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Prompt Black Hole Formation in Binary Neutron Star Mergers
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We carry out an in-depth analysis of the prompt-collapse behaviour of binary neutron star (BNS) mergers. To
this end, we perform more than 80 general relativistic BNS merger simulations using a family of realistic Equa-
tions of State (EOS) with different stiffness, which feature a first order deconfinement phase transition between
hadronic and quark matter. From these simulations we infer the critical binary mass Mcrit that separates the
prompt from the non-prompt collapse regime. We show that the critical mass increases with the stiffness of the
EOS and obeys a tight quasi-universal relation, Mcrit/MTOV ≈ 1.41 ± 0.06, which links it to the maximum
mass MTOV of static neutron stars, and therefore provides a straightforward estimate for the total binary mass
beyond which prompt collapse becomes inevitable. In addition, we introduce a novel gauge independent def-
inition for a one-parameter family of threshold masses in terms of curvature invariants of the Riemann tensor
which characterizes the development toward a more rapid collapse with increasing binary mass. Using these di-
agnostics, we find that the amount of matter remaining outside the black hole sharply drops in supercritical mass
mergers compared to subcritical ones and is further reduced in mergers where the black hole collapse is induced
by the formation of a quark matter core. This implies that Mcrit, particularly for merger remnants featuring
quark matter cores, imposes a strict upper limit on the emission of any detectable electromagnetic counterpart
in BNS mergers.
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I. INTRODUCTION

Neutron stars have become leading laboratories to study
dense matter in the course of the past decade. As a key com-
ponent in this development, multi-messenger signals from bi-
nary neutron star (BNS) mergers include information about
the properties of strongly interacting matter at densities not
accessible to terrestrial experiments. The detection of gravi-
tational waves (GW) from the GW170817 event [1] already
provided constraints on the neutron star Equation of State
(EOS) [2] that complement those from direct mass [3–6] and
radius measurements [7–11] as well as from microphysics cal-
culations in nuclear theory [12–15] and perturbative Quantum
Chromodynamics (QCD) [16–19]. Neutron stars with masses
close to the maximal limiting value set by collapse into a black
hole are particularly interesting for EOS inference, since their
cores reach densities multiple times larger than the nuclear
saturation density ns = 0.16/fm3. Our theoretical under-
standing of QCD, the fundamental theory for matter, at these
densities is very limited, which makes observations of highly
massive neutron stars and their mergers currently the only re-
liable source of information about their material properties.

There exists a simple and well defined notion for the
limiting mass of isolated static (MTOV) and rotating stars
(Mmax), beyond which they become unstable against gravi-
tational attraction and collapse into a black hole, in terms of
the so-called turning-point criterion [20]. While the values of
MTOV and Mmax individually depend strongly on the EOS,
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in case of uniformly rotating stars they were shown to sat-
isfy the quasi-universal (EOS independent) relation Mmax ≈
1.2 MTOV [21–23]. In contrast to isolated neutron stars,
which are well approximated by a stationary and axially sym-
metric spacetime, the notion of a limiting mass is more in-
tricate for dynamic systems like BNS mergers, because they
evolve non-linearly in time and possess essentially no symme-
tries. Crucially, the time-dependent differential angular ve-
locity profile of the merger remnant influences the stability
and changes the simplified picture observed for isolated, uni-
formly rotating stars, so that simple recipes like the turning-
point criterion do not apply. Depending on the total mass and
its division into its binary constituents, a BNS merger can ei-
ther result in the prompt formation of a black hole or a (meta-
)stable neutron star merger remnant, which may collapse into
a black hole at later times. These two scenarios feature differ-
ent patterns of GW emission and electromagnetic (EM) radi-
ation [24].

Significant effort has been put in the field towards investi-
gating the collapse of isolated neutron stars [25–27] and black
hole formation in neutron star head-on collisions [28, 29].
More recently the mass-threshold to prompt black hole for-
mation has also been investigated in numerical simulations of
BNS mergers starting from more realistic inspiral initial con-
ditions [30–35] rather than head-on conditions. Such thresh-
old mass analysis, in combination with observational data
from the GW170817 event, lead to estimated lower bounds
of neutron star radii [31, 36] that agree surprisingly well with
those from entirely different theoretical approaches [37]. The
aforementioned studies provided important insights about the
collapse behaviour of BNS mergers, but also rely on vari-
ous simplifying assumptions to estimate the threshold mass.
These assumptions include for example an approximate de-
scription for the gravitational field [36], simple gauge depen-
dent criteria based on a Newtonian notion of free-fall [31] or
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the use of EOS models that are in tension with some of the re-
cent neutron star measurements that constrain the EOS at the
densities and temperatures reached right before and during the
collapse.

