AT2017gfo (Perego, Radice, and
Bernuzzi, ApJL submitted, 2017).

3. SIMULATION RESULTS

We perform 29 merger simulations using the GR hy-
drodynamics code WhiskyTHC (Radice & Rezzolla 2012;
Radice et al. 2014a,b). We consider both equal and

Table 1
BH formation time and disk masses for all models. Values are

given at the final simulation time.

EOS MA MB ⇤̃a Mdisk
b Mej

c tBH
d tende

[M�] [10�2 M�] [ms]

BHB⇤� 1.365 1.25 1028 18.73 0.06 � 23.98
BHB⇤� 1.35 1.35 857 14.45 0.07 � 21.26
BHB⇤� 1.4 1.2 1068 20.74 0.11 � 23.74
BHB⇤� 1.4 1.4 697 7.05 0.09 11.96 16.39
BHB⇤� 1.44 1.39 655 8.28 0.06 10.39 15.77
BHB⇤� 1.5 1.5 462 1.93 0.05 2.27 11.78
BHB⇤� 1.6 1.6 306 0.09 0.00 0.99 10.67
DD2 1.365 1.25 1028 20.83 0.04 � 24.24
DD2 1.35 1.35 858 15.69 0.03 � 24.41
DD2 1.4 1.2 1070 19.26 0.09 � 23.59
DD2 1.4 1.4 699 12.36 0.04 � 24.52
DD2 1.44 1.39 658 14.40 0.05 � 23.52
DD2 1.5 1.5 469 16.70 0.07 � 23.12
DD2 1.6 1.6 317 1.96 0.12 2.28 12.08
LS220 1.2 1.2 1439 17.43 0.14 � 23.22
LS220 1.365 1.25 848 16.86 0.11 � 26.71
LS220 1.35 1.35 684 7.25 0.06 20.34 23.84
LS220 1.4 1.2 893 22.82 0.19 � 23.52
LS220 1.4 1.4 536 4.58 0.14 9.93 26.95
LS220 1.44 1.39 499 3.91 0.19 7.22 14.83
LS220 1.45 1.45 421 2.05 0.16 2.26 11.83
LS220 1.6 1.6 202 0.07 0.03 0.63 10.42
LS220 1.71 1.71 116 0.06 0.03 0.49 9.94
SFHo 1.365 1.25 520 8.81 0.15 � 26.41
SFHo 1.35 1.35 422 6.23 0.35 11.96 22.88
SFHo 1.4 1.2 546 11.73 0.12 � 24.31
SFHo 1.4 1.4 334 0.01 0.04 1.07 13.91
SFHo 1.44 1.39 312 0.09 0.04 0.87 7.06
SFHo 1.46 1.46 252 0.02 0.00 0.70 9.51

aDimensionless tidal parameter, Eq. (1).
bGravitationally bound material with ⇢  1013 g cm�3 outside
of the apparent horizon.
cDynamic ejecta mass, computed as from the flux of unbound

matter through the coordinate-sphere r = 443 km.
dBH formation time, in milliseconds after merger.
eFinal simulation time, in milliseconds after merger.

unequal mass configurations, and we adopt 4 tempera-
ture and composition dependent nuclear EOSs spanning
the range of the nuclear uncertainties: the DD2 EOS
(Typel et al. 2010; Hempel & Scha↵ner-Bielich 2010),
the BHB⇤� EOS (Banik et al. 2014), the LS220 EOS
(Lattimer & Swesty 1991), and the SFHo EOS (Steiner
et al. 2013). This is the largest dataset of simulations
performed in full-GR and with realistic microphysics to
date. Neutrino cooling and Ye evolution are treated as
discussed in Radice et al. (2016). The computational
setup is the same as in Radice et al. (2017a). The resolu-
tion of the grid regions covering the NSs and the merger
remnant is ' 185 m. We verify the robustness of our
results and estimate the numerical uncertainties by per-
forming 6 additional simulations at 25% higher resolu-
tion. A more detailed account of these simulations will
be given elsewhere (Radice et al., in prep. 2017). A sum-
mary of the simulations is given in Tab. 1.
We compute the mass of the dynamic ejecta and of the

remnant accretion disk for each model. Our results are
shown in Tab. 1 and Fig. 1. The typical dynamic ejecta
mass in our simulations are of the order of ⇠10�3 M�,
in good qualitative agreement with previous numerical
relativity results. We do not find any clear indication
of a trend in the dynamic ejecta masses as a function
of the binary parameters or EOS. However, we find a
clear correlation between the disk masses and the tidal

lower bound
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Figure 1. Left-hand panel: ‘critical’ masses, i.e. masses of stellar models along the turning-point line, shown as a function of the corresponding angular
momentum J and for a variety of EOSs. The EOSs HS (a)–HS (d) refer to HS DD2, HS NL3, HS TM1 and HS TMa, respectively. Right-hand panel: the same
data as in the left-hand panel but when expressed in terms of dimensionless and normalized quantities: Mcrit/MTOV and j/jKep. Shown with a black solid line
is the polynomial fit (12), while the lower panel shows the relative deviation of the numerical data from the fitting function.

dynamically unstable. This result, which was also confirmed by
numerical simulations, does not contradict turning-point criterion
since the latter is only a sufficient condition for secular instability
(see also the discussion by Schiffrin & Wald 2014).

Determining the critical mass in a way that is independent of the
EOS is critical in many astrophysical scenarios, starting from those
that want to associate fast radio bursts (Thornton et al. 2013) to a
‘blitzar’ and hence to the collapse of a supramassive neutron star
(Falcke & Rezzolla 2014), over to those that apply this scenario to
the merger of binary neutron-star systems (Zhang 2014) and are thus
interested in the survival time of the merger to extract information
on the EOS (Lasky et al. 2014), or to those scenarios in which the
late collapse of the binary merger product can be used to explain
the extended X-ray emission in short gamma-ray burst (Zhang &
Mészáros 2001; Ciolfi & Siegel 2015; Rezzolla & Kumar 2015).

