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Numerical relativity simulations of prompt collapse mergers:
Threshold mass and phenomenological constraints
on neutron star properties after GW170817
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We determine the threshold mass for prompt (no bounce) black hole formation in equal-mass neutron
star (NS) mergers using a new set of 227 numerical relativity simulations. We consider 23 phenomeno-
logical and microphysical finite-temperature equations of state (EOS), including models with hyperons and
first-order phase transitions to deconfined quarks. We confirm the existence of EOS-insensitive relations
between the threshold mass, binary tidal parameter at the threshold (Ay,), maximum mass of nonrotating
NSs, and radii of reference mass NSs. We combine the EOS-insensitive relations, phenomenological
constraints on NS properties, and observational data from GW170817 to derive an improved lower limit on
radii of maximum mass and a 1.6 Mg NS of 9.81 and 10.90 km, respectively. We also constrain the radius
and quadrupolar tidal deformability (A) of a 1.4 Mg NS to be larger than 10.74 km and 172, respectively.
We consider uncertainties in all independent parameters—fitting coefficients as well as GW 170817 masses
while reporting the range of radii constraints. We discuss an approach to constrain the upper as well as
lower limit of NS maximum mass using future binary NS detections and their identification as prompt or
delayed collapse. With future observations, it will be possible to derive even tighter constraints on the

properties of matter at and above nuclear density using the method proposed in this work.
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L. INTRODUCTION

Binary neutron star (BNS) mergers are one of the most
important events in gravitational wave astronomy. At least
two such events have been detected by LIGO and Virgo
thus far (namely, GW170817 [1] and GW190425 [2]).
Apart from gravitational waves, BNS mergers may produce
electromagnetic (EM) counterparts across the entire EM
spectrum, which can be detected by various space- and
ground-based observatories. These events result in one of
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the following two outcomes. The merger remnant may be a
massive, differentially rotating neutron star secured by
centrifugal and thermal effects that possibly collapses to
a black hole on a dynamical or secular timescale. Material
that becomes gravitationally unbound during the coales-
cence undergoes rapid neutron-capture nucleosynthesis and
contribute to the galactic enrichment by heavy elements.
The energy released by the radioactive decay of the
nucleosynthesis products power electromagnetic counter-
parts, called kilonova [3-9]. Alternatively, the remnant may
form a black hole immediately upon merger, the so-called
prompt collapse. In this case, if the stars have comparable
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masses, most of the matter falls immediately into the black
hole, resulting in an EM-quiet merger, so the occurrence of
prompt collapse can be determined with multimessenger
observations [10-16]. Bright electromagnetic counterparts
might still be expected for high mass-ratio prompt collapse
binaries [17]. This study is concerned with the binary
threshold mass My, that separates these two outcomes for
equal-mass binaries.

The phenomenon of prompt collapse has been inves-
tigated by several groups [10,11,18-22]. It is widely
accepted that the threshold mass for prompt collapse should
be strongly correlated with other physical properties of
the equation of state (EOS). This can be used to place
constraints on the EOS using information from future
possible observations of prompt and/or delayed collapse.
Shibata et al. [10] first proposed that the minimum total
mass of binary undergoing prompt collapse is directly
proportional to the maximum mass M, of cold non-
rotating neutron stars (NSs). This was later corroborated
with an extensive study spanning multiple EOS by
Hotokezaka et al. [11]. Bauswein et al. [18] extended
the theoretical correlation study by proposing a further
linear relationship between the compactness of the maxi-
mum mass neutron star (Cpax = GMpay/Rmaxc?, Where G
is Newton’s gravitational constant, c is the speed of light,
M. and R, are the mass and radius of the maximum
mass NS) and the proportionality constant (kg =
M,,/M,,..x) between the threshold mass (M) and maxi-
mum mass (M,,,). They also found new EOS-insensitive
relations between ky and other quantities depending
on the EOS, such as with the modified compactness
C; ¢(=GM,,,/c?R 4, where R;¢ is the radius of a
1.6 Mg NS) [18], radii, and quadrupolar tidal polarizability
parameter [23] (hereafter, shortly, tidal deformability) (A)
at few particular values of masses [22]. Since GW170817
had a bright EM counterpart [24], it is widely believed not
to have been a prompt collapse event, e.g., [25]. Using this
information and the proposed correlations between k,, and
C] ¢» Bauswein et al. [26] have derived a lower limit for
R, ¢, the radius of a cold 1.6 Mg NS. Koppel et al. [20]
have used a nonlinear fit between M,,, and My, motivated
by the condition that ky, — 0 as compactness reaches that
of black hole (BH). They derive a lower limit of radii as a
function of NS masses later extended by [27] to asymmetric
binaries. Agathos et al. [28] presented a Bayesian frame-
work based on these correlations to calculate the proba-
bility of prompt collapse for a given merger from the
inspiral gravitational wave (GW) signal. More recently,
Bauswein et al. [21,22] have considered the effect of mass-
ratio and phase transitions. They claimed that the combined
measurement of M, and the binary tidal parameter of the
corresponding binary A, could reveal the presence of QCD
phase transitions in cold, dense matter. In particular, they
identified a region in the My, — Ay, plane that was only
populated by EOS models with strong first-order phase

transitions. They argued that, should the observationally
determined My, and A, lay in this region, this would be
smoking gun evidence for a phase transition.