In this article we address these limitations by introducing
the notion of the critical mass Mcrit that separates the prompt
from the non-prompt collapse regime, as well as by suggest-
ing a gauge independent definition for a one parameter fam-
ily of threshold masses M (p)

th in terms of curvature invariants
of the Riemann tensor which does not rely on a Newtonian
free-fall criterion. We deduce the critical mass from a de-
lay in the black hole formation time that appears generically
in a small mass range close to the prompt collapse regime,
while the threshold masses of promptness p are inferred by
demanding positivity of the pth time derivative of the spatial
maximum of the Kretschmann scalar in the prompt collapse
regime, therefore characterizing the competition between the
gravitational pull and internal pressure of the hypermassive
neutron star formed in the merger. We demonstrate the robust-
ness and analyse the consequences of these definitions with a
set of more than 80 individual large-scale general relativis-
tic hydrodynamic simulations of BNS mergers with different
total masses populating the prompt and non-prompt collapse
regime. We find that especially the critical mass Mcrit plays
an important role, since it sets a strict upper bound beyond
which essentially all matter ends up inside the black hole dur-
ing the merger and where the possibility of any subsequent
EM emission is strongly suppressed.

To account for uncertainties in the matter description we
employ three different variants (soft, intermediate, stiff) of the
holographic V-QCD hybrid EOS model [38]. All models in
this article are by construction consistent with nuclear theory
and perturbative QCD at low and high densities, respectively,
and in-between faithfully cover the central region of the EOS-
uncertainty band of Ref. [39] which has been obtained by
combining recent constraints from neutron star mass-radius
measurements and GW data. A distinguished characteristic
of the V-QCD framework is that it is non-perturbative and
provides a unified description of both the nuclear and quark
matter phases, and therefore also the (first order) phase transi-
tion between these phases. This feature allows us to track the
amount of quark matter formed and study its impact on the
lifetime of the post-merger remnant and the various limiting
masses introduced in this article.

To determine the impact of the phase transition on our re-
sults we construct and simulate for comparison also a model
without quark matter phase that is otherwise identical to the
intermediate variant of the V-QCD EOSs. As we will show,
near critical-mass mergers produce remnants that have the
highest fraction of quark matter inside their cores. For merg-
ers with binary mass slightly above the critical value, this in
turn leads to a quicker collapse with approximately one order
of magnitude less residual matter outside the black hole and
therefore a stronger suppression of EM emission in the model
with quark matter than in the model without quark matter. We
argue that this suppression-mechanism may be useful to in-
fer the existence of quark matter in neutron stars from future
multi-messenger observations of BNS mergers. Furthermore,

we find that short-lived hypermassive neutron stars formed
in binaries with total mass slightly below the critical value
can experience periodic episodes of quark matter formation in
their cores for several milliseconds before they collapse into a
black hole.

The 3D-rendering in Fig. 1 summarises the main ingredi-
ents of our analysis. Shown in orange are the iso-contours
of the Kretschmann scalar, in green those of baryon number
densities close to ns and in blue those of the volume fraction
of deconfined quark matter in the core region, as they mani-
fest in a post-merger remnant close to the critical mass only
moments before it collapses into a black hole.

FIG. 1. Iso-contours of the Kretschmann scalar (orange), the baryon
number density enclosing values larger than the nuclear saturation
density (green) and the fraction of quark matter (blue), for a remnant
formed in a binary neutron star merger moments before collapse into
a black hole. Light and dark colours indicate small and large values
of these quantities, respectively (only results for negative values of y
are shown for clarity).

The rest of this article is organized as follows. Section II
summarises the properties of the V-QCD hybrid EOS models
used. In Sec. III we review the relevant definitions and proper-
ties of the curvature invariants used in our analysis, give defi-
nitions for Mcrit and M

(p)
th and explain how to compute them

in BNS merger simulations. In Sec. IV we present and inter-
pret our results and end with a summary and conclusions in
Sec. V. For completeness, we provide four appendices with
additional details on the EOS construction (App. A), a num-
ber of simulation results that are not shown in the main text
(App. B), numeric checks with the Reissner-Nordström geom-
etry of the curvature invariants implemented in our numeric
code (App. C) as well as an comparison of our simulation re-
sults with the free-fall criterion (App. D).

Throughout this article we use natural units where c = h̄ =
kB = GN = 1.



3

II. EQUATION OF STATE

Currently, calculations from-first-principles of even the
most basic thermodynamic quantities as the phase diagram
and the EOS at finite temperature and baryon density di-
rectly in QCD are illusive because of the non-perturbatively
large coupling strength as well as the infamous fermionic
sign-problem in lattice QCD. Traditional approaches to tackle
this problem include effective field theory models (see,
e.g., [14, 40, 41]), which however need to be extrapolated
to densities way beyond their range of applicability [42],
or generic (model independent) parametrizations of the EOS
that are tuned to satisfy theoretical and observational con-
straints [37, 39, 43, 44], but do not contain any information
about the particle composition. A promising alternative are
non-perturbative models for QCD that are based on the holo-
graphic gauge/gravity duality and where it is feasible to rigor-
ously compute the phase structure and the EOS of theories that
closely mimic the expected behaviour of QCD [38, 45–50].