We should note that this is not the first time that ‘universal’ rela-
tions in the critical mass are considered. Indeed, Lasota et al. (1996)
have already discussed that there is a close correlation between the
‘mass-shedding’ (or Keplerian) frequency !Kep and the mass and
radius of the maximum-mass configuration in the limit of no rota-
tion, i.e. MTOV and RTOV . Because larger masses can support larger
Keplerian frequencies, the maximum critical mass is defined as the
largest mass for stellar models on the critical (turning-point) line.
After considering a large set of EOSs, Lasota et al. (1996) have
shown that there exists a universal proportionality between the radii
and masses of maximally rotating and of static configurations.2

In view of the simplicity of computing stellar models on the
turning-point line and given that these models are very close to
those on the neutral-stability line, we have computed the maximum
masses of models along constant angular momentum sequences, i.e.
such that (∂M/∂ρc)J = 0, where ρc is the central rest-mass density.
Although these models are strictly speaking unstable, for simplicity
we have dubbed them ‘critical masses’, Mcrit. The values of these
masses as a function of the angular momentum J are reported in the

2 Interestingly, the concept of universality is already pointed out clearly in
Lasota et al. (1996), although it refers to a single value of the universal
relation (i.e. the maximum mass) and not to the whole functional behaviour.

left-hand panel of Fig. 1, which shows that a large variance exists
with the EOS when the data are reported in this way.3 Each sequence
terminates with the ‘maximum’ (critical) mass that is supported
via (uniform) rotation Mmax: =Mcrit(j = jKep), where jKep is the
maximum angular momentum that can be attained normalized to
the maximum mass, i.e. jKep: = JKep/M

2
Kep. Note that the maximum

mass in this case can range from values as small as Mmax ≃ 2.2 M⊙
for J ≃ 4 M2

⊙, up to Mmax ≃ 3.1 M⊙ for J ≃ 5 M2
⊙.

The same data, however, can be expressed in terms of dimension-
less quantities and, more specifically, in terms of the critical mass
normalized to the maximum value of the corresponding non-rotating
configuration, i.e. M̄: = Mcrit/MTOV and of the dimensionless angu-
lar momentum j when the latter is normalized to the maximum value
allowed for that EOS, jKep. Such data are collected in the right-hand
panel of Fig. 1 and show that the variance in this case is extremely
small. Indeed, it is possible to express such a behaviour with a
simple polynomial fitting function of the type

Mcrit

MTOV

= 1 + a2

(
j

jKep

)2

+ a4

(
j

jKep

)4

, (12)

where the coefficients are found to be a2 = 1.316 × 10−1 and a4 =
7.111 × 10−2, with a reduced chi squared χ2

red = 3.586 × 10−5 and
where, of course, Mcrit = MTOV for j = 0.

An immediate consequence of equation (12) is also a very im-
portant result. Irrespective of the EOS, in fact, the maximum mass
that can be supported through uniform rotation is simply obtained
after setting j = jKep and is therefore given by

Mmax: = Mcrit(j = jKep) = (1 + a2 + a4) MTOV

≃ (1.203 ± 0.022) MTOV , (13)

3 The data for large masses and small values of the angular momentum
are somewhat noisy, as this represents a difficult limit for the RNS code
(Stergioulas & Friedman 1995); we could have used the slow-rotation ap-
proximation to compute the data in this limit, but we have preferred to
perform the analysis on a single data set.
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Figure 1. Left-hand panel: ‘critical’ masses, i.e. masses of stellar models along the turning-point line, shown as a function of the corresponding angular
momentum J and for a variety of EOSs. The EOSs HS (a)–HS (d) refer to HS DD2, HS NL3, HS TM1 and HS TMa, respectively. Right-hand panel: the same
data as in the left-hand panel but when expressed in terms of dimensionless and normalized quantities: Mcrit/MTOV and j/jKep. Shown with a black solid line
is the polynomial fit (12), while the lower panel shows the relative deviation of the numerical data from the fitting function.

dynamically unstable. This result, which was also confirmed by
numerical simulations, does not contradict turning-point criterion
since the latter is only a sufficient condition for secular instability
(see also the discussion by Schiffrin & Wald 2014).

Determining the critical mass in a way that is independent of the
EOS is critical in many astrophysical scenarios, starting from those
that want to associate fast radio bursts (Thornton et al. 2013) to a
‘blitzar’ and hence to the collapse of a supramassive neutron star
(Falcke & Rezzolla 2014), over to those that apply this scenario to
the merger of binary neutron-star systems (Zhang 2014) and are thus
interested in the survival time of the merger to extract information
on the EOS (Lasky et al. 2014), or to those scenarios in which the
late collapse of the binary merger product can be used to explain
the extended X-ray emission in short gamma-ray burst (Zhang &
Mészáros 2001; Ciolfi & Siegel 2015; Rezzolla & Kumar 2015).

We should note that this is not the first time that ‘universal’ rela-
tions in the critical mass are considered. Indeed, Lasota et al. (1996)
have already discussed that there is a close correlation between the
‘mass-shedding’ (or Keplerian) frequency !Kep and the mass and
radius of the maximum-mass configuration in the limit of no rota-
tion, i.e. MTOV and RTOV . Because larger masses can support larger
Keplerian frequencies, the maximum critical mass is defined as the
largest mass for stellar models on the critical (turning-point) line.
After considering a large set of EOSs, Lasota et al. (1996) have
shown that there exists a universal proportionality between the radii
and masses of maximally rotating and of static configurations.2

In view of the simplicity of computing stellar models on the
turning-point line and given that these models are very close to
those on the neutral-stability line, we have computed the maximum
masses of models along constant angular momentum sequences, i.e.
such that (∂M/∂ρc)J = 0, where ρc is the central rest-mass density.
Although these models are strictly speaking unstable, for simplicity
we have dubbed them ‘critical masses’, Mcrit. The values of these
masses as a function of the angular momentum J are reported in the

2 Interestingly, the concept of universality is already pointed out clearly in
Lasota et al. (1996), although it refers to a single value of the universal
relation (i.e. the maximum mass) and not to the whole functional behaviour.

left-hand panel of Fig. 1, which shows that a large variance exists
with the EOS when the data are reported in this way.3 Each sequence
terminates with the ‘maximum’ (critical) mass that is supported
via (uniform) rotation Mmax: =Mcrit(j = jKep), where jKep is the
maximum angular momentum that can be attained normalized to
the maximum mass, i.e. jKep: = JKep/M

2
Kep. Note that the maximum

mass in this case can range from values as small as Mmax ≃ 2.2 M⊙
for J ≃ 4 M2

⊙, up to Mmax ≃ 3.1 M⊙ for J ≃ 5 M2
⊙.

The same data, however, can be expressed in terms of dimension-
less quantities and, more specifically, in terms of the critical mass
normalized to the maximum value of the corresponding non-rotating
configuration, i.e. M̄: = Mcrit/MTOV and of the dimensionless angu-
lar momentum j when the latter is normalized to the maximum value
allowed for that EOS, jKep. Such data are collected in the right-hand
panel of Fig. 1 and show that the variance in this case is extremely
small. Indeed, it is possible to express such a behaviour with a
simple polynomial fitting function of the type
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, (12)

where the coefficients are found to be a2 = 1.316 × 10−1 and a4 =
7.111 × 10−2, with a reduced chi squared χ2

red = 3.586 × 10−5 and
where, of course, Mcrit = MTOV for j = 0.