Recently, several studies have investigated the impact of
mass ratio on the My, [22,27,29,30]. Bauswein ef al. [22]
have found that the My may decrease or increase for
asymmetric systems depending upon the stiffness of EOS.
In Bauswein et al. [22], a fitting formula of the difference is
provided with respect to the nonrotating NS properties
along with an explanation of this difference using the
angular momentum of binaries. Using the fitting procedure
of Koppel et al. [20], Tootle et al. [27] have extended their
earlier studies by looking at the impacts of mass ratio and
spin. Perego et al. [29] have looked at the effect of mass
ratio and provided an explanation from the fundamental
perspective of nuclear physics and angular momentum
of binaries. They provide a broken linear fit of My, with
respect to mass ratio in two regimes (lower and higher than
q=0.725) and incompressibility at the maximum NS
density (K,..), fundamental to the behavior of EOS.
They further provide a method to constrain the K, by
observing the difference of M, between symmetric and
nonsymmetric BNS systems. Kolsch et al. [30] discusses
the impact of asymmetry by introducing an extended
version of the fitting formula from Bauswein et al. [22]
to account for the different behaviors in two regimes of
mass ratio and for different EOS. There is an agreement
among these studies that, while spin can increase the
threshold mass by 5%—10%, the effect of large asymmetry
is to decrease the threshold mass by up to 8% for most of
the EOS. However, there are few EOS for which My,
increases for intermediate mass ratios [29].

In this work, we revisit the issue of the prompt BH
formation in binary NS mergers. On one hand, we confirm
the existence of EOS-insensitive relations between kg, and
other parameters that depend on the EOS. On the other
hand, we find small, but statistically significant, systematic
deviations between our results, obtained with full general
relativity simulations, and those of Bauswein et al. [18] that
used approximate general relativity simulations. However,
we find our linear fit to be in closer agreement with
Bauswein et al. [22] with differences for data points at
higher values of C,,. Our results are consistent with those
obtained by other groups also performing general relativity
simulations. We extend the methods of Bauswein et al.
[26] to combine observational data and simulation results
and derive updated constraints on the radius of 1.4 Mg and
1.6 Mg NSs, as well as on the radius of the maximum mass
NS. We also reexamine the claim of Bauswein et al.
[21,22] that a particular combination of values of My, and
Ay, would imply the presence of a first-order phase
transition in the core of NSs. We find consistency with
their claim for most of the EOS, however, the error bars on
Ay, (the tidal deformability of a NS with mass equal to half
of M,,) of few nucleonic EOS shows large uncertainties
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requiring future high resolution studies to confirm or refute
their hypothesis.

In the next section, we describe the EOS models used
in our simulation classified into different categories. We
describe the details of numerical simulations and the
method to identify prompt collapse in Sec. III. Further,
we describe three main classes of outcomes from BNS
mergers using the midplane rest mass density slices and
time series of key physical quantities in Sec. IV. In the same
section, we describe the correlation between My, and M,
the phenomenological constraints on NS properties, and
derive constraints on M,_,,, radii, and M, using the
correlations. Finally, we provide a brief conclusion of
our results in Sec. V.

IL. EQUATION OF STATE

In the present work, we consider a set of 23 EOS models.
This set includes (a) 21 composition-dependent EOS
derived using different frameworks to describe the
many-body dynamics of the stellar constituents and
(b) two entirely phenomenological zero-temperature piece-
wise polytropic EOS from [31].