Formation of quark matter during and after the merger of
two neutron stars is expected to affect significantly the prop-
erties of the resulting merger remnant, because quark mat-
ter may have drastically different compressibility properties
compared to nuclear matter. In particular, the presence of
quark matter is expected to impact the limiting mass at which
a BNS merger collapses promptly into a black hole as well
as modify the observable GW longevity and spectrum [52–
60] and influence the conditions dictating the emergence of
an EM signal [61]. In order to study this effect reliably, we
opt to use a set of three EOS variants (soft, intermediate,
and stiff) constructed in [38], which contain both nuclear and
quark matter phases. In this setup, based on the gauge/gravity
duality, both the EOS of the nuclear and the quark matter
phase arises from the same model (V-QCD, [62]), making it
possible to obtain sound predictions for the location and the
strength of the nuclear to quark matter phase transition. This
is demonstrated in the top left panel of Fig. 2. At low tem-
peratures the phase transition is relatively strong with latent
heat ∼ 103 MeV/fm3 [38, 63, 64]. With increasing tempera-
ture, the phase transition becomes weaker, ending in a critical
point above T = 100 MeV. The model for the quark matter
phase follows the construction in [65, 66], with the details of
the five-dimensional gravity action pinned down through fit to
lattice data in [63]. The model for the nuclear matter phase,
within the same V-QCD setup, was established in [67] by us-
ing the approach of [68].

The three EOS variants at zero temperature are shown in
Fig. 2 (bottom left panel) as the colored solid curves. We point
out that they compare well with the probability distribution of
EOSs obtained by sampling a large set of interpolations be-
tween the low and high density regimes [39], where the EOS
is known to a good precision. In addition, the intermediate
variant without a quark matter phase (see App. A) is shown as
the dashed green curve. A characteristic feature of the EOS in
the regime of the phase transitions is that the nuclear matter
EOS is rather stiff, with the speed of sound squared clearly
above the value 1/3 of conformal theories, whereas the quark
matter EOS is soft, with the speed of sound below the con-

formal value. Therefore there is a strong first order phase
transition from nuclear to quark matter inside a neutron star
which tends to destabilize the star. This holds true both for
static and rotating stars [22, 69] as well as the hypermassive
neutron stars formed in neutron star mergers [57].

The agreement of the EOSs at zero temperature is il-
lustrated through comparison with the measurements by
the NICER collaboration [7–10] and direct mass measure-
ments [3, 6] on the right panel of Fig. 2. The agreement is
generically good [64, 69, 70]. The MTOV for the soft EOS,
set by the kink of the mass-radius curve where a quark core
develops, is nevertheless somewhat lower when compared to
the recent observations of neutron star masses [6, 11]. There-
fore this variant is slightly disfavoured.

III. CHARACTERIZING PROMPT COLLAPSE

There have been several attempts to determine the mass-
threshold to prompt black hole formation in BNS merg-
ers [30–35]. Here we introduce a novel approach, which
uses curvature scalars built from the Riemann tensor Ra

bcd to
locate the borderline between prompt and non-prompt black
hole formation and to formulate a gauge independent defini-
tion for a one-parameter family of threshold masses. There ex-
ists an infinite number of curvature scalars that can be formed
by contracting tensor products of an arbitrary number of Rie-
mann tensors. For simplicity, our focus in this manuscript
will be on the three quadratic polynomial invariants that are
built by contracting Riemann and epsilon tensors. These three
quantities are the principal invariants of the Riemann ten-
sor on four dimensional Lorenzian manifolds, known as the
Kretschmann scalar K1, the Chern-Pontryagin scalar K2, and
the Euler scalar K3 and are defined as follows [71]

K1 := Rabcd R
abcd , (1)

K2 := ⋆Rabcd R
abcd , (2)

K3 := ⋆R⋆
abcd R

abcd , (3)

where the left and right duals of a generic four index tensor
Aabcd are defined by the following contractions with the ep-
silon tensor [72]

⋆Aabcd := ϵabefA
ef

cd , (4)

A⋆
abcd := Aab

ef ϵefcd . (5)

It is useful to express these contractions in terms of the Weyl
tensor, i.e., the trace free part of the Riemann tensor

Cabcd = Rabcd −
(
ga[cRd]b − gb[cRd]a

)
+

1

3
R ga[cgd]b ,

(6)

which has only two linear independent principle invari-
ants I1 = Cabcd C

abcd and I2 = ⋆Cabcd C
abcd, because

⋆C⋆
abcd C

abcd = −I1. The principle invariants of the Rie-
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FIG. 2. Top-Left: Phase boundaries between hadronic, mixed and quark matter together with the critical end points of the soft (red),
intermediate (green) and stiff (blue) VQCD variants in the energy density and temperature plane. Bottom-Left: Cold, beta-equilibrium slices
of VQCD together with a variant (dashed, labeled “no QM”) of the intermediate model with suppressed first order phase transition. Blue and
green areas denote the uncertainty bands from nuclear theory [12] and perturbative QCD [51], respectively. The solid black and grey lines
enclose the 100% and 95% confidence intervals constructed from a large ensemble of generic EOS models interpolating between the colored
bands [39], respectively. Right: Corresponding Mass-Radius relations where coloured stars mark (half) the critical mass and ellipses indicate
the radius measurements of J0030+0451 [7, 8] (blue) and J0740+6620 [9, 10] (orange) by the NICER experiment, while colored bands are
direct mass measurements of J0348+0432 [3] (green) and J0952-0607 [6] (pink).

mann tensor can then be written as

K1 = I1 + 2RabR
ab − 1

3
R2 , (7)

K2 = I2 , (8)

K3 = −I1 + 2RabR
ab − 2

3
R2 . (9)

As it turns out, the numerical values of K1,K3 in our sim-
ulations are dominated by their trace-free contributions ∝ I1
resulting, except for an overall sign, in very similar structures
and numeric values of these quantities. Both K1 and K3 at-
tain their finite extremal values outside the black hole horizon
in the orbital plane z = 0, which makes them viable probes to
analyse the collapse behaviour of BNS mergers. The scalar
K2 has negative parity K2(z) = −K2(−z), which makes
K2 = 0 by definition in the orbital plane z = 0 and there-
fore not suitable as a probe for black hole formation in the
centre of the merger (see App. B). In order to simplify the dis-
cussion we report henceforth only results for K1 and note that
it can be replaced by −K3 without loss of generality in the
following.

