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ABSTRACT

The Equation of State (EOS) of dense strongly-interacting matter can be probed by astrophysical

observations of neutron stars (NS), such as X-ray detections of pulsars or the measurement of the

tidal deformability of NSs during the inspiral stage of NS mergers. These observations constrain

the EOS at most up to the density of the maximum-mass configuration, nTOV, which is the highest
density that can be explored by stable NSs for a given EOS. However, under the right circumstances,

binary neutron star (BNS) mergers can create a postmerger remnant that explores densities above
nTOV. In this work, we explore whether the EOS above nTOV can be measured from gravitational-

wave or electromagnetic observations of the postmerger remnant. We perform a total of twenty-five

numerical-relativity simulations of BNS mergers for a range of EOSs and find no case in which different

descriptions of the matter above nTOV have a detectable impact on postmerger observables. Hence,

we conclude that the EOS above nTOV can likely not be probed through BNS merger observations for
the current and next generation of detectors.

1. INTRODUCTION

The Equation of State (EOS) of dense matter is a

fundamental relation in nuclear (astro)physics. It con-
nects the properties of strong interactions among the
relevant microscopic degrees of freedom, described by

quantum Chromodynamics (QCD), to the global prop-

erties of neutron stars (NSs), such as their masses,

radii, and tidal deformabilities. In recent years, as-

trophysical measurements of NS properties from X-

ray (Miller & others NICER collaboration; Riley & oth-
ers NICER collaboration; Miller & others NICER col-

laboration; Riley & others NICER collaboration), ra-

dio (Demorest et al. 2010; Antoniadis et al. 2013; Cro-

martie et al. 2019; Fonseca et al. 2021), and gravita-

tional wave (GW) observations of the inspiral phase of

binary neutron star (BNS) mergers (Abbott et al. 2017,

2018, 2019, 2020) have provided a wealth of informa-
tion on the EOS, see e.g., (Margalit & Metzger 2017;
Bauswein et al. 2017; Annala et al. 2018; Most et al.

2018b; Ruiz et al. 2018; Radice & Dai 2019; Landry

& Essick 2019; Capano et al. 2020; Raaijmakers et al.

2020; Dietrich et al. 2020; Essick et al. 2020; Raaij-

makers et al. 2021; Huth et al. 2022; Pang et al. 2022;

Ghosh et al. 2022). While these observations already

led to exciting results, the era of high-precision astro-
physical measurements of the EOS is yet to come, with

the next generation of GW detectors being planned in

the United States (Reitze et al. 2019; Evans & others

Cosmic Explorer Consortium) and Europe (Punturo

et al. 2010; Branchesi et al. 2023), and improved large-

area X-ray timing telescopes anticipated in the future,
e.g.,(Mushotzky et al. 2019; Gaskin et al. 2019; Zhang

et al. 2019).
The EOS of dense matter links the pressure p, energy

density ϵ, and the number density n, spanning from very

dilute matter up to asymptotically large densities where

the dynamics of QCD become perturbative, n ∼ 40nsat

with nsat being the nuclear saturation density. However,
stable NSs probe the EOS only up to the central density

of the maximum-mass configuration, which we call the
TOV density nTOV in the following. This limit results
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mation are accounted for. However, pQCD impacts the
EOS in the unstable branch above nTOV, see Fig. 1.

The present work will allow us to quantify more gener-

ally if densities above nTOV can be measured through

astrophysical observations.

2.2. Numerical Relativity Simulations

For the construction of our initial configurations, we

are using the pseudo-spectral SGRID code (Tichy 2009,

2012; Dietrich et al. 2015b; Tichy et al. 2019). SGRID

uses surface fitting coordinates to solve the Einstein

Equations following the extended conformal thin sand-

wich (XCTS) formulation (York 1999).

For the dynamical simulations, we use the

finite-differencing numerical-relativity (NR) code

BAM (Bruegmann et al. 2008; Thierfelder et al. 2011a;

Dietrich et al. 2015a; Bernuzzi & Dietrich 2016; Diet-

rich et al. 2018). We use the Z4c formulation for the

spacetime evolution (Bernuzzi & Hilditch 2010; Hilditch

et al. 2013), the moving puncture gauge (Bona et al.

1996; Alcubierre et al. 2003; van Meter et al. 2006),

and the Valencia formulation for general-relativistic hy-

drodynamics (Marti et al. 1991; Banyuls et al. 1997;

Anton et al. 2006) together with high-resolution shock-

capturing techniques for the description of matter vari-

ables. For the BAM simulations, we augment the

cold EOSs described before with a Γ-law EOS using

Γthermal = 1.75 to incorporate thermal effects Bauswein

et al. (2010).

To ensure that we can resolve the relevant length
scales, i.e., the far-field region in which GWs are ex-

tracted, but also the matter flow inside the stars, BAM

uses a box-in-box mesh refinement that automatically

can follow the movement of the stars. A Berger-Collela

refinement strategy ensures stable and accurate simula-

tions (Dietrich et al. 2015a). For this work, we employ
a total of seven refinement levels and a resolution of

approximately 108 m in the finest one.