Fifteen EOS of the subset (a) are nucleonic models, i.e.,
they include only neutrons and protons as hadronic compo-
nents of dense matter. More specifically, the nucleonic EOS
we consider are BLh [32,33], HS(DD2) [34,35], LS220 [36],
SFHo [37], SRO(SLy) [38,39], nine variants of the SRO
EOS with different values of the empirical nuclear param-
eters [39,40], and the big apple EOS (BA from now on) [41].
With the exception of the BA EOS, all these models are
finite-temperature EOS, i.e., thermal effects are consistently
calculated within the adopted many-body framework. Three
EOS models include hyperons in addition to nucleons:
HS (BHBA¢, just BHB elsewhere in this paper) [42],
H3, and H4 [43-45]. The latter two are zero-temperature
models. Finally, we consider three EOS models that include
a transition to a phase with deconfined quark: the finite-
temperature BLQ [46] and DD2qG (Logoteta et al. [47])
EOS and the zero-temperature ALF2 [48] EOS. In the BLQ
EOS the nucleonic phase is described by the BLh model
[32,33], while the quark phase is described by an extended
version of the phenomenological bag model EOS, which
includes the effects of gluon mediated QCD interactions
between quarks up to the second order in the QCD coupling
a, [49-51]. The nucleonic and the quark phase are then joint
assuming a first-order phase transition according to the so-
called Gibbs construction [52]. The possibility of a quark
deconfinement phase transition is again considered in the
DD2qG and ALF2 EOS models and the Gibbs construction
is still adopted in both cases to join the hadronic and the
quark phases. For the latter phase, in the case of the DD2qG,
the same quark model used for the BLQ EOS is employed,
while in ALF2 the quark model was extended to include the
effect of color superconducting assuming a color-flavor-
locked quark phase [48].

Finally, we include thermal effects in the zero-
temperature EOS models (BA, H3, H4, ALF2, and piece-
wise polytropic EOS from subset (b), GRW1 and GRW2)
by adding a thermal contribution with adiabatic index
Iy = 1.7 following, e.g., Refs. [10,53-55], see [56,57]
for an alternative approach.

The mass radius curves for nonrotating neutron stars
obtained for all the considered EOS models are shown
in Fig. 1.

III. NUMERICAL SIMULATIONS

We construct irrotational quasicircular binary initial data
with the pseudospectral code LORENE [58]. The initial
separation between the centers of the two stars is typically
taken to be 40 km, the exception being the BLh initial data,
used for both the BLh and BLQ binaries, for which the initial
separation is 45 km [46]. Evolutions are carried out with the
WhiskyTHC code [15,59-64], which is built on top of the
EINSTEIN TOOLKIT [65]. Our simulations make use of
the CARPET adaptive mesh refinement framework [66,67],
which implements the Berger-Oliger scheme with refluxing
[68,69]. We use seven levels of mesh refinement, with the
finest grid covering the NSs and the merger remnant entirely.
Our fiducial simulations, referred to as the standard reso-
lution (SR), have a resolution of 0.125 GM/ c? ~ 185 m.
Additional simulations are performed at the lower resolution
(LR) of 0.167 GMy/ c? ~ 246 m for all the binaries near the
threshold mass. The grid setup is discussed in detail in
Ref. [15]. Simulations performed with microphysical EOS
also account for neutrino emission using the leakage scheme
discussed in [63,70].

We define a binary to have undergone prompt collapse if
the remnant does not bounce back after merger and instead
a BH is immediately formed. We remark that this definition
has been used in most previous studies, e.g., [11,16,18],
with the notable exceptions of Koppel et al. [20] and Tootle
et al. [27], which instead use a condition based on the time
for the formation of a BH after merger. As in most previous
studies, but again differently from Koppel et al. [20], the
BH formation threshold is obtained using a bracketing
procedure. Koppel et al. [20] used an extrapolation method
to identify My,. For most EOS, we are able to determine My,
to within 0.05 Mg. For those EOS for which we find
discrepancies between standard and low resolution simu-
lations (BA, DD2, SROS5, and SFHo), we have reported
the threshold masses corresponding to both resolutions in
Table 1. In our analysis, we have used SR results, but we
have extended the error bars to account for this discrepancy.
Additionally, we have checked that our results are robust, to
within the estimated errors, with respect to changes in the
gauge conditions for the BLQ equation of state, where the
difference between Gamma and integrated Gamma driver
(GD and IGD, respectively) gauge conditions [71,72] is
equal to the error bar in My, and is nonexistent for BLh.
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FIG. 1. Mass-radius curves for the equations of state used in our simulations. The dots indicate component masses and radii for

binaries that we simulated, the red ones denote the minimum mass binaries that underwent prompt collapse.

Overall, we have performed 227 numerical relativity
simulations for this study.

IV. RESULTS

In Fig. 2, we show slices of the rest mass density on the
orbital plane from three different binaries representative
of typical outcomes. We chose EOS SRO2 for this
demonstration. Moreover, in slices where the value of
the lapse function drops below 0.2, we have included a
contour indicating the spatial location where it happens.
This is a rough estimate of the apparent horizon and the
appearance of this contour indicates that the merger
remnant has collapsed and formed a black hole [17].

