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Using hydrodynamical simulations for a large set of high-density matter equations of state (EOSs), we
systematically determine the threshold mass My, for prompt black-hole formation in equal-mass and
asymmetric neutron star (NS) mergers. We devise the so far most direct, general, and accurate method to
determine the unknown maximum mass of nonrotating NSs from merger observations revealing M g, .
Considering hybrid EOSs with hadron-quark phase transition, we identify a new, observable signature of
quark matter in NS mergers. Furthermore, our findings have direct applications in gravitational wave
searches, kilonova interpretations, and multimessenger constraints on NS properties.
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Motivation and context.—With the sensitivity increase of
current gravitational-wave (GW) detectors, observations of
neutron star (NS) mergers will become routine in the very
near future [1,2]. Also, the identification of electromagnetic
counterparts will succeed frequently as sky localizations
from the GW signal improve, more dedicated instruments
become operational and observing strategies advance. This
includes the radiation from ejecta in the ultraviolet, optical
and infrared wavebands, so-called kilonovae [3], but also
gamma ray, x-ray, and radio emission from relativistic
outflows [4].

One of the most basic features of an NS coalescence is
the immediate merger product, which can be either a black
hole (BH) for high total binary masses or an NS remnant for
lower total masses [5—8]. The latter may undergo a delayed
collapse to a BH. Generally, the NS remnant’s lifetime
increases with decreasing total binary mass [9—17].

Based on the distinction between prompt and delayed
BH formation for systems with different total binary mass,
one can introduce a threshold binary mass My, for direct
collapse, which is measurable. The total binary mass M,
can be inferred with good precision from the inspiral GW
signal, i.e., the premerger phase (in practice, the chirp mass
is measured with very high precision and constraints on the
binary mass ratio are required to obtain M, [1,18]). The
merger outcome can be observationally discerned either by
the presence of strong postmerger GW emission from an
NS remnant [19,20] (absent for direct BH formation) or
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from the properties of the electromagnetic counterpart,
which is expected to be relatively dim for prompt-collapse
events because of reduced mass ejection [21-23]. Thus, a
number of measurements with different M, and informa-
tion on the merger product yields M ,..s- The measurement
uncertainty essentially depends on how the detections
sample the M, range. It should thus continuously decrease
with the number of events which allow a distinction
between the possible outcomes.

The threshold binary mass is highly important for the
interpretation of NS merger observations [2,3,18,23-36].
Moreover, M., depends in a specific way on the incom-
pletely known equation of state (EOS) of NS matter [8].
Therefore, understanding the EOS dependence of the
collapse behavior is crucial for current and future con-
straints on unknown properties of high-density matter and
of NSs, such as their maximum mass [8], radii [37-39], and
tidal deformabilities [13,40-42]. The prospect to determine
M ..« 1 very notable, where solid lower limits are currently
provided by pulsar measurements [43—45]. Upper limits are
inferred through more elaborated interpretations of obser-
vational data indicating a finite remnant lifetime, e.g.,
[23,46-55]. Estimates of the remnant’s late-time behavior
may be subject to considerable model dependencies. The
present Letter instead deals with the threshold for direct
BH formation, which leads to different, relatively strong
and clear observational features. Apart from implications
for high-density matter physics [56-58], M. is also
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crucial for BH formation in core-collapse supernovae and
BH physics [59-64].

In this Letter, we determine the impact of the properties
of high-density matter on the threshold binary mass for
prompt BH collapse. We go beyond current knowledge in
several respects. We consider the so far largest sample of
EOSs to determine My,., and find new, tight relations
describing its EOS dependence. For the first time, we
systematically determine binary mass ratio effects on
M ,es- Furthermore, we investigate the impact of phase
transitions on the collapse behavior.

We put forward the following four main applications of
our new findings:

(1) Along the lines of [8], we devise a more direct, more
general, and more accurate method to determine M, from
NS merger observations providing information about the
immediate merger outcome and about the total binary mass
and combined tidal deformability from the inspiral GW
signal.