For the numeric evaluation it turns out to be advantageous
to use Einstein equations to replace the explicit Ricci tensor
and Ricci scalar contributions in K1 with the corresponding
expressions of the energy momentum tensor T ab, which leads

to

K1 = I1 + 128π2

(
TabT

ab − 1

6
T 2

)
, (10)

where T = gabT
ab denotes the trace of the energy momentum

tensor.
We proceed now to outline the procedure of threshold mass

determination. As will be shown shortly, the spatial maximum
of K1 has an interesting and generic structure when plotted as
a function of the total binary mass Mtotal and the post-merger
time t − tmerge, where the merger time tmerge is set by the
global maximum of the GW strain amplitude. For small val-
ues of Mtotal the function K1 is non-monotonic in t− tmerge,
but rises monotonically for sufficiently large values of Mtotal.
These two regions are identified as the non-prompt collapse
regime and the prompt collapse regime, respectively. How-
ever, as it turns out, in order to precisely define the critical
mass Mcrit separating the two regions it is simpler to use the
black hole formation time tcrit(Mtotal) instead of the proper-
ties of K1. That is, the critical mass turns out to be clearly
distinguished by a sharp local maximum in this critical time,
where a trapped surface (apparent horizon) is found in the
simulation:

{
Mcrit = min(Mtotal) :

dtcrit
dMtotal

< 0 ∀ t > tmerge

}
.

(11)
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While this definition does not depend on K1 explicitly, the
local maximum of tcrit also implies a sharp feature in the
behavior of K1, which grows rapidly when the black hole
is formed, as we will demonstrate in the following section.
The specific value of Mcrit depends on the EOS [73], but
the overall behaviour of K1(t − tmerge) and the sharp de-
lay in tcrit(Mtotal) are generic and robust features that are
EOS-independent. Fine-tuning the total binary mass Mtotal to
Mcrit establishes a subtle dynamic balance between the gravi-
tational attraction and the material pressure in the post-merger
remnant which leads to a significant delay of black hole for-
mation.

In order to determine when gravitational pull dominates
over residual repulsive forces in neutron star matter we intro-
duce, in addition, a one-parameter family of threshold masses
M

(p)
th in terms of K1 via the following min-max criterion [74]

{
M

(p)
th = min(Mtotal) :

dp

dtp
max(K1) ≥ 0 ∀ t > tmerge

}
.

(12)
The p-th derivative characterises the promptness of the col-
lapse, or in other words, the competition between the gravi-
tational and repulsive forces in neutron star matter as well as
the overall collision dynamics after the merger. In principle,
this definition incorporates arbitrarily high promptness, i.e.,
all values p ≥ 1. For practical purposes, however, we re-
strict our analysis to p = 1, 2, as the determination of higher
derivatives of K1 becomes increasingly difficult given the fi-
nite temporal resolution of the simulations. The critical and
threshold masses satisfy Mcrit < M

(1)
th < M

(2)
th < . . . as we

shall demonstrate explicitly below.
We have implemented K1,K2 and K3 by extend-

ing the Einstein Toolkit thorn WeylScalar4 [75] us-
ing the Mathematica-based [76] computer-algebra package
KRANK [77] for code generation. To construct the binary
neutron star initial data we use the Frankfurt University Ka-
dath code (FUKA) [78] which is based on the KADATH spec-
tral solver library [79]. For simplicity we consider here only
non-spinning, equal mass binaries with an initial separation of
42km and leave a more challenging exploration including un-
equal masses and/or spins of the binary components to future
work. We have checked the independence of our simulation
results on the choice of 42km initial separation by comparing
to selected cases with 40km and 45km and found no notice-
able difference. Furthermore, we neglect magnetic fields in
our simulations, because the merger and collapse dynamics is
predominantly determined by binary parameters and the prop-
erties of the neutron star fluid and less by the magnetic field.