The first row of Fig. 2, involving stars of gravitational
mass 1.35 M, each, presents a merger resulting in a long-
lived merger remnant (or a massive NS). The left panel
shows the moment just after the merger as the two NSs
make contact. The second panel demonstrates a merger
remnant with a double core structure surrounded by a

common envelope. The third and final panel shows a single
rotating neutron star with an oscillating core, losing energy
and angular momentum through the emission of gravita-
tional waves to achieve greater stability more than 10 ms
after the merger. For the minimum lapse, maximum of the
rest mass density, and gravitational wave strain as a
function of time, see the first column of Fig. 3.

The second row of Fig. 2 shows a binary of component
mass 1.45 Mg, which undergoes delayed collapse. Like in
the previous case, the left panel represents the remnant
just after merger. Plumes of ejecta can be seen emerging as
the remnant spins with the residual angular momentum of
the merged binary. In the middle panel, the core of the
remnant has already collapsed as indicated by the lapse
decreasing below 0.2 and ejection of the outer layers of
matter continues to take place. The right panel shows the
remnant after most of the matter has either been ejected or
accreted onto the black hole. A small amount of matter
can be seen forming a disk around the black hole. Time
series of minimum lapse, maximum rest mass density, and
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TABLEL
for each EOS.

Physical properties of each EOS used in this study along with properties of NS near threshold. “Res.” is the resolutions used

EOS Res.  Gauge kg, Cnax  Mgmax (M) Ci Ay Ay Ryy(km) R4 (km)
SFHo SR IGD 1374001 029 2.06 0.184+0.01 31294 +68.34 332.67 11.90 11.77
LR 1.39 +£0.01
BHB SR, LR IGD 144+0.01 027 2.10 0.17+0.00 466.59 +50.89 754.43 13.22 13.21
SLy SR, LR IGD 1.36+0.01 030 2.05 0.184+0.00 3144043921 310.44 11.75 11.59
H4 SR, LR IGD 1.52+0.01 026 2.03 0.17+0.00 487.06 £59.06 933.11 13.55 13.45
ALF2 SR, LR IGD 148+0.01 026 1.99 0.184+0.00 43698 +51.19 607.18 12.39 12.41
BLh SR, LR IGD 1.39+0.01 030 2.10 0.17+0.00 32197 +36.59 430.29 12.42 12.24
GD 1.39 +£0.01
BLQ SR, LR IGD 1.44+0.01 028 1.99 0.17+0.00 368.83 +40.64 434.57 12.40 12.23
GD 143 +0.01
SRO0O SR, LR IGD 1.34+0.01 030 2.21 0.184+0.00 317.184+33.55 433.19 12.33 12.26
SRO1 SR, LR IGD 1.254+0.01 032 2.30 0.184+0.00 25895+4+27.60 309.37 11.67 11.64
SRO2 SR, LR IGD 1.36 £0.01 0.29 2.16 0.17+0.00 346.86 +36.99 474.57 12.51 12.45
SRO3 SR, LR IGD 1.30+£0.01 031 2.23 0.184+0.00 313.79 +32.87 393.73 11.96 11.96
SRO4 SR, LR IGD 1.34 +£0.01 030 2.20 0.17+0.00 341.54 +37.01 478.06 12.53 12.41
SRO5 SR IGD 1.31 +£0.01 030 2.19 0.17+£0.01 400.08 +£81.77 474.34 12.54 12.45
LR 1.33 +£0.01
SRO6 SR IGD 1.41 +£0.01 027 2.11 0.174+0.00 392.15+62.18 589.98 12.87 12.82
LR 1.44 +0.01
SRO7 SR, LR IGD 1.33 +£0.01 031 222 0.18+£0.00 327.70+3591 463.74 12.36 12.28
SRO8 SR, LR IGD 1.35+0.01 030 2.18 0.17+£0.00 340.46 +38.82 473.99 12.71 12.55
LS220 SR,LR IGD 1454+0.01 0.28 2.04 0.174+£0.00 377.03 £44.93 54743 12.69 12.50
DD2 SR IGD 1354+0.01 0.30 2.42 0.18+0.01 30042 +62.34 769.37 13.23 13.27
LR 1.33 +£0.01
BA SR IGD 1304+0.03 0.31 2.60 0.194+£0.01 265.15+63.33 739.03 13.04 13.18
LR 1.32 +£0.01
GRW1 SR,LR IGD 1.39+0.01 029 2.39 0.194+£0.00 306.81 +£28.41 818.98 13.07 13.20
GRW2 SR,LR IGD 1.34+0.01 030 2.38 0.19+£0.00 271.05+2540 553.33 12.26 12.40
H3 SR, LR IGD 1.61+£0.01 022 1.70 0.154+£0.00 79722 +117.74 655.56 13.06 12.48
DD2qG SR IGD 1474+0.01 0.25 2.15 0.18 £0.00 354.52 £30.51 690.24 13.27 13.29

gravitational wave strain for this binary can be found in the
second column of Fig. 3.