(2) We identify a new signature of a phase transition to
deconfined quark matter in NS mergers. This stresses the
enormous potential of future merger observations [65-86]
to understand the phase diagram of matter in the non-
perturbative regime of finite chemical potentials, which
is not accessible by ab initio QCD calculations [87,88].
Currently, it is not known whether the hadron-quark phase
transition takes place at typical NS densities. Identifying an
imprint of the phase transition in merger observables will thus
also provide invaluable insights for heavy-ion experiments,
which will explore the phase diagram at such densities and
finite temperature (but different isospin) [89-91].

(3) Beyond these future prospects, our novel, more
general relations are directly applicable in detection and
analysis pipelines to quantify the likelihood of a specific
merger outcome and thus, for instance, GW and kilonova
characteristics [2,3,23,26,30-34,92-96].

(4) Furthermore, they are key input for current multi-
messenger constraints on NS properties as in [37-42].

See, e.g., [23,26,27,30-33,37-39,94-96] for concrete
implementations of My,., dependencies. These applica-
tions can be significantly improved by the findings in this
study. Below we describe our results mostly in the context
of the first two applications.

Simulations and setup.—We perform three-dimensional
relativistic hydrodynamical simulations of NS mergers for
a large set of different EOSs of NS matter. For every EOS,
we compute M,.(EOS; ¢q) for fixed binary mass ratios
q=M,/M, =1 and g = 0.7. Masses M, and M, of the
individual binary components, M, and My, refer to the
gravitational mass (for binaries at infinite orbital separa-
tion). Simulations start from quasiequilibrium circular
orbits a few revolutions before merger, with stars initially
at zero temperature and in neutrino-less beta equilibrium.
The merger calculations are conducted with a relativistic
smooth particle hydrodynamics code, which adopts the

spatial conformal flatness condition to solve the Einstein
field equations [97,98]. More details on the simulation tool,
comparisons to other codes (showing generally a very good
agreement), and resolution studies can be found in
[8,32,37,38,99-104].

In this study, we consider 23 different hadronic EOSs
[62,105-124], which constitute our “base sample” and are
consistent with astrophysical constraints from [1,43,44]. To
enlarge the parameter space, we optionally supplement those
with eight additional hadronic EOSs [115-118,125-128]
which are incompatible with the tidal deformability con-
straints from GW170817 [1]. Among all these EOSs, five
models include hyperons. Additionally, we consider nine
hybrid models with a first-order phase transition to decon-
fined quark matter leading to a strong softening of the EOS
[68,111,129-132]. These models vary in the onset density,
the latent heat, and the stiffness of quark matter [68,86].
Among all 40 EOSs, 26 are fully temperature dependent.
The remaining models are supplemented with an approxi-
mate treatment of thermal effects [101]. We refer to the
Supplemental Material [133], which provides more details
on the simulations and the different sets of EOS models and
includes Refs. [134-138]. We emphasize that our base
sample covers well the full range of viable hadronic models.

M .« determination.—We first consider results for the
base sample of purely hadronic EOSs assuming that
indications of a strong phase transition to quark matter
may be independently provided by other observations or
experiments [68,75,76,89,132]. We further justify this
assumption below by describing a new detectable signature
of a phase transition.

Compiling the data for equal-mass mergers, Fig. 1 reveals
a tight relation between the maximum mass M, of
nonrotating NSs, the threshold binary mass My, and

Auprs- The latter is the combined tidal deformability of

Ay 21 200

FIG. 1. Maximum mass M ,, of nonrotating NSs as function of
the threshold binary mass My, for prompt BH formation and
combined tidal deformability Agyes = A(Mypyes/2) Of the binary
at the threshold for direct collapse. Blue plane shows a bilinear fit
to the data for ¢ = 1. Short black lines visualize the deviation
between fit (blue plane) and data points.
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the binary system at the threshold mass, ie., Agpes =
A(Myyes/2) for g =1. A describes the dominant EOS
effects during the GW inspiral and is thus measur-
able [1,18,139-147]. It is defined by A = {16/[13(M, +
M) (M| + 12My)MA, + (M + 12M)M5A,]  with
tidal deformabilities A,y of the individual binary compo-
nents [148-150]. A(M) is a stellar structure parameter
and fully determined by the EOS through A;p) =
2ky(Ri(2)/M())’ with the tidal Love number k,(M) and
stellar radius R(M) (factors of G and ¢ suppressed).