To perform the binary evolution we use the Einstein-
Toolkit [75] infrastructure and its fixed-mesh box-in-box re-
finement framework Carpet [80]. All simulations in this ar-
ticle are performed with six refinement levels, finest grid-
spacing of 295m and total domain size of (3025km)3 while
imposing reflection symmetry orthogonal to the orbital plane.
Opting for such intermediately fine resolution allows us to
perform ≈ 20 individual simulations per EOS which we found
necessary to resolve sufficiently well the mass dependence of
K1 and other quantities for each of the four different EOS

FIG. 3. Maximum of K1 as a function of t− tmerge and total binary
mass Mtotal of the intermediate V-QCD model. Prompt and non-
prompt collapse regions are colored in red and orange, respectively,
and are separated by the critical mass Mcrit marked in violet. The
orange and brown lines mark the threshold masses of promptness
p = 1 and p = 2, respectively, and black regions (labeled “BH
collapse”) indicate where a black hole horizon is formed.

models. As shown in [57], simulations with higher reso-
lution result in minor quantitative changes, but generic fea-
tures are expected to remain robust. For the spacetime evolu-
tion we solve the constraint damping formulation of the Z4
system [81, 82] with the Antelope [83] code. We use the
Frankfurt-Illinois (FIL) [83] code, which is based on the Illi-
noisGRMHD code [84], to evolve the hydrodynamic part. Fi-
nally, we locate the black hole horizon by checking the geom-
etry every 6.3ns for trapped surfaces with the Einstein Toolkit
thorn AHFinderDirect, which we find more than suffi-
cient to resolve the delay in black hole formation close to
Mcrit.

IV. RESULTS

This section provides a comprehensive analysis of our sim-
ulations based on a representative selection of simulation re-
sults while postponing a discussion of the rest of our results
for the EOS variants not shown here to the Appendix. We start
with analysing the generic structure of the curvature invariant
K1 that emerges in BNS mergers.

Fig. 3 shows one of our main results, namely the depen-
dence of max K1 on the total binary mass Mtotal when plot-
ted as function of t − tmerge. The 2D surface of max K1 has
an interesting structure which allows to rigorously separate
merger remnants experiencing at least one bounce and there-
fore a prolonged lifetime from those collapsing immediately
after the merger without any additional features. This clear
qualitative difference allows us to uniquely identify the criti-
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cal boundary value Mcrit (violet line) between the non-prompt
(orange) and the prompt collapse regime (red), while regions
where a black hole is formed are marked in black. Also shown
are two curves in the prompt collapse region that correspond
to the threshold mass of promptness p = 1 (orange line) and
p = 2 (brown line) as defined by Eq. (12). The plot in Fig. 3
is based on ≈ 20 individual BNS merger simulations with
different total binary masses Mtotal performed using the in-
termediate V-QCD EOS variant. Similar results for the other
models considered in this article are given in the Appendix,
which show that this structure is generic (EOS independent)
and that only details, such as the values of Mcrit, depend on
the EOS.

Fig. 4 illustrates how we identify Mcrit and M
(p)
th from our

mass scan of K1. The left, middle and right panels here show
K1, its first time derivative, and its second time derivative,
respectively, at fixed values of the total mass as indicated in
the plots. The solid lines mark the central values for Mcrit

and M
(p)
th , while dotted and dashed lines represent their cor-

responding neighbours M±
crit and M

(p)±
th with slightly lower

(-) and higher (+) total masses that bracket the central values.
The values of the critical and threshold masses for all EOSs
as computed via Eq. (11) and Eq. (12) are collected in Table I,
where the ± uncertainties follow from the corresponding val-
ues for M±

crit and M
(p)±
th obtained from our mass scan.

As shown in the left panel, the solid curve for the central
value of Mcrit diverges later, indicating a delay in black hole
formation, than those for subcritical (dotted) and supercritical
(dashed) values M±

crit which provide estimates for the upper
and lower bounds of the central value. Analogously, the dotted
curves in the middle and right panel for M (p)−

th reach negative
values at some t − tmerge > 0, which violates the criterion
given in Eq. (12), and therefore set lower bounds for M (p)

th ,
while the dashed curves for M

(p)+
th remain strictly positive

and provide upper bounds.

EOS MTOV/M⊙CTOV Λ̃GW Mcrit/M⊙ M
(1)
th /M⊙ M

(2)
th /M⊙

soft 2.01 0.249 537 2.95+0.002
−0.013 2.963+0.013

−0.006 3.05
+0.075
−0.038

interm. 2.14 0.267 565 3.038+0.002
−0.003 3.05+0.05

−0.01 3.15+0.05
−0.05

no QM 2.15 0.275 565 3.065+0.005
−0.005 3.075

+0.025
−0.005 3.15+0.05

−0.05

stiff 2.34 0.293 617 3.19+0.005
−0.005 3.195+0.005

−0.005 3.25
+0.025
−0.025

TABLE I. Static and binary neutron star properties of the four simu-
lated EOS models. The ± uncertainty values are estimated from the
nearest (super- and sub-critical) neighbours to the central values in
our mass scan.

We find a maximum difference of ≈ 0.25 M⊙ in Mcrit be-
tween the soft and the stiff EOS variants. From this we arrive
at the approximate inequality in equal-mass BNS mergers

2.95M⊙ <∼ Mcrit
<∼ 3.19M⊙ , (13)

while the corresponding limits for M (p)
th are slightly higher

2.963M⊙ <∼ M
(1)
th

<∼ 3.195M⊙ , (14)

3.05M⊙ <∼ M
(2)
th

<∼ 3.25M⊙ , (15)

with all of them consistent with the short compact binary
gamma-ray burst regime reported in [24]. Furthermore, be-
cause Mcrit < M

(1)
th < M

(2)
th < . . . and since our lower

bound for Mcrit = 2.95M⊙ is significantly larger than
the total mass MGW170817

total = 2.74+0.04
−0.01M⊙ inferred from

GW170817, our results are consistent with a non-prompt col-
lapse outcome of this BNS merger as suggested by the ob-
served EM emission [35, 85, 86].