The third row of Fig. 2 corresponds to a binary under-
going prompt collapse with a component mass of 1.5 M.
The first panel, which shows the remnant ~1 ms after
merger, indicates that the core has collapsed as the lapse has
fallen below 0.2, at which point the two neutron stars are no
longer distinguishable. The second frame sees the remnant
shrink in size as more and more matter falls into the black
hole or gets ejected. In the final frame, only the black hole
remains with little to no trace of matter surrounding it. See
the third column of Fig. 3 for quantities corresponding to
this binary.

We calculate ky,, Ay, and report them in Table I, along
with properties of the NSs corresponding to the EOS used
in our simulations.

A. Constraints on neutron star radii
and maximum masses

Following the literature [18,21,26], we assume My, for
each EOS to be directly proportional to the maximum mass

(M,,.,) for a nonrotating NS predicted by that EOS.
Relations between My,, My, and C,,,x are given as

My, = kthmaxs (la)
Mth = (aCmax + b)Mmax! (lC)

where a and b are coefficients of linear fits obtained using a
weighted least-squares method. Rearranging the linear fit
equation for ky, vs C,,,, we obtain the following empirical
relations:

G aM?2
R _ | Tmax 2
max = 02 {Mm—meJ’ (22)
GM
M X 1 b|M 2b
th [aR Cz + j| max s ( )
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FIG. 2. Color map of rest mass density in two-dimensional slices taken along the equatorial plane of the binaries. The contour in some
of the frames corresponds to lapse equals 0.2. Each row corresponds to slices from a different binary with individual masses, from top to
bottom, 1.35 M, 1.45 Mg, and 1.5 Mg, respectively. Each binary is created using the EOS SRO2. In the middle row, the drift in the
formed BH is a gauge effect and does not correspond to actual movement.

where a and b are fitting coefficients in Eq. (1b). We report
these fits in Table II for our data, as well as various datasets
in the literature. Using Eq. (2a), we plot the constant R,
contours in Fig. 4.

We find agreement with the claim that k, is directly
proportional to C,,, and modified compactnesses
(C1 4, Ci ), which are defined as follows:

GM
C* , = max s 3
1.4 c2R|_4 (3a)

GM,ax

C* =
1.6 2 )
Ry

(3b)

where R; 4 and R, g are radii of a 1.4 Mg and a 1.6 Mg NS.
We find the R-squared goodness of fit for kg — Chx,
ki, — Ci ¢, and ky, — CJ 4 to be 0.93, 0.90, and 0.86, respec-
tively. From the left panel of Fig. 4 and Table II, we can see
that our data agree closely with that of Hotokezaka et al. [11],
who use an independent 3 + 1 numerical relativity imple-
mentation for solving Einstein’s equations. On the other
hand, we see a systematic deviation from the results of
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strains (in geometric units of total mass of binaries) from three different simulations (from left to right: EOS2-1.36 Mg,
EOS6-1.48 Mg, and EOS2-1.51 Mg, binary systems). The first column shows a binary resulting in a massive neutron star that
does not collapse during the simulation. The binary in the second column produces a massive neutron star that rapidly collapses to a
black hole after a single core bounce. The binary shown in the third column collapses immediately upon merger and is classified as

prompt collapse.

Bauswein et al. [18], who uses an implementation of
conformally flat approximation. However, the improved
version of their viscosity treatment gives consistent results
with our fitting coefficients [22].

Using the linear correlation between ky and Cp,
discussed above and the phenomenological constraints
on the absolute maximum value of C,,,, it is possible to
derive a lower bound for R,,,, [20,26]. We recompute this
constraint using our fit of ky, vs Cppay.

Independent phenomenological constraints on upper and
lower limits of R, have also been obtained using our data
[31,73,74], which depend on the maximum masses in the
range 1.97 Mg-2.9 Mg as shown in Fig. 9. We use two
million piecewise polytropic (PWP) EOS to construct the
key properties such as mass, radius, and tidal deformability
of 1.4 Mg, 1.6 My, and maximum mass NSs (see the
Appendix for details). Our data show the maximum value
of M.« to be 2.9 Mg which rules out the region to the right
of this value in Fig. 4. The minimum value of M,,,, is
determined by the maximum mass pulsar observed until

date (~2.01 M), which excludes the region to the left of it.
We use Eq. (2b) to calculate the limits of My, at each value
of My, corresponding to minimum and maximum values
of Ry« taken from Fig. 9. The computed threshold mass
limits (corresponding to R, limits) are plotted as dot-
dashed black lines on the right panel in Fig. 4, ruling out the
region above the upper and below the lower line. The
horizontal line corresponding to the mass of GW170817
rules out the region below it due to its identification as a
delayed collapse event. The contour of constant R,
passing through the lowest point of the unshaded region
provides the minimum allowed value of R, (see Fig. 4).