The tidal deformability monotonically decreases with
mass. Therefore, Ay, can be obtained from measurements
of systems with different M, around My, through a
simple interpolation. The tight relation in Fig. 1 implies that
a sufficiently accurate measurement of M., and Ay
determines the currently unknown maximum mass of
nonrotating NSs. The data in Fig. 1 is well described by
a bilinear fit

M max (M thres» [\Ihres) =aM thres + b [\thres +c, (1)

with @ = 0.632, b = —0.002 M, and ¢ = 0.802 M. The
maximum residual of this fit is only 0.067 M, implying a
potentially very accurate measurement of M, (see the
Supplemental Material [133] for fits with an enlarged set
of EOSs). The average deviation between Eq. (1) and
the underlying data is only 0.02 M. As an example,
assuming M., to be measured within 0.05 M and Apres
within 5%, an error propagation through Eq. (1)
yields AM .x = 0.06 M.

For ¢ =0.7, we obtain a similarly tight relation for
hadronic EOSs with a maximum residual of 0.078 M, (with
fit parameters a=0.621, b=-0.001 My, ¢=0.582M)
(see Table II in the Supplemental Material [133]). For the
same EOS, M ;.. of asymmetric systems is comparable to the
one of equal-mass mergers (either equal or at most 0.2 M
smaller). Moreover, we find the difference in My, i.e.,
Miyes(q = 1) = Mys(qg = 0.7), to depend systematically
on the EOS. See the Supplemental Material [133] for more
details, a discussion of the systematic impact of the mass ratio
and an intuitive explanation.

Based on our models, we construct additional bilinear fits
(Table II in the Supplemental Material [133]) quantifying
their quality by the maximum residual and the average
deviation between fit and data. For these relations, we select
different subsets of our data motivated by different assump-
tions on which additional information may be available (e.g.,
about ¢ or the presence of a phase transition). For instance,
we consider only purely hadronic EOS models or a full set of
EOSs including hybrid models with phase transitions, or we
include binaries with a fixed mass ratio or a range in gq.
We also employ different independent variables, which
may be measured more precisely in comparison to
the quantities in Eq. (1). This includes (i) the chirp mass
M= (M M,)*3/(M,+M,)"/> if the mass ratio is not

well constrained or strongly differs among the different
events which are combined to determine M., (ii) the tidal
deformability A;4 of a 1.4 Mg NS, which may be
more accurately and independently measured than A,
or (iii) the radius Ry of a 1.6 My NS. We stress that
cases (i) and (iii), i.e., fits 8 to 11, are very promising
when A;,; or R, is measured in a high SNR GW
detection or by another astronomical observation, e.g., by
NICER [151-153].

Generally, all these choices lead to tight relations
describing the collapse behavior. This is not unexpected
considering the previously found relation My =
[=3.606(GM 0 /C*R1 6) + 2.38]M 5 for a smaller set of
EOS models and only equal-mass mergers [8,154]. NS
radii are roughly constant in a considerable mass range
around M ,.s/2 and the tidal deformability is known to
scale approximately with NS radii (see also [154] for a
semianalytic model of the collapse behavior). In compari-
son to previous results, the new relations presented here
allow a more direct and more general implementation in
analysis pipelines or waveform models because they
involve quantities which are directly measurable from
the GW inspiral (of the same event) and do not rely on
additional information, e.g., about R, . They also include
asymmetric binaries. We remark that the functional form
of our new fits like Eq. (1) is more physical compared to
relations in [8], which features a unphysical decrease
of My,.s With M, in a very small range of the para-
meter space. Finally, we directly compare the relations
M (Mthres’ Athres) [Eq. (D] and M ax (Mthresa R1.6)
(inverted relation from [8]). The maximum residual is
0.067 M, for the new relation compared to 0.26 M, for
the latter. Hence, the relations describing the collapse
behavior in this work are significantly more accurate while
they even include more models and consider asymmetric
mergers.