An immediate consequence of equation (12) is also a very im-
portant result. Irrespective of the EOS, in fact, the maximum mass
that can be supported through uniform rotation is simply obtained
after setting j = jKep and is therefore given by

Mmax: = Mcrit(j = jKep) = (1 + a2 + a4) MTOV

≃ (1.203 ± 0.022) MTOV , (13)

3 The data for large masses and small values of the angular momentum
are somewhat noisy, as this represents a difficult limit for the RNS code
(Stergioulas & Friedman 1995); we could have used the slow-rotation ap-
proximation to compute the data in this limit, but we have preferred to
perform the analysis on a single data set.
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Figure 3. Evolution of the central rest-mass density normalised to its initial
value. All models lie on the same sequence of constant angular momentum
J = 1.0 and have a degree of differential rotation of Ã = 0.2 (cf., Fig. 2).

were found to collapse, and green circles mark the stable ones.
The same analysis has been repeated for 18 models with a higher
degree of differential rotation, i.e., ˜A = 0.77. For this value no
mass-shedding limit exists, because type-A stars cannot be found
for higher J . The overall picture looks qualitatively similar to the
one shown in Fig. 2, although the stability limit shifts even further
to the low-density side of the turning point when J is increased.

Clearly, all the differentially rotating neutron stars to the high-
density side of their respective turning point are unstable. As the
turning point shifts to lower densities with increasing angular mo-
mentum, we can thus confirm what conjectured by Kaplan (2014):
All the differentially rotating stars with central densities at or higher
than the critical central density of a nonrotating model are unsta-
ble to gravitational collapse. While they conjectured this for all
HMNSs, our results show it is holds for all differentially rotating
neutron stars of type A, including the non-hypermassive ones.

We should also note that the configurations on the low-density
side of their respective turning point are not unconditionally sta-
ble. As is the case for uniformly rotating stars, the actual neutral-
stability line is on the left of the turning-point line, so that stellar
models that are on the left of the turning-point but on the right of
the neutral-stability line may actually also be unstable [see Takami
et al. (2011) for a discussion]. With increasing angular momentum
the stability limit shifts to the low-density side of the turning point,
but it is still reasonably close to the turning point, so that the ap-
proximation of taking the turning point as the stability limit is valid,
at least for small values of J .

The models in Fig. 2 above the horizontal dashed line
are HMNSs but have the same overall behavior as the non-
hypermassive ones. It appears, therefore that the assumption that
all HMNSs are dynamically unstable is not justified. However,
HMNSs might still be secularly unstable and pass the neutral-
stability line after redistributing their angular momentum.

4 MAXIMUM MASS AND UNIVERSAL RELATIONS

Figure 4 shows the normalised turning-point mass M
max,dr as

a function of the normalised dimensionless angular momentum
j/j

max

, for all of the eight cold tabulated EOSs considered. Here,
j := J/M2 and j

max

is instead the highest specific angular mo-
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Ã = 0.2

0.0 0.2 0.4 0.6 0.8 1.0
j/jmax

1.0 1.0

1.1 1.1

1.2 1.2

1.3 1.3
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Figure 4. Normalised turning-point mass over normalised dimensionless
angular momentum for eight different EOSs. The three panels correspond to
three different degrees of differential rotation and the best-fitting functions
are shown as thick solid black lines.

mentum which is at the mass-shedding limit in the case of uniform
rotation, but not for ˜A > 0. Lines of the same type are collected
in three bundles – each consisting of eight coloured curves (one
for each EOS) – corresponding to three representative values of ˜A.
The bundle in the lower panel corresponds to ˜A = 0, hence to
uniform rotation and should therefore be compared with the right
panel of Fig. 1 in Breu & Rezzolla (2016). Figure 4 clearly high-
lights that the turning-point mass increases with growing j/j

max

in a quasi-universal manner, i.e., in a way that is almost insensitive
to the EOS. As discussed by Breu & Rezzolla (2016), in the case
of uniform rotation (i.e., ˜A = 0), the turning-point mass reaches a
maximum at M

max

' 1.2MTOV . Our results show that this gen-
eral behaviour remains the same also for non-zero values of ˜A, as
is evident from the two upper panels of Fig. 4 that refer to differen-
tially rotating models. As done by Breu & Rezzolla (2016) we can
now obtain corresponding fits, reported with thick lines of the same
type and have the form

M
max,dr(j, ˜A)

MTOV

= 1+a
1

(

˜A)

✓
j

j
max

◆
2

+a
2

(

˜A)

✓
j
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max

◆
4

. (5)

Because M
max,dr is a function of both j and ˜A, the fitting param-

eters a
1

and a
2

are not constant, as in Breu & Rezzolla (2016), but
depend now on the degree of differential rotation via ˜A, with a

1

=

0.13, 0.14, 0.14 and a
2

= 0.07, 0.11, 0.23 for ˜A = 0, 0.2, 0.3,
respectively, and with relative variances that are . 10%. We can
collect the maximum mass M

max,dr(
˜A) found at j/j

max

= 1 for
all of the eight EOSs and study its behaviour when ˜A varies in the
range [0, ˜A

max

], where ˜A
max

is the maximum degree of differen-
tial rotation for which a mass-shedding limit can still be found, and
which obviously depends on the EOS3. Using this procedure we
are then able to concentrate on models that have the largest possi-
ble specific angular momentum and study how the maximum mass
changes as function of ˜A. Interestingly, we find a quasi-universal
behaviour also in this case, which we model as

M
max,dr(jmax

, ˜A)

MTOV

= 1.2 + b
1
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˜A

˜A
max

◆
2

+ b
2

✓
˜A

˜A
max

◆
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, (6)

3 We note that stars of “type C” in the classification of Ansorg et al. (2009)
do not posses a mass-shedding limit and hence a value for Ã

max

.
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value. All models lie on the same sequence of constant angular momentum
J = 1.0 and have a degree of differential rotation of Ã = 0.2 (cf., Fig. 2).
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rotation, but not for ˜A > 0. Lines of the same type are collected
in three bundles – each consisting of eight coloured curves (one
for each EOS) – corresponding to three representative values of ˜A.
The bundle in the lower panel corresponds to ˜A = 0, hence to
uniform rotation and should therefore be compared with the right
panel of Fig. 1 in Breu & Rezzolla (2016). Figure 4 clearly high-
lights that the turning-point mass increases with growing j/j

max

in a quasi-universal manner, i.e., in a way that is almost insensitive
to the EOS. As discussed by Breu & Rezzolla (2016), in the case
of uniform rotation (i.e., ˜A = 0), the turning-point mass reaches a
maximum at M

max

' 1.2MTOV . Our results show that this gen-
eral behaviour remains the same also for non-zero values of ˜A, as
is evident from the two upper panels of Fig. 4 that refer to differen-
tially rotating models. As done by Breu & Rezzolla (2016) we can
now obtain corresponding fits, reported with thick lines of the same
type and have the form
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Because M
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and a
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are not constant, as in Breu & Rezzolla (2016), but
depend now on the degree of differential rotation via ˜A, with a
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=
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respectively, and with relative variances that are . 10%. We can
collect the maximum mass M
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max