The critical and threshold masses scale in the expected way
with the stiffness of the EOS in the sense that soft models with
low TOV-mass, compactness and stellar radii lead to smaller
limiting masses than stiffer models, which provide more inter-
nal pressure to prevent black hole formation at high densities.
This suggests a tight and unique quasi-universal relation be-
tween the TOV-mass MTOV of static neutron stars and the
total BNS mass beyond which a prompt collapse after merger
is inevitable

Mcrit/MTOV ≈ 1.41± 0.06 , (16)

where the lower and upper bounds in this relation are inferred
from the stiff and soft model, respectively, while the cen-
tral value is approximated with the corresponding arithmetic
average. The uncertainty estimate in this relation is there-
fore a consequence of selecting V-QCD EOSs that coincide
well with the boundaries of the 95% confidence interval from
generic EOS inference shown in Fig.2. Because of this we
expect that this estimate reflects well the uncertainty for all
possible consistent choices of the EOSs, while some specific
choices may lead to mass ratios slightly outside the error band.

Comparing the results for the intermediate EOS variants
with and without quark matter shows only a small decrease
of the limiting masses due to the presence of quark matter in
the merger (see Table I). This means the formation of quark
matter during and after the merger has almost negligible im-
pact on the value of the critical mass and the threshold masses,
which we are nevertheless able to accurately resolve in our
simulations as demonstrated in App. B.

Let us next discuss the impact of quark matter on the GW
signal. In Fig. 5 we show in the left panel the GW strain
(top), the quark volume fraction Yquark ∈ [0, 1] averaged
over a region inside the merger remnant ⟨Yquark⟩nb≥ns

=∫
nb≥ns

d3x
√
γ Yquark/

∫
nb≥ns

d3x
√
γ with number density

nb ≥ ns (bottom) and in the right panel the correspond-
ing power spectral density (PSD) together with sensitivity
curves for the advanced LIGO (aLIGO) detector and the Ein-
stein Telescope (ET). Shown are curves for a sub-critical mass
Mtotal = 2.9M⊙ in orange, for the critical mass Mcrit in vi-
olet and for the threshold mass M (2)

th of promptness p = 2 in
red, with thick and thin lines corresponding to the model with
and without quark matter phase, respectively. As expected,
larger masses lead to a clear truncation of the waveform due
to the earlier black hole formation. The post-merger signal for
M

(2)
th is almost entirely dominated by the exponential ring-

down of the black hole, while the critical (Mtotal = Mcrit)
and the subcritical (Mtotal = 2.9M⊙) binaries survive for ap-
proximately 2ms and 8ms after the merger, respectively.

As shown in the bottom panel, there is a significant amount
of quark matter formed during the various post merger phases.
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th in the other two,
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Shown are results for binaries with sub-critical (2.9M⊙), critical (Mcrit) and supercritical mass (M (2)

th ), using orange, violet, and red colors
respectively (as in Fig. 3), with cases with and without quark matter plotted with thick lines and thin lines, respectively. On the bottom we
show the corresponding quark matter fraction averaged over densities nb > ns inside the merger remnant. Right: Corresponding PSD with
the dominant f2 mode marked by a dashed line whenever it is identifiable, together with sensitivity curves of the advanced LIGO (aLIGO)
detector and the Einstein Telescope (ET).

This demonstrates that models like V-QCD that do not al-
low quark matter cores inside static neutron stars, because
their strong phase transition destabilises the stars, can still
lead to extended periods on the order of 10ms during which
a significant amount of quark matter is present inside a post-
merger remnant. The spectral properties of the emitted GW
signal during this period are potentially accessible with ex-
isting detectors. Furthermore, what all cases have in com-
mon is the formation of a pure quark matter core right be-
fore the collapse. In mergers with slightly sub-critical mass
Mtotal = 2.9M⊙ <∼ Mcrit a curious phenomenon can be ob-
served. Namely, an approximately 10ms long stage is present,
with periodic reoccurrence of quark matter inside the core of
the merger remnant before it ultimately collapses into a black
hole. As shown in the Appendix, this stage appears gener-
ically for Mtotal

<∼ Mcrit in all our simulations with EOS

models that include quark matter. Nevertheless, the impact
of quark matter on the GW spectrum, as shown in the power
spectral density (PSD) in the right panel of the plot, depends
most strongly on the total binary mass. Here we see that only
the critical mass mergers (violet curves) are impacted by the
presence of quark matter while sub- and supercritical masses
result in essentially no noticeable difference in the GW spec-
trum. However, because of the short duration (≈ 2ms), ac-
curately accessing this information presents an extreme chal-
lenge to current GW detectors, but may be accessible to those
of the next generation such as the Einstein Telescope.