Similarly, using our data of simulated PWP EOS, we also
plot the M., -dependent minimum and maximum values of
R, 4 and R, ¢ as shown in Figs. 10 and 11. We define linear
relations between ky and the modified compactness
parameters C], and Cj, similar to Eq. (1b). We obtain
expressions for R, 4 and R, ¢ similar to Eq. (2a), as well as
for My, as a function of R, , and R, 4 similar to Eq. (2b).
Our newly found correlation between k; and modified
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FIG. 4. Left: plot of ky, vs Cy,,, from present and previous works [11,18,22]. Fits are constructed using our data and are shown in
combination with the data of Hotokezaka et al. [11] and Bauswein et al. [18,22]. The weighted linear regression results take into account
the uncertainty in k;,. The shaded region represents uncertainties in the intercept. Right: constraints on the R, M,.x, and My, obtained
using the correlation on the left, PWP phenomenological constraints in combination with the observational lower limit on the maximum
mass of nonrotating neutron stars, and total mass of the event GW170817 as the lowest limit for prompt collapse.

compactness Cj 4 (see Fig. 6) provides a constraint on R 4,
which is a known constraining factor for pressure at 2 times
saturation density [75].

The same procedure as described above is used to plot
contours of constant R, ¢ in Fig. 5 and of constant R, 4 in
Fig. 6. Constraints for R, ;4 and R, 4 and excluded regions
for My, and M, are obtained analogous to R, as shown
in Figs. 5 and 6, respectively. We report the constraints
on minimum values of R; ¢ and R, 4 in Table I with the
uncertainty that takes into account the uncertainties in
the mass of GW170817 as well as our derived value of
intercepts for the linear fits.

Extending the method from the previous works
[21,22,26], we find that the constraints on the threshold
masses as shown in the figures above provide a method to
constrain the lower and upper limits on the maximum mass
of nonrotating NS as follows. Because of the lower (upper)
limit on R,,x, we obtain a lower (upper) limit on My, for a
given value of M, using Eq. (2b) as shown in Fig. 4. The

TABLE II

dependence of M, bounds on M,,,,, implies constraints on
the maximum mass of NS if we infer an unambiguous
prompt collapse or delayed collapse in a future BNS
detection. This is so because observation of a prompt
collapse event with total mass (Mgl promp) l€ss than
3.64 M (Table III) will exclude the region above the
horizontal line corresponding to that mass. If observed in
future GW detections, and with M, greater than this
value, we will obtain a constraint on the upper bound
of maximum mass better than the one obtained using
PWP phenomenological constraints (%2.9 Mg). The con-
straining upper value of maximum mass will be the
intersection point of the horizontal line at Mgl prompt
and the upper bounding curve of My, in Fig. 4. One can
also deduce another constraining fact from these figures
that, if we observe an event with delayed collapse, like
GW170817, with total mass (Ml pelayed) greater than
3.25 Mg, we can constrain the lower limit of maximum
masses better than the current best estimate from pulsar

Fitting coefficients in Eq. (1b) and radius constraints obtained from our data as well as from literature. The fitting

coefficients and their uncertainties are reported using a weighted least-squares method. The uncertainties in radii comes from the
uncertainties in the mass of GW170817 as well as in the values of fitting coefficients. Please note that the upper limits on radii are purely

PWP phenomenological constraints.

min(Ryy,, ) max (R pay ) min(R;s)  max(R,) min(R, 4) max(R, 4)
Dataset a b (km) (km) (km) (km) (km) (km)
Bauswein —3.342 2.42
et al. [18]
Bauswein . -3.38 2.43 g_zsjg:&;" 10_30j3-5§
et al. [26]
Current work ~ -3.36 £0.20 2.35+006  9.81+]2 13.98 10.90+1%5 13.72 107478 13.87
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FIG. 5. Left: plot of ky, vs Cj, from present and previous works [11,18,22]. Fits are constructed using our data and are shown in
combination with the data of Hotokezaka et al. [11] and Bauswein et al. [18,22]. The weighted linear regression results take into account
the uncertainty in k. The shaded region represents uncertainties in the intercept. Right: Constraints on the R, ¢, M,,,,, and My, obtained
using the correlation on the left, PWP phenomenological constraints obtained using the correlation on the left, PWP phenomenological
constraints in combination with the observational lower limit on the maximum mass of nonrotating neutron stars, and total mass of the
event GW170817 as the lowest limit for prompt collapse.

observations. The constraint on the lower limit of the
maximum mass will be the intersection point of the

B. Implications on tidal deformability
Following Bauswein et al. [21], we fit the threshold mass

horizontal line corresponding to M1 pelayed @and the lower
bounding curve of My, in Fig. 4.