= 1 for
all of the eight EOSs and study its behaviour when ˜A varies in the
range [0, ˜A
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], where ˜A
max
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tial rotation for which a mass-shedding limit can still be found, and
which obviously depends on the EOS3. Using this procedure we
are then able to concentrate on models that have the largest possi-
ble specific angular momentum and study how the maximum mass
changes as function of ˜A. Interestingly, we find a quasi-universal
behaviour also in this case, which we model as
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3 We note that stars of “type C” in the classification of Ansorg et al. (2009)
do not posses a mass-shedding limit and hence a value for Ã
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ential rotation. In the upper panel the data is compared to the fit (6), while
the lower panel further highlights the universal behavior by normalising the
mass to the highest value obtained for uniform rotation, M

max

.

where b
1

= 0.135 and b
2

= 0.206. The global behaviour of the
fitting function (5) for the quantity M

max,dr(
˜A) is shown in Fig. 5.

Using (6) for ˜A =

˜A
max

, we then find “absolute” maximum mass
(i.e., the maximum of the maxima) for a star in differential rotation
of type A to be M

max, dr ' (1.54± 0.05)MTOV , where the error
estimate results from considering the largest error in our fits.

Before concluding this section we note that a universal rela-
tion between the turning-point mass and the angular momentum
was reported recently also by Bozzola et al. (2017). The relation
proposed in Eq. (13c) of Bozzola et al. (2017), however, does not
allow to calculate masses larger than M

max, dr ' 1.2MTOV , be-
cause the data used for determining the best-fitting function was
limited to J 2 [0, 7] or, equivalently, J/M2

TOV
2 [0, 0.7]. As a

result, the fit deviates for neutron stars with higher J , as can be
seen from Fig. 6. Of course, it is possible to repeat the fit in Eq.
(13c) of Bozzola et al. (2017) by increasing the range for J , but
this would then depend on the specific EOS, since different EOSs
have different J

max

. Our analysis instead uses dimensionless quan-
tities,i.e., j/j

max

, and so does not introduce arbitrary mass scales.

5 CONCLUSION

We have computed a large number of equilibrium models of differ-
entially rotating relativistic stars of type A in the classification of
Ansorg et al. (2009), and evolved selected models along sequences
of constant angular momentum and for two representative degrees
of differential rotation. In this way, we have shown that the neutral-
stability line that marks the onset of dynamical instability for uni-
formly rotating neutron stars can be extended also to differentially
rotating ones. In turn, this indicates that all the rotating stars on the
high-density side of the turning point on sequences of constant an-
gular momentum are unstable solutions. Furthermore, because the
neutral-stability limit is sufficiently close to the turning points, the
turning-point criterion remains a reasonable first approximation to
mark dynamically unstable models, at least for small values of J .

Following Breu & Rezzolla (2016), we have also shown that
“quasi-universal” relations can be found for the turning-point mass,
through which we compute the maximum mass allowed by differ-
ential rotation as M

max,dr ' (1.54± 0.05)MTOV , with MTOV

Figure 6. Normalised mass over J/M2

TOV
. Shown is the data for eight

EOSs and the comparison with expression (13c) by Bozzola et al. (2017).

the maximum nonrotating mass. Finally, we could confirm the va-
lidity of the universal relation derived for the one-parameter j-
constant law by Bozzola et al. (2017), but also point out that such
validity holds true only for a limited range of J .

As a final remark, we note that the analysis carried out here
adopts the simple and commonly used law of differential rotation
(1). However, binary neutron-star merger simulations have shown
that the merged object has a rather different rotation profile, with
a maximum off the centre [see, e.g., Kastaun & Galeazzi (2015);
Hanauske et al. (2017)]. Recently, a new rotation law has been pro-
posed that yields a rotation profile similar to the one from merger
simulations (Uryu et al. 2017). The constant angular-momentum
sequences calculated with this new law also exhibit turning points,
suggesting that our results will hold qualitatively also with more
realistic rotation profiles.
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Ansorg M., Gondek-Rosińska D., Villain L., 2009, Mon. Not. R. Astron.
Soc., 396, 2359

Antoniadis J., et al., 2013, Science, 340, 448
Baiotti L., Rezzolla L., 2017, Rept. Prog. Phys., 80, 096901
Baiotti L., Hawke I., Montero P. J., Löffler F., Rezzolla L., Stergioulas N.,

Font J. A., Seidel E., 2005, Phys. Rev. D, 71, 024035

MNRAS 000, 000–000 (2017)



Applying the constraints
m

ax
im

um
 m

as
s

lowest/largest radius



Part I

Constraining the 
maximum mass



Recent publications

GW170817, General Relativistic Magnetohydrodynamic Simulations, and the Neutron

Star Maximum Mass

Milton Ruiz,1 Stuart L. Shapiro,1, 2 and Antonios Tsokaros1
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Recent numerical simulations in general relativistic magnetohydrodynamics (GRMHD) provide
useful constraints for the interpretation of the GW170817 discovery. Combining the observed data
with these simulations leads to a bound on the maximum mass of a cold, spherical neutron star (the
TOV limit): M sph

max

. 2.74/�, where � is the ratio of the maximum mass of a uniformly rotating
neutron star (the supramassive limit) over the maximum mass of a nonrotating star. Causality
arguments allow � to be as high as 1.27, while most realistic candidate equations of state predict �
to be closer to 1.2, yielding M sph

max

in the range 2.16� 2.28M�. A minimal set of assumptions based
on these simulations distinguishes this analysis from previous ones, but leads a to similar estimate.
There are caveats, however, and they are enumerated and discussed. The caveats can be removed
by further simulations and analysis to firm up the basic argument.