3. RESULTS

To quantify the possible impact of the EOS in the un-
stable branch above nTOV, we will discuss the evolution

of the maximum density and the black hole formation

(Fig. 2), outline possible impacts on the postmerger GW

signal (Fig. 3), and report on the released ejecta mass

(Fig. 4).

3.1. Density Evolution and Black Hole Formation

For our SLy-EOS simulations, we consider three dif-

ferent total masses: 2.73M⊙, 2.75M⊙, and 2.90M⊙; left
panels of Fig. 2. Considering the 2.73M⊙ setup, we

find a difference in the collapse time, i.e., the time be-

tween merger and formation of a black hole, of about

O(100µs) for the different EOS extensions. This time
difference is too small to be detectable in upcoming BNS

merger observations. Overall, our findings suggest that

a black hole forms very quickly once the central den-

sity reaches nTOV. Once this critical density is reached,

higher densities are present during the ongoing simu-

lation, and the evolution differs between the different
setups. Surprisingly, we find that the densities peak be-
fore the formation of an apparent horizon, reported as
vertical dashed lines in Fig. 2. We note that there is

a high chance that the apparent horizon formed earlier

but was not tracked by the employed algorithm imme-

diately, i.e., the dashed lines report an upper bound on

the time when a black hole forms. We believe that, in
practice, the highest densities are reached within a re-
gion either located inside the formed apparent horizon
or in a region where an apparent horizon forms very

quickly. The densities drop once they reach the singu-

larity since (i) the employed shift conditions excise the

central singularity, and (ii) once the fluxes become in-

finite (or extremely large), the matter is removed from
our grid (Thierfelder et al. 2011b). In general, we find

that this drop in the density happens slightly later for

larger values of Γ, likely due to the larger pressure for

larger values of Γ.

For the 2.75M⊙ scenario, there is a small shift in the
collapse time and a slight difference in the simulation

once nTOV is exceeded. However, the time difference
is again O(100µs). Finally, for the 2.90M⊙ simulation,

we find that the collapse to a black hole happens within

1ms after the merger for all setups almost independently

of the EOS extension, i.e., there is no measurable dif-

ference between the individual scenarios.
The previous simulations all use the same stable-

branch EOS. To explore the impact of the stable branch,

we also consider two other EOSs. For the H4 setup, we

chose a total mass of 2.70M⊙ for our simulation to en-

sure that the merger remnant reaches densities above

nTOV. In this case, the remnant survives for more than

40 ms before a black hole forms. We find that although

the collapse happens much later than for the SLy sce-
narios, there is almost no difference between different
values of Γ above nTOV.

Finally, we studied the MPA1 EOS with the highest

maximum mass. For this setup, we carefully fine-tuned
the masses performing different (low resolution) sim-
ulations and settled on a total mass of 3.15M⊙, which

shows overall the largest imprint of the unstable branch.
For this setup, we did not observe a collapse to a black
hole during the time of our simulation. However, we
found that the star surpasses nTOV about 2 ms after the

merger but did not form a black hole (increasing the to-
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access the EOS above nTOV through the observations
of electromagnetic counterparts.

4. SUMMARY AND CONCLUSIONS

Given previous studies about the possibility of mea-

suring the high-density EOS from neutron star merg-
ers, e.g., Bauswein et al. (2019); Most et al. (2018a);

Figura et al. (2020), we extend this question in this let-

ter and have have investigated if binary neutron star

mergers could provide us with meaningful information

about the unstable branch of the EOS, i.e., the EOS at

densities beyond the maximum density of a non-rotating

single neutron star. For this reason, we have performed

numerical-relativity simulations for three different EOSs

(SLy, H4, MPA1) to describe dense matter up to nTOV.

Above this density, we have used five different exten-

sions per EOS to investigate if there is an effect of the

unstable branch on observable quantities during the bi-

nary NS merger. To increase the sample size of our

study, we have used five different total masses, selected

in such a way as to ensure that nTOV is reached during

the postmerger evolution.

During our simulations, we found no noticeable effect

of the EOS in the unstable branch in any of our simula-

tions. Indeed, the collapse time, i.e., the time between

the merger and the black hole formation, only changes

by a few hundred microseconds, and the emitted GW

signal and the amount of ejected material seem to be in-

dependent of the particular extension used above nTOV.

We point out that some of these extensions (Γ = 2.50)

are extreme and become even non-causal in some parts

of the simulation. Based on these observations and

given current and expected future observational uncer-

tainties, we suggest that it is unrealistic to expect that

binary NS mergers will allow us to probe densities be-

yond those probed in high-mass pulsars. Certainly, we

cannot rule out that there might be a particular combi-

nation of source parameters or a phase transition lead-

ing to sudden density jumps that might be observable.

However, given our set of simulations, the attempt to

fine-tune parameters to find such a postmerger differ-
ence, and the low signal-to-noise ratio that most binary
NS observations are expected to have, it seems unlikely
that binary NS mergers can be used to test densities

above nTOV.
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