Physically, relations as Eq. (1) are understandable.
M s 18 determined by two roughly independent EOS
properties, namely, Ay, characterizing the EOS stiffness
at moderate densities and M, at very high densities, both
of which increase My,.. For fixed M., this implies that
Agres has to decrease with M.

We emphasize that already a single measurement of M,
and A can yield a strong constraint on M,,,,,. Indications for
a prompt collapse in a detection imply M, > My, and
A < Agpres- From this follows through Eq. (1) that the actual
maximum mass of nonrotating NSs is smaller than
M0 (Mo, A) (note the minus sign of the fit parameter
b). If a measurement provides evidence for no direct BH
formation, the maximum mass of NSs has to be larger than
M (Mo, A) because M,y < Myyes and A > Ayyes (for
instance, a prompt (delayed) collapse event with M, =
3.0 Mgy and 150 < A <250 implies M, < 2.40 M
(M ax > 2.20), which may be further tightened by incor-
porating additional A data from other events).
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Further applications.—All aforementioned relations are
bilinear and thus easy to invert for other applications
requiring for instance My, or the tidal deformability to
be the dependent quantity (applications 3 and 4). We stress
that one can exploit our different relations describing the
collapse behavior even if some parameters are poorly
constrained as, for instance, in [37-39] yielding a lower
bound on NS radii of about 11 km.

Our models also show that the range of Ay, is relatively
large: for equal-mass mergers 200 < Agres < 450, whereas
200 < Agyes < 650 for g = 0.7 [104], which is significantly
broader than previously assumed (cf. [32,155,156]). Hence,
only for A < 200, a prompt collapse can be assumed, while
depending on ¢ only events with A = 650 may safely be
classified as no direct collapse. This is, for example,
relevant for kilonova observations and GW searches to
determine whether there may be contributions from strong
postmerger GW emission. These ranges imply that inde-
pendent of M, the tidal deformability of a 1.37 My NS
has to be larger than about 200 following the arguments
in Refs. [37,40,42,49] favoring a delayed collapse in
GW170817. This limit is less than the one reported in
[40,41], but our data clearly show that current observations
do not exclude EOSs with A;3; > 200 in line with
[37,42,157].

New signature of phase transition.—By additionally
considering the results with hybrid EOSs, we identify a
new observable signature of the hadron-quark phase
transition, which may occur in NSs. Figure 2 shows
Apres as function of My, for all EOSs with g = 1. It is
striking that all 31 purely hadronic models are located
below the dashed line given by

At = 488(Mpyes /M o) — 1050, (2)
whereas most hybrid models with a phase transition occur
above this curve, i.e., at relatively small My, but larger
Aunres. Hence, a combined measurement of (M e ﬂthres)
With Agpres > 488(Mpes/ M) — 1050 provides strong evi-
dence for the presence of a phase transition.

A strong phase transition induces a softening of the EOS
at higher densities and thus destabilizes the merger product,
i.e., yields a relatively small My,.,. For most of these
models, M ../2 is smaller than the smallest mass M at
which quark matter appears in nonrotating NSs. Hence, the
inspiralling stars are purely hadronic and the corresponding
tidal deformability Ay, does not carry any information
about the phase transition and is thus relatively large. To
some extent, this effect is comparable to results in [68],
where a stronger compactification of the merger remnant by
the phase transition leads to a characteristic increase of the
postmerger GW frequency.

Figure 2 is a projection of the data point of Fig. 1 onto
the M es — Agres plane. We can thus draw lines of constant
M . using fit (1) for purely hadronic EOSs. This explains

1450 Mo = 197;\/;/2.0;\1,3 ?1.1;11@
220,
400~ = .. g
- .
» 3904 :; P
=2 300+ re
w0 e .
[ : @ hadronic and hybrid
2004 @ & : o : L
2.8 3.0 3.2 3.4
Mthres [M @]