PACS numbers: 04.25.D-, 04.25.dg, 47.75.+f

I. INTRODUCTION

The long-sought premise of multimessenger astronomy
was recently realized with the detection of a gravitational
wave (GW) signal from a low-mass binary system by the
LIGO/VIRGO detectors [1]. Event GW170817, which
was accompanied by a short �-ray burst (sGRB), revealed
that if the compact objects have a low dimensionless spin
(� 6 |0.05|), then the inferred masses of each component
of the binary and its total mass are m

1

2 (1.36, 1.60)M�,
m

2

2 (1.17, 1.36)M�, and m
1

+m
2

= 2.74+0.04
�0.02 M�, re-

spectively. This strongly suggests a merging binary neu-
tron star system (NSNS) as the source of GW170817,
although it cannot rule out the possibility that one of
the binary companions is a stellar-mass black hole (BH).
Evidence that such low-mass black holes (LMBHs) ex-
ist is very weak (see e.g. [2] for a summary of possible
LMBH formation mechanisms and routes by which they
may arise in binaries with NS companions). Since the
usual mechanisms believed to generate stellar-mass BHs,
such as the collapse of massive stars, result in BHs with
masses significantly larger, we tend to rule out a BHNS
merger as a possible source of GW170817.

The coincident sGRB (GRB 170817A) of duration
T
90

= 2 ± 0.5 s was detected by the Fermi Gamma-Ray
Burst Monitor [3, 4] and INTEGRAL [5, 6] 1.734± 0.054 s
after the GW170818 inferred binary coalescence time, at
a luminosity distance of 40+8

�8

Mpc in the galaxy NGC
4993. Here T

90

denotes the time during which 90% of
the total counts of �-rays have been detected. The burst
exhibited an atypically low luminosity (L ⇠ 1047 erg/s)
and the absence of an afterglow during the first days,
which has been attributed to the o↵-axis viewing of GRB
emission (see e.g. [7, 8]). It is likely that its volumetric
value is much larger and comparable to typical sGRB
values. Subsequent optical/infrared transients consistent
with kilonova/macronova models were also observed (see
e.g. [9–11]).

One of the most important puzzles in high energy as-
trophysics is the ground state of matter at zero temper-
ature, which is closely related to the maximum grav-
itational mass, M sph

max

, of a nonrotating, spherical NS
[12]. To date the largest pulsar masses observed are
2.01±0.04M� for J0348+0432 [13], and 1.928±0.017M�
for J1614-2230 [14], but the quest for a firm upper
limit on the mass of a NS has a long history [15] that
started in 1974 by Rhoades and Ru�ni [16]. Their ar-
gument involved a matching mass-energy density ⇢m be-
low which the equation of state (EOS) is well known,
while from that point on a causal EOS for the pres-
sure P (P = ⇢ + const) is invoked.[17] This upper mass
limit depends on the matching density [18], and assuming
⇢m = 4.6 ⇥ 1014 gr/cm3 ⇡ 1.7⇢

nuc

they obtained an up-
per limit of M sph

max

= 3.2M�. As the matching density in-
creases the maximum mass for a spherical star decreases

as ⇢�1/2
m . For example, in [19] where the confidence of

the EOS was taken to be up to ⇢m = 2⇢
nuc

, a maximum
mass of 2.9 M� was obtained (see [20] for recent review).
In [21] a parametrized piecewise-polytropic fitting was in-
troduced in order to make a systematic study of di↵erent
constraints placed on high density, cold matter, including
the causality constraint. More recently and from another
point of view, based on the sGRB scenario, a survey of a
wide EOS parameter space and matching densities using
plausible masses for a NS merger remnant concluded that
M sph

max

⇡ 2� 2.2M� [22]. At high matching densities the
core has negligible mass and the upper bound becomes
independent of ⇢m. In [23] Newtonian merger simula-
tions with di↵erent EOS, resulted in an upper bound of
2.4M�.

With the discovery of GW170817, [24] used electro-
magnetic (EM) constraints on the remnant imposed by
the kilonova observations after the merger, together with
GW information, to make a tight prediction of M sph

max


2.17M� with 90% confidence. They argued that the
NSNS merger resulted in a hypermassive NS (HMNS;

ar
X

iv
:1

71
1.

00
47

3v
2 

 [a
st

ro
-p

h.
H

E]
  1

1 
Ja

n 
20

18

GW170817: Modeling based on numerical relativity and its implications

Masaru Shibata,1 Sho Fujibayashi,1 Kenta Hotokezaka,2, 1 Kenta Kiuchi,1
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(Dated: October 23, 2017)

Gravitational-wave observation together with a large number of electromagnetic observations
shows that the source of the latest gravitational-wave event, GW170817, detected primarily by
advanced LIGO, is the merger of a binary neutron star. We attempt to interpret this observational
event based on our results of numerical-relativity simulations performed so far paying particular
attention to the optical and infra-red observations. We finally reach a conclusion that this event is
described consistently by the presence of a long-lived massive neutron star as the merger remnant,
because (i) significant contamination by lanthanide elements along our line of sight to this source can
be avoided by the strong neutrino irradiation from it and (ii) it could play a crucial role to produce
an ejecta component of appreciable mass with fast motion in the post-merger phase. We also point
out that (I) the neutron-star equation of state has to be su�ciently sti↵ (i.e., the maximum mass
of cold spherical neutron stars, M

max

, has to be appreciably higher than 2M�) in order that a
long-lived massive neutron star can be formed as the merger remnant for the binary systems of
GW170817, for which the initial total mass is & 2.73M� and (II) no detection of relativistic optical
counterpart suggests a not-extremely high value of M

max

approximately as 2.15–2.25M�.

PACS numbers: 04.25.D-, 04.30.-w, 04.40.Dg

I. INTRODUCTION

On August 17, 2017 two advanced LIGO detectors
(with an important assistance by advanced VIRGO) suc-
ceeded in the first direct detection of gravitational waves
from an inspiraling binary system of two neutron stars,
which is referred to as GW170817 [1]. The data anal-
ysis for this gravitational-wave event derives that the
chirp mass, defined by M := (m

1

m
2

)3/5/(m
1

+ m
2

)1/5

(where m
1

and m
2

( m
1

) denote each mass of the bi-
nary), is ⇡ 1.188+0.004

�0.002M� for the 90% credible inter-
val. This implies that the total mass m := m

1

+ m
2

=
2.729(⌘/0.25)�3/5M� � 2.729M�. Here, ⌘ denotes the
symmetric mass ratio defined by ⌘ := m

1

m
2

/m2( 0.25).
The mass ratio of the binary is not well constrained as
0.7–1.0 within the 90% credible interval under the as-
sumption that the dimensionless spin of each neutron star
is reasonably small ( 0.05). However, the values of ⌘
for this mass-ratio range are between 0.242 and 0.250.
This implies that the total mass is well constrained in
the range between ⇡ 2.73M� and ⇡ 2.78M� for the 90%
credible interval.