The lower and upper constraints on M., as well as
maximum value of threshold masses corresponding to the
correlations of ky, — Cj ¢ and ky, — Cj, can be obtained
using a similar procedure. The critical values of M1 prompt
and M pelayed from corresponding correlations as shown
in Figs. 4-6 are quoted in Table III.

as a bilinear function of M,,,, and the tidal deformability of
the 1.4 Mg NS (A 4),

Min (A1 4, Miax) = SoMpax + 82A1 4 + 83, (4)

where the fitting coefficients obtained using our data
are sy = 0.62 + 0.05, s; = (5.83 £ 0.56) x 1074, and s =
1.33 4+ 0.11. We propose to combine the approach of

L7 I Present work 3.4 | ‘_;J:T:"—T—-c;_' ——1 20
S I Hotokezaka et al. [11] \}g;ta’:"" [ N
161 : : e )
3.2 ' | A 18
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FIG. 6. Left: plot of ky, vs C} 4, from present and previous works [11]. Fits are constructed using our data in combination with the data
of Hotokezaka er al. [11]. The weighted linear regression results take into account the uncertainty in kg,. The shaded region represents
uncertainties in the intercept. Right: constraints on the R;,, M., and M, obtained using the correlation on the left, PWP
phenomenological constraints obtained using the correlation on the left, PWP phenomenological constraints in combination with the
observational lower limit on the maximum mass of nonrotating neutron stars, and total mass of the event GW 170817 as the lowest limit
for prompt collapse.
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FIG. 7. Data (colored circles) and linear relationships obtained from the fit in Eq. (4) relating My, to M,,,, and A, 4 (solid contour
lines). Black dot-dashed curves shows the most conservative upper and lower constraint on A, from [31] (see also values in [1]
19Of]3298). Please note the two contours in thick dashed black lines: for 2.73 Mg corresponding to the total mass of GW170817
M = 2.?3f3_‘3f’ , [11) and for the maximum threshold mass to be equal to 3.62 M. We report the upper limit of threshold mass below

which we can constrain the upper limit of NS maximum mass.

Bauswein et al. [21] along with PWP constraints to find the
lower limit of A, 4 as follows. In addition to the data points
(as colored circles) and contours of the constant M,, we
plot several observational and phenomenological con-
straints in Fig. 7. The lower limit of NS maximum mass
from pulsar observation (M., > 2.01 M) excludes the
region left of this value, while the upper limit of A, , from

3.0 3.2 3.4
M (M)

FIG. 8. Plot of Ay, vs My,. We find one nucleonic (SROS5) and
two non-nucleonic EOS (BHB, H4) whose values lie in the
forbidden zone (above dashed black line as proposed by [22]) for
nucleonic EOS, but with their error bars extending below the
critical line. There are few other EOS such as SFHo, SLy, SRO6,
and LS220 whose values lie below the critical line, but with error
bars extending above it. The EOS H3 lies above the critical line
and outside the plot, which we have removed for clarity.

the observation of GW170817 (A, 4 < 800) eliminates the
region above the horizontal line corresponding to this
value. We again use our PWP phenomenological data to
plot M, ,.-dependent constraint on the lower limit of A, 4
(lower dot-dashed black curve in Fig. 7), ruling out the
region below this curve. The lowest point of the allowed
(unshaded) region gives the lower limit on A4 (= 172),
which corresponds to the intersection point of the slanted
line corresponding to My, = 2.73 My, (total mass of
GW170817) and the lower bounding curve of A 4.

We also report the distribution of our data points on the
Ap-My, plane where Ay, is the tidal deformability of a NS
with mass equal to half of My, (see Fig. 8). In agreement with
Bauswein et al. [22], we find that most of our nucleonic EOS
lie below the critical line in this plane. However, we find that
data points of one nucleonic (SRO5) and two non-nucleonic
EOS (BHB, H4) lie in the forbidden region, with their error
bars extending below the critical line. Similarly, error bars of
some nucleonic EOS that lie below the critical line extend
above it; these are SFHo, SLy, SRO6, and L.S220. Further
high resolution runs are required to resolve these issues and
to correctly assess their claim.

V. CONCLUSIONS AND DISCUSSIONS

In this work, we present a survey of binary neutron
star merger outcomes for 23 different EOS models with
various assumptions about the nuclear matter. We perform
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numerical relativity simulations of equal-mass binary NS
coalescences with varying total masses and classify the
outcomes as either prompt or delayed collapse. We confirm
the correlations claimed in the literature and report different
correlation coefficients for ky,-Cp,, and kgy,-Cj ¢ [18,26],
although similar to Bauswein et al. [22]. The linear fit
reported in Bauswein et al. [18,26] lies outside the error
bars obtained in our analysis, but their updated results are
more consistent with ours [22]. With the use of numerical
relativity and careful error considerations, our fitting
coefficients will be best suited for any future applications
of this work. We have discovered a new correlation for
k-C] 4, allowing us to put a lower bound on R, 4. We find
better bounds on R, (> 9.81 km) and R, ¢ (> 10.90 km)
taking into account uncertainties in the fitting coefficients
and the mass of GW170817. These values are in agreement
with those found by Koppel et al. [20] (R;4 > 9.74 km
and R, ¢ > 10.90 km).