As argued above, the impact of quark matter in the vicin-
ity of the prompt collapse regime is rather subtle and it is
currently not clear if it will be possible in the near future to
infer the formation of quark matter in BNS mergers just by
analysing their GW signal. For lack of clear GW signatures, it
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is essential to harvest the potential of other information chan-
nels in identifying quark matter formation, such as EM coun-
terparts of merger events. The prospects of observing an EM
signal are crucially determined by the amount of mass left out-
side of the black hole. Fig. 6 shows how the residual amount
of matter available for EM emission after the merger depends
on the total mass of the binary. Shown here is the number den-
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FIG. 6. Post-collapse distribution and abundance of baryonic mat-
ter in the sub-critical (top left), critical (top right), and super-critical
(bottom) regimes as obtained 10ms after the merger. Notably, for
Mtotal ≥ Mcrit, the highest baryon densities within the region of
≈ 30km radius around the central black hole, drop by several orders
of magnitude.

sity in the orbital plane outside the black hole horizon, indi-
cated by the black region in the centre, 10ms after the merger
for binaries with sub-critical mass Mtotal = 2.9M⊙ (top left),
critical mass Mtotal = Mcrit (top right) and for supercritical
masses M (1)

th (bottom left) and M
(2)
th (bottom right). There is a

clearly visible drop in the number density outside the horizon
when crossing the critical mass bound. In order to quantify
this drop, we evaluate the total remnant baryonic mass outside
of the apparent horizon in all our simulations by evaluating the
integral

Mb =

∫

r>rAH

Wρ
√
γd3x (17)

at 10ms after the collapse within a sphere of radius ∼ 74km,
where W stands for the Lorentz factor, ρ is the matter density,
and

√
γ the square root of the determinant of the spatial metric

γij .
We present the results of this analysis in the top panel

of Fig. 7. The critical mass of the binary separates those
BNS systems that result in small tori masses 5 × 10−3 −
10−2M⊙ from the supercritical binaries which leave only neg-
ligible amount of mass outside the apparent horizon, Mb <
10−3M⊙. Moreover, the resulting torus masses decrease by a

factor of a few with the increasing stiffness of the EOS. One
can check that our findings are also consistent with the re-
sults for mass ejection in other studies on equal-mass [88] and
unequal-mass (see, e.g., [89]) binary mergers. Because the
collapse can occur in different phases of the oscillating hy-
permassive neutron star (HMNS), small variations of the tori
masses are present on both sides of the critical line.

Importantly, we find that the drop of the torus mass at crit-
icality is much less pronounced and smaller in magnitude for
the intermediate model where the quark matter phase is ne-
glected (light green data points and curves in the top panel
of Fig. 7). Since the nuclear to quark matter transition in our
models is relatively strong, we expect that a similar reduc-
tion is found for EOS models that feature a weaker nuclear to
quark matter transition. We stress however that a clear sig-
nal is visible even in the case where the phase transition is
removed altogether.

For all the EOS employed in this study, dimensionless
spins of the formed black holes of at least χBH ≥ 0.65 are
measured. Assuming a large scale, ordered magnetic field,
subcritical binaries should be capable of generating a short
gamma-ray burst (sGRB) by launching a relativistic jet via
the Blandford-Znajek mechanism (see [24] and references
therein).

Furthermore, binaries closer to the critical mass (i.e., as
Mtotal approaches Mcrit from below) result in higher spins
χBH ∼ 0.8, which leads to a more efficient energy extraction
via the Blandford-Znajek process [90]. On the other hand,
the tori masses for supercritical binaries are too small to give
rise to a detectable EM emission driven by the mass accretion
onto the black hole [91] and have also not been seen in the
BNS event GW190425 [92] with a high total mass of 3.4M⊙.
Formation of a detectable kilonova is also disfavoured, be-
cause in prompt-collapse scenarios and short-lived HMNS
only negligible ejecta masses are present [93, 94]. We con-
clude that the only EM counterpart for equal-mass binaries
with Mtotal

>∼ Mcrit should be seen in the late inspiral or at
the moment of merger, for example in the form of fast radio
bursts [95, 96], quasi-periodic X-ray bursts in magnetars [97]
and precursor flares [98, 99].

Even though our simulations were carried out without mag-
netic fields, we expect our predictions regarding the disc
masses in the prompt vs. non-prompt regimes to remain un-
changed for realistic magnetic field strengths B <∼ 1013−14G.
The reason for this is that the decisive mechanisms prevent-
ing the prompt-collapse of a post-merger HMNS are hydro-
dynamical in nature, i.e., dominated by the rotational energy
and the pressure support of the fluid and less by the magnetic
field.

Finally, we show in the bottom panel of Fig. 7 the persis-
tence of the quark matter, which is a diagnostic we introduce
to simultaneously quantify the temporal extent and the abun-
dance of the quark phase after the merger. More specifically,
we evaluate the integral of the volume-averaged quark frac-
tion

∫
⟨Yquark⟩nb≥ns

dt over a 3ms long time interval after the
merger. This auxiliary quantity may be used to measure the
overall contribution of the quark matter regions to the global
dynamics of the system. We find the largest amount of quark
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FIG. 7. Top: Remnant baryon mass Mrem outside the horizon at
10ms after black hole formation as a function of the total mass
for different EOS models as indicated in the legend. Dashed
lines mark the critical masses and the grey band indicates the re-
gion dominated by the density of the atmosphere in the simulation
ρatm = 10−14M−2

⊙ as estimated by integrating
∫
d3x ρatm ≈ 8.6×

10−5M⊙ over the entire simulation domain of size (2048M⊙)
3.