The luminosity distance to the source from the earth
is approximately D = 40+8

�14

Mpc [1], and follow-up op-
tical observations (e.g., Ref. [2]) found a counterpart of
this event and identified a S0 galaxy, NGC4993, as the
host galaxy. Since the sky location is accurately deter-
mined and the total signal-to-noise ratio (SNR) of the

gravitational-wave signal is as high as 32.4 [1], the incli-
nation angle of the binary orbital axis with respect to
our line of sight is constrained to be ◆ . 28� [1], and
the e↵ective distance to the source (after taking into ac-
count the orbital inclination and sky location with re-
spect to the detector’s orbital planes) is estimated to be
D

e↵

⇡ 57Mpc [1].

A large number of observations in the optical and
infra-red (IR) bands have been also carried out fol-
lowing the gravitational-wave detection (e.g., Refs. [3–
13]). These observations show that the emission proper-
ties are largely consistent with the macronova/kilonova
model [14, 15], suggesting that high-velocity, neutron-
rich matter of mass 0.01–0.1M� ejected from the
neutron-star mergers radioactively shines through the r-
process nucleosynthesis [16, 17] in the visible–IR bands
for 0.5–20 days after the merger, and that the spectrum
is broadly consistent with the quasi-thermal spectrum
with significant reddening. However, (i) the peak time
of the light curve is earlier than the expectation from a
macronova/kilonova model in which heavy r-process ele-
ments are appreciably synthesized and the typical value
of the opacity is expected to be  ⇡ 10 cm2/g due to
the appreciable presence of lanthanide elements [18–21],
and (ii) the peak luminosity is higher than what the typ-
ical scenarios have predicted for the dynamical ejecta of
binary neutron star mergers. A naive interpretation for
these observational results is that a fraction of the ejecta
is composed of lanthanide-poor material and the total
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ABSTRACT

We combine electromagnetic (EM) and gravitational wave (GW) information on the binary neutron
star (NS) merger GW170817 in order to constrain the radii R

ns

and maximum mass M
max

of NSs.
GW170817 was followed by a range of EM counterparts, including a weak gamma-ray burst (GRB),
kilonova (KN) emission from the radioactive decay of the merger ejecta, and X-ray/radio emission
consistent with being the synchrotron afterglow of a more powerful o↵-axis jet. The type of compact
remnant produced in the immediate merger aftermath, and its predicted EM signal, depend sensitively
on the high-density NS equation of state (EOS). For a soft EOS which supports a low M

max

, the
merger undergoes a prompt collapse accompanied by a small quantity of shock-heated or disk wind
ejecta, inconsistent with the large quantity & 10�2M� of lanthanide-free ejecta inferred from the
KN. On the other hand, if M

max

is su�ciently large, then the merger product is a rapidly-rotating
supramassive NS (SMNS), which must spin-down before collapsing into a black hole. A fraction of
the enormous rotational energy necessarily released by the SMNS during this process is transferred
to the ejecta, either into the GRB jet (energy E

GRB

) or the KN ejecta (energy E
ej

), also inconsistent
with observations. By combining the total binary mass of GW170817 inferred from the GW signal
with conservative upper limits on E

GRB

and E
ej

from EM observations, we constrain the likelihood
probability of a wide-range of previously-allowed EOS. These two constraints delineate an allowed
region of the M

max

� R
ns

parameter space, which once marginalized over NS radius places an upper
limit of M

max

. 2.17M� (90%), which is tighter or arguably less model-dependent than other current
constraints.

1. INTRODUCTION

On August 17, 2017, the Advanced LIGO and Virgo
network of gravitational wave (GW) observatories dis-
covered the inspiral and coalescence of a binary neu-
tron star (BNS) system (LIGO Scientific Collaboration
& Virgo Collaboration 2017), dubbed GW170817. The
measured binary chirp mass was M

c

= 1.118+0.004
�0.002M�,

with larger uncertainties on the mass of the individ-
ual neutron star (NS) components and total mass of
M

1

= 1.36-1.60M�, M
2

= 1.17-1.36M�, and M
tot

=
M

1

+ M
2

= 2.74+0.04
�0.01M�, respectively. These masses

are derived under the prior of low dimensionless NS spin
(� . 0.05), characteristic of Galactic BNS systems.
The electromagnetic follow-up of GW170817 was sum-

marized in LIGO Scientific Collaboration et al. (2017a).
The Fermi and INTEGRAL satellites discovered a sub-
luminous gamma-ray burst (GRB) with a sky position
and temporal coincidence within . 2 seconds of the in-
ferred coalescence time of GW170817 (Goldstein et al.
2017; Savchenko et al. 2017; LIGO Scientific Collabora-
tion et al. 2017b). Eleven hours later, an optical coun-
terpart was discovered (Coulter et al. 2017; Allam et al.
2017; Yang et al. 2017; Arcavi et al. 2017; Tanvir &
Levan 2017; Lipunov et al. 2017) with a luminosity, ther-
mal spectrum, and rapid temporal decay consistent with
those predicted for “kilonova” (KN) emission, powered
by the radioactive decay of heavy elements synthesized
in the merger ejecta (Li & Paczyński 1998; Metzger et al.
2010). The presence of both early-time visual (“blue”)

1 Department of Physics and Columbia Astrophysics Labora-
tory, Columbia University, New York, NY 10027, USA. email:
btm2134@columbia.edu, bdm2129@columbia.edu

emission (Metzger et al. 2010) which transitioned to
near-infrared (“red”) emission (Barnes & Kasen 2013;
Tanaka & Hotokezaka 2013) at late times requires at least
two distinct ejecta components consisting, respectively,
of light and heavy r-process nuclei (e.g. Cowperthwaite
et al. 2017; Nicholl et al. 2017; Chornock et al. 2017;
Kasen et al. 2017; Drout et al. 2017; Kasliwal et al. 2017).
Rising X-ray (Troja et al. 2017; Margutti et al. 2017) and
radio (Hallinan et al. 2017; Alexander et al. 2017) emis-
sion was observed roughly two weeks after the merger,
consistent with delayed onset of the synchrotron after-
glow of a more powerful relativistic GRB whose emission
was initially relativistically beamed away from our line
of sight (e.g. van Eerten & MacFadyen 2011).
The discovery of GW170817 implies a BNS rate of

R
BNS

= 1540+3200

�1220

Gpc�3 yr�1, corresponding to ⇡
6�120 BNS mergers per year once LIGO/Virgo reach de-
sign sensitivity (LIGO Scientific Collaboration & Virgo
Collaboration 2017). This relatively high rate bodes well
for the prospects of several scientific objectives requir-
ing a large population of GW detections, such as “stan-
dard siren” measurements of the cosmic expansion his-
tory (Holz & Hughes 2005; Nissanke et al. 2010; LIGO
Scientific Collaboration et al. 2017c) or as probes of the
equation of state (EOS) of NSs (e.g. Read et al. 2009;
Hinderer et al. 2010; Bauswein & Janka 2012).
Uncertainties in the EOS limit our ability to predict

key properties of NSs, such as their radii and maximum
stable mass (e.g. Özel & Freire 2016). Methods to mea-
sure NS radii from GWs include searching for tidal e↵ects
on the waveform during the final stages of the BNS inspi-
ral (Hinderer et al. 2010; Damour & Nagar 2010; Damour
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ABSTRACT
Combining the GW observations of merging systems of binary neutron stars and quasi-universal relations, we

set constraints on the maximum mass that can be attained by nonrotating stellar models of neutron stars. More
specifically, exploiting the recent observation of the GW event GW 170817 and drawing from basic arguments
on kilonova modeling of GRB 170817A, together with the quasi-universal relation between the maximum mass
of nonrotating stellar models MTOV and the maximum mass supported through uniform rotation Mmax =�
1.20+0.02