FIG. 2. Combined tidal deformability of binaries at the thresh-
old to prompt BH formation as function of threshold binary mass
M e for direct collapse for different hybrid EOSs (green points)
and purely hadronic EOSs (black points; small symbols are
models of the “excluded” sample, three outside the plot range).
Dashed line indicates boundary beyond which only hybrid
models exist [Eq. (2)]. In all except for one hybrid model, the
phase transition occurs after merger. Hence, Ayyes = A(Mpres/2)
is that of purely hadronic stars, which for our models all are
described by the same hadronic EOS below the onset density of
the phase transition. Therefore, Agyes(Miyes) Of these hybrid
models appear to line up on a single curve, following A(M) of the
hadronic EOS. The blue lines show curves of constant M,
using fit (1) for purely hadronic EOSs explaining the absence of
viable hadronic models in the upper left corner.

why no viable purely hadronic EOS models occur above
the dashed line: only models with M ,,, < 1.97 M could
yield a (M yyes» Agres) combination in the upper left corner,
which however is excluded by pulsar mass measurements
[43,45]. The situation is different for EOSs with a strong
phase transition even if they yield a maximum mass above
2 M. As explained, those models can feature a strong
softening at higher densities, which leads to a destabiliza-
tion of the merger remnant and a correspondingly low
M pres- A low My, implies that the merging stars of the
system with M, = My, are hadronic and relatively light.
This leads to a relatively large Ag,es. Thus, hybrid models
with this behavior can lead to strong deviations from the
M (M res» Agres) Telation of hadronic EOSs and the data
points (M pres. Apres) Can occur in a regime inaccessible by
viable hadronic models.

This explains our finding and solidifies that the described
signature through the criterion in Eq. (2) is indicative of a
phase transition. For ¢ = 0.7, we find a qualitatively similar
behavior [104].

Following this argumentation, we further point out that the
limit which indicates a phase transition can be updated when
pulsar measurements increase the lower bound on M.

We stress several advantages of this new signature to
uncover the hadron-quark phase transition in NS mergers.
(1) Ayyes does not need to be determined with very high
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precision in comparison to the accuracy which would be
required to detect a relatively weak kink at M, in A(M)
indicating a phase transition (e.g., Fig. 3 in [42]). A
precision of 10% to 30% is sufficient. (2) For most hybrid
EOSs studied here, M e/2 < M pser» Which implies that
Anres 15 larger than A(M,,,) and thus easier to measure
(because of stronger finite-size effects and possibly more
frequent systems). Detecting a phase transition with high
M.t becomes increasingly challenging for methods
employing only the GW inspiral [75,76], in which case
our signature is particularly promising because it is
sensitive to the very high-density regime. (3) Already a
single measurement with a constraint on (M e Apres)
may reveal indications of a phase transition. (4) M, can be
measured with very good precision and there are a number
of different signals potentially revealing the merger
product, e.g., postmerger GWs, kilonovae, and possibly
gamma-ray bursts, implying that a sufficient My,
determination is conceivable in the near future. In fact,
all in principle required observables have already been
measured [1,4].

Notably, not all hybrid EOSs lie in the “hybrid regime”
above the dashed line in Fig. 2. These are models with a
very strong stiffening of the EOS in the quark phase (with
M ..« exceeding the one of the purely hadronic reference
model; see the Supplemental Material [133]). One may
refer to this as a coarse variant of the masquerade problem
[121], where hybrid models roughly resemble the mass-
radius relation of purely hadronic EOSs. The stiffening
leads to a stabilization of the merger product and thus to a
relatively large My, and consequently a relatively small
Athrﬁs = A(Mthres/z)' A (Mthrestthres) below the dashed
curve does thus generally not allow to infer the nature of
high-density NS matter. However, the proximity to the dash
curve indicates a softening of the EOS at higher densities
and possibly the occurrence of a weak phase transition.

Conclusions.—Future work should investigate potential
systematic uncertainties which might exist on a very low
level, overcome those by improved numerical and physical
modeling, and explore in more detail the observational
features resulting from the collapse behavior. Also, an even
larger set of hybrid EOSs should be considered because our
current models vary the properties of the quark phase but
employ the same hadronic EOS at densities below the
phase transition. This hadronic reference model lies in the
middle of the range given by current astrophysical and
experimental constraints [1,37,43,44,58,147,158-162]. We
thus expect that other hybrid models show the same
behavior; such models should essentially be shifted parallel
to the dashed line.
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