Most importantly, we introduce an M,,,-dependent
condition on both upper and lower limits of compactness
(equivalently radius) (C,,,, C] 4, C] ¢) to derive constraints
on upper and lower limits of M, ,,. This improves upon
previous methods by Bauswein et al. [26] where they use
only the absolute maximum limit on compactness. We also
use lower limits on compactness, not used earlier, which
allows us to put novel constraints on both the upper limit of
M,, as well as the lower limit of M,,,,. Such critical values
of total masses corresponding to different correlations
allow us to put bounds on M,,,, as reported in Table III
In addition, we also find the lower limit on A, 4 to be 172
deduced from the bilinear fit of My, as a function of M,
and A 4 and constraints from GW170817 (see Fig. 7). We
emphasize that the phenomenological constraints on R,
R, 4, and R, 4 are obtained using the formulation of EOS as
a piecewise polytropic pressure-density curve and hence
inherit its limitations.

We demonstrate that the method discussed here to derive
lower and upper constraints can be applied to future GW

TABLEIIL  Critical values of total binary masses for future GW
observations for the present methods to put constraints on M.
Note that the current minimum threshold mass for prompt
collapse is set by Mgwi70s17 = 2.73. We report the total binary
masses above which a potential delayed collapse will constrain
the minimum value of M,,,,., as well as total masses below which

a future prompt collapse event will constrain the maximum value
of Mux-

MlolaJ,Delayed to Mmlal,Prompt to

max(My,) constrain constrain
Correlation Mg) min(Mp,,,) Mg) max(Mp,,) Mg)
kin-Crnax 3.67 >3.25 <3.64
kp-Ci 4 3.38 >3.05 <3.20
ky-Cig 3.35

>3.05 <3.22

Mi-(Ar4Mpg) 362

observations and their identification as delayed and prompt
collapse, respectively. GW detectors are being planned to
higher sensitivity, which will increase the detection range
as well as the accuracy of the measurements, most notably
of the total masses. In future GW detectors, it will be
possible to determine the likelihood of a prompt or delayed
collapse following the merger using the presence or
absence, respectively, of a sharp cutoff in the GW from
a BNS event along with a lack of kilonova observation.
Such estimate will introduce horizontal lines on Figs. 4-6,
ruling out regions above or below them for a prompt or a
delayed collapse, respectively. In the era of highly sensitive
GW observatories, tens of thousands of BNS event are
expected to be detected. We are hopeful that the method-
ology presented here will put a strong constraint on the
maximum masses and hence on the EOS of the nuclear
matter. We note the limitations in our work due to unex-
plored regions of BNS parameter space due to neglected
effect such as spin of component NSs. We intend to extend
and improve our study in a future work.
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FIG. 9. Maximum and minimum compactness and correspond-
ing radii of maximum mass NS as a function of maximum mass.
The dashed black line represents a conservative bound, while the
red and blue dashed lines represent the actual limit of the dataset.

APPENDIX: RESULTS USING DATA FROM [31]

We use data from about two million piecewise polytropic
EOS satisfying causality, along with some other important
constraints mentioned in [31], to obtain the phenomeno-
logical upper and lower limits on compactness of non-
rotating NSs. We find that for any given maximum mass
there exists an upper and lower limit on C,,,4, C} 4, and C7 4
as shown in Figs. 9-11. We construct bins in the array of
maximum masses and select the minimum and maximum
values of radii corresponding to maximum mass, as well of
1.4 Mg and 1.6 M NSs.

We use a conservative limit from the dataset by con-
structing a smoothened spline fit with few points. We
transform the bounds on radii to the bounds on threshold
masses depending upon maximum mass of the NS using
Eq. (2b) plotted in Fig. 4.

Ry (km)
=

2.0 2.5 3.0
I\:Iumx( M, )

FIG. 10. Maximum and minimum modified compactness [C] 4,
Eq. (3b)] and corresponding radii of a 1.6 Mg NS as a function of
maximum mass. The dashed black line represents a conservative
bound, while the red and blue dashed lines represent the actual
limit of the dataset.
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FIG. 11.

Maximum and minimum modified compactness [C] 4,
Eq. (3a)] and corresponding radii of a 1.4 Mg NS as a function of
maximum mass. The dashed black line represents a conservative
bound, while the red and blue dashed lines represent the actual
limit of the dataset.
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