�0.05

�
MTOV we set limits for the maximum mass to be 2.01+0.04

�0.04  MTOV/M� . 2.16+0.17
�0.15, where

the lower limit in this range comes from pulsar observations. Our estimate, which follows a very simple line of
arguments and does not rely on the modeling of the electromagnetic signal in terms of numerical simulations,
can be further refined as new detections become available. We briefly discuss the impact that our conclusions
have on the equation of state of nuclear matter.

1. INTRODUCTION

A long-awaited event took place on 2017 August 17: the
Advanced LIGO and Virgo network of GW detectors have
recorded the signal from the inspiral and merger of a binary
neutron-star (BNS) system (Abbott et al. 2017b). The cor-
related electromagnetic signals that have been recorded by
⇠ 70 astronomical observatories and satellites have provided
the striking confirmation that such mergers can be associ-
ated directly with the observation of short gamma-ray bursts
(SGRBs). This event has a double significance. First, it ef-
fectively marks the birth of multi-messenger GW astronomy.
Second, it provides important clues to solve the long-standing
puzzle of the origin of SGRBs (Eichler et al. 1989; Narayan
et al. 1992; Rezzolla et al. 2011; Berger 2014). Numerical
simulations in full general relativity of merging BNSs have
also played an important role in determining the solution of
this puzzle, and significant progress has been made over the
last decade to accurately simulate the late-inspiral, merger,
and post-merger dynamics of BNSs (see, e.g., Baiotti & Rez-
zolla (2017); Paschalidis (2017) for recent reviews).

Indeed, it is through the detailed analysis of the results of
these simulations that a number of recent suggestions have
been made on how to use the GW signal from merging BNSs
to deduce the properties of the system and, in particular, the
equation of state (EOS) of nuclear matter.

For instance, the changes in the phase evolution of the GW
signal during the inspiral, which depends on the tidal de-
formability of stellar matter will leave a characteristic im-
print on the GW signal (Read et al. 2013; Bernuzzi et al.
2014; Hinderer et al. 2016; Hotokezaka et al. 2016) or in the
post-merger phase. This imprint, such as the one associated
with the GW frequency at maximum amplitude (Read et al.
2013; Bernuzzi et al. 2014; Takami et al. 2015), can even
be quasi-universal in the sense that it depends only weakly
on the EOS. Similar considerations also apply for the post-
merger signal, where the GW spectrum exhibits characteristic
frequencies (Bauswein & Janka 2012; Takami et al. 2014),

1 Institut für Theoretische Physik, Max-von-Laue-Strasse 1, 60438
Frankfurt, Germany

2 Frankfurt Institute for Advanced Studies, Ruth-Moufang-Strasse 1,
60438 Frankfurt, Germany

some of which have been shown to have a quasi-universal be-
havior (Bernuzzi et al. 2014; Takami et al. 2014, 2015; Rez-
zolla & Takami 2016; Maione et al. 2017).

Much more subtle, however, has been the task of deter-
mining the precise fate of the binary merger product (BMP),
as this depends on a number of macroscopical factors, such
as the total mass and mass ratio of the BNS system of the
angular-velocity profile (Hanauske et al. 2017), but also of
microphysical ones, such as the efficiency of energy trans-
port via neutrinos (Palenzuela et al. 2015; Sekiguchi et al.
2016; Bovard et al. 2017) and the redistribution of angular
momentum via magnetic fields (Siegel et al. 2014; Palenzuela
et al. 2015; Endrizzi et al. 2016). While attempts have been
made to determine the mass of the binary that would lead to a
prompt collapse, i.e., to a black hole within few milliseconds
after merger, (see, e.g., Baiotti et al. (2008); Bauswein et al.
(2013)), or to determine the lifetime of the merged object (see,
e.g., Lasky et al. (2014); Ravi & Lasky (2014); Piro et al.
(2017)), the picture on the fate of the post-merger object is
still rather uncertain. What makes such a picture complicated
is the multiplicity of stable, unstable, and metastable equilib-
ria in which the merged object can find itself. The importance
of clarifying this picture, however, is that understanding the
ability of the merged object to sustain itself against gravita-
tional collapse is directly related to the maximum mass that
can be sustained against gravity, which depends on the under-
lying EOS.

In this Letter, we combine the recent GW observation of
the merging system of BNSs via the event GW 170817 (Ab-
bott et al. 2017b) with the existence of quasi-universal re-
lations regulating the equilibria of rotating and nonrotating
compact stars to set constraints on the maximum mass that
can be sustained by nonrotating stellar models of neutron
stars. More specifically, after defining the maximum mass
of nonrotating models, MTOV , and recalling that the maxi-
mum mass that can be supported through uniform rotation is
Mmax =

�
1.20+0.02

�0.02

�
MTOV independently of the EOS (Breu

& Rezzolla 2016), we deduce that when the merged object
collapses it has a core that is uniformly rotating and close
to the maximum mass of uniformly rotating configurations.
Then our range reduces considerably and sets the following
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The outcome of GW170817

•Sequences of equilibrium models 
of nonrotating stars will have a 
maximum mass: MTOV

• The product of GW170817 was likely a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass
M1 +M2 = 2.74+0.04

�0.01M�



The outcome of GW170817

•Sequences of equilibrium models 
of nonrotating stars will have a 
maximum mass: 

•This is true also for uniformly 
rotating stars at mass shedding 
limit: M

max

M
TOV

• The product of GW170817 was likely a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass
M1 +M2 = 2.74+0.04

�0.01M�

•          simple and quasi-
universal function of                   
(Breu & Rezzolla 2016)

M
max

M
TOV

M
max

=
�
1.20+0.02

�0.05

�
M

TOV

stability line



The outcome of GW170817

•Green region is for uniformly 
rotating equilibrium models.

•Salmon region is for differentially 
rotating equilibrium models.

• The product of GW170817 was likely a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass
M1 +M2 = 2.74+0.04

�0.01M�



The outcome of GW170817

•Green region is for uniformly 
rotating equilibrium models.

•Salmon region is for differentially 
rotating equilibrium models.

• Supramassive stars have 

• Hypermassive stars have
M > M

max

M > M
TOV

• The product of GW170817 was likely a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass
M1 +M2 = 2.74+0.04

�0.01M�



⇢c

M

rot. supramassive NSs

stable
rot.NSs

only di↵.
rot. NSs

only di↵. rot.
supramassive NSs

di↵. rot. hypermassive NSs

MTOV

Mmax

(2)

(1)

The outcome of GW170817
•Merger product in GW170817 could have followed two possible 
tracks in diagram: fast (2) and slow (1)

•It rapidly produced a BH when 
still differentially rotating (2)

•It lost differential rotation leading 
to a uniformly rotating core (1).

•(1) is more likely because of 
large ejected mass (long lived).

•Final mass is near          and we 
know this is universal!

M
max

Rezzolla, Most and Weih 2017



The outcome of GW170817

•It rapidly produced a BH when 
still differentially rotating (2)

•It lost differential rotation leading 
to a uniformly rotating core (1).

•(1) is more likely because of 
large ejected mass (long lived).

•Final mass is near          and we 
know this is universal!

M
max

•Merger product in GW170817 could have followed two possible 
tracks in diagram: fast (2) and slow (1)

Cho, Bicknell, Science 2018



•HMNS core has about 95% 
gravitational mass of 
GW170817
M1 +M2 = 2.74+0.04

�0.01M�

pulsar 
timing

universal relations 
and GW170817; 
similar estimates 
by other groups

2.01+0.04
�0.04  MTOV/M� . 2.16+0.17

�0.15

• The merger product of GW170817 was initially differentially 
rotating but collapsed as a uniformly rotating object.

Mblue
ej = 0.014+0.010

�0.010 M�

•Ejected rest mass deduced 
from kilonova emission

•Use universal relations and 
account errors to obtain

Rezzolla, Most & Weih 2017



Overview of different results

MARGALIT+
Baysian analysis + 
threshold mass < 2.17 Msun

SHIBATA+
numerical 
simulations < 2.25 Msun

REZZOLLA+ universal relations < 2.16 Msun

RUIZ+ Rhoades-Ruffini < 2.17 Msun

Note: All groups use input from 
kilonova modelling

Bottom line:
Mmax ~ 2.2 Msun



Part II

Constraining radii
and tidal deformabilities



Recent publications



Setup for the EOSs
• Construct most generic family of NS-matter EOSs

From µb =2.6GeV on:

NNLO pQCD results 
of Kurkela+ (2014) / 

Fraga+ (2014) 

Interpolating by matching 3 
polytropes (4 or more polytropes 

have only weak influence)

BPS

Polytropic fit of Drischler+ (2016) (results 
strongly depend on the prescription here)



•EOS based on chiral expansion at N3LO of 2N and 3N chiral 
interactions

•Fit with two polytropes yields: γ1 ϵ [1.31,1.58], γ2 ϵ [2.08,2.38]

•Varying polytropic exponents yields softest/stiffest limit and   
everything in between

Setup for the EOSs



Setup for the EOSs
•Interpolate between low- and high-density regime with piecewise 
polytropes:

•Vary polytropic indices: γ2+i ϵ [1.0,10.0]

•Ensure continuity of pressure and 
density by matching the polytropic 
constant K via



Setup for the EOSs
•High-density regime: fitting formula from Fraga et al. (2014) for 
numerically derived pQCD EOS from Kurkela et al. (2014)

•Vary scale parameter X ϵ [1.0, 4.0] 
and match to last polytropic piece via



Constraints
•Causality: cs < 1

•Antoniadis et al. (2013): Mmax > 2.01M⨀

•Thermodynamic stability criteria automatically satisfied for PW 
polytropes

106 EOSs with a total of ~109 TOV-models



•Mmax < 2.16 (2.33)M⨀ (Rezzolla, Most and Weih (2018))

•Λ < 800 (1000) (Abbott+ (2017))

Constraints from GW170817

Radice et al. (2017): arxiv:1711.03647v3

•Numerical simulations 
suggest only binaries with 
Λ > 400  can produce
enough mass ejection
(Radice+ (2017))

Caution:
Based only 
on 4 EOSs



Mass-radius distribution



Mass-radius distribution



Mass-radius distribution



Mass-radius distribution



Mass-radius distribution
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1D cuts

Applying all constraints from GW170817:

12.0 < R1.4 < 13.45 (at 2𝜎)



1D cuts

•Distribution insensitive to upper 
limit of Λ

•Mmax shifts peak to smaller radii

•Very sensitive to lower limit of Λ

•Sharp peak for Λmin ≳400



Constraining Λ

•Sharp cut-off for
lower limit of Λ

•Λ > 375 (at 2𝜎)

•Explains why previous 
distribution insensitive to
upper limit of Λ

All 109 models with only 2M⨀-constraint:



Other prescriptions for outer-core EOS

•Annala+ (2017): soft and stiff EOS provided in 
Hebeler+ (2013)

•Drischler+ (2017): range over 6 EOSs each based 
on a different Hamiltonian

Softer

Not an actual 
uncertainty band



Other prescriptions for outer-core EOS

Final radius constraint depends strongly on stiffness and 
uncertainty of EOS in the region

0.5ns < n < 1.3ns



Comparison with other works
Authors R1.4 in km Λ GW170817 

constraints 
Methods

Bauswein+ R1.4~R1.6 > 10.6 - Mtot = 2.74

Comparison with 
threshold mass 
from numerical 

simulations

Most+
[12.0, 13.5]

<R> = 12.45
(using 3-tropes)

Λ1.4 > 375 (2𝜎) Mmax < 2.16
400 < Λ < 800

Statistical analysis of 
1.5x106 generic 

EOSs

Annala+
[11.1, 13.4] (3-

tropes)
[9.9, 13.6] (4-tropes)

120 < Λ1.4 < 1504
Mmax < 2.16

Λ < 800

Most extreme 
configurations 

from 0.9/1.7x105 
generic EOSs

Lim+ [11.6, 12.8]
<R> = 12.3 350 < Λ1.4 < 540

None. Results 
largely consistent 

with above 
constraints

Statistical analysis of 
7.2x104 EOSs

Raithel+ < 13.0 (1𝜎)
<R> = 11.7

-
Mmax < 2.30

Λ = 400 (Gaussian)
Statistical analysis of 

106 EOSs



Summary

•GW170817 has helped to 
improve our knowledge of 
maximum masses and radii of 
neutron stars

•Future multi-messenger 
observations will help to even 
more narrow down uncertainties 
of neutron star properties and will 
help to unravel the EOS