Bottom: Time integral over 3ms after merger of the volume aver-
aged quark fraction inside regions with number density larger than
nuclear saturation density.

matter to be formed in critical mass mergers. In addition, for
each EOS a secondary peak at ∼ 0.1M⊙ smaller total mass is
present. In consequence, we expect also more quark matter to
be formed in binaries that are slightly lighter than the critical
mass because of the corresponding delay in collapse time.

V. CONCLUSION

In this work we performed an extensive numerical analy-
sis of the prompt collapse behaviour of BNS mergers for a
family of realistic EOS models that satisfy known observa-
tional bounds for behaviour of QCD at the highest densities re-
alised inside neutron stars and their mergers. In particular, we
explored three EOS variants of different stiffness (from soft
to stiff) constructed with the holographic V-QCD framework
which provides a non-perturbative description of the phase
transition between dense nuclear and quark matter within the
same approach. This framework also allows us to suppress
the quark matter phase and therefore isolate in a consistent
way the effect of the phase transition in our simulations.

As the main novel feature we introduce a set of criteria,
based on gauge independent curvature invariants of the Rie-
mann tensor, to identify the critical mass Mcrit that separates
the prompt from the non-prompt collapse regime as well as a
one-parameter family of threshold masses M (p)

th with prompt-

ness p which further characterises the prompt collapse regime
of BNS mergers. Using these criteria we uncover a rather tight
relation Mcrit/MTOV ≈ 1.41 ± 0.06 between the TOV-mass
and the critical binary mass beyond which any BNS system
undergoes a prompt collapse after merger.

Furthermore, we demonstrate that the critical mass Mcrit

plays a crucial role in analysing the impact of quark matter in
BNS mergers. Importantly, we find that most quark matter is
formed in critical mass mergers and not in sub- or supercritical
ones. This can be explained by the subtle metastable equilib-
rium realised at the critical mass which results in a few mil-
lisecond long prolongation of the remnant lifetime compared
to non-critical binaries. This leads to a clearly visible impact
on the spectral properties of the post-merger GW spectrum in
simulations near the critical mass, which we nonetheless ex-
pect to be challenging to isolate from future observations with
existing detectors because of the short duration of the signal.

As the most promising indicator for the presence of quark
matter we identify the residual mass outside the black hole
formed after the merger. We find that the amount of baryonic
mass outside the horizon not only drops by several orders of
magnitude right at the critical mass, but also that this amount
depends on whether the collapse was induced by a quark mat-
ter or by a pure nuclear matter core. The results of our simu-
lations suggest that a black hole collapse induced by a softer
quark matter core cleans the black hole exterior from resid-
ual matter more efficiently than in the case where the collapse
happens against the resistance of a stiffer nuclear matter core.
In consequence, we find approximately one order of magni-
tude less baryonic mass outside the black hole produced in su-
percritical mass mergers with quark matter compared to those
formed without quark matter.

There exists a number of possible extensions of our work.
A straightforward generalisation involves extending the BNS
parameter space by taking into account different mass ratios
and spins of the binary components similar to what has been
done in [34]. We have not attempted this yet because of the
considerable computational costs required, but plan to do so
in future work. Another interesting avenue to explore are dis-
sipative effects due to viscosity and their impact on the crit-
ical mass. Bulk viscosity in particular could be studied us-
ing the recent developments in microphysics calculations of
the relevant transport properties in holographic and perturba-
tive QCD [100]. Finally, it would be important to rigorously
quantify the actual impact of quark matter on the expected EM
emission in the prompt collapse regime, which could be done
by adding magnetic fields together with a prescription for neu-
trino transport and a nuclear reaction network to our simula-
tions. Such a study would clearly require significantly higher
resolution than it has been used in the present work in order
to faithfully resolve the dynamics and amplification mecha-
nism of the magnetic field. In combination with the necessary
mass scan to identify the critical mass, however, such a study
would result in computational costs that are larger than we can
currently afford, but may be addressed in future.
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Appendix A: Construction of the EOS variant without quark
matter

In order to isolate the effects of quark matter formation dur-
ing the merger on the collapse behavior, we construct a hybrid
V-QCD EOS where the quark matter phase has been removed
by hand. To accomplish this we start from the intermediate
EOS variant of [38]. Obtaining a consistent model is, how-
ever, more involved than simply neglecting the quark matter
phase, because the nuclear matter component of this model is
well-defined only up to about ten saturation densities. This is
because of the van der Waals setup that was used to define the
nuclear matter EOS at finite temperature: the excluded vol-
ume correction in the setup immediately sets the maximum

density to the inverse of the value of the excluded volume per
nucleon. Notice that the densities at which this issue appears
are so high that they are not expected to play a major role in
our simulations. That is, when densities exceed ten satura-
tion densities, this happens in a limited part of the system, and
collapse to a black hole is imminent, thus ending the HMNS
stage which is the most interesting stage for us. Nevertheless,
we want to construct a fully consistent extension of the EOS
(rather than an ad-hoc extension) to densities above the limit-
ing value set by the van der Waals setup.

In order to remove this limitation, we modify the excluded
volume correction in the van der Waals setup such that it is
smoothly turned off at extremely high densities. Because
the van der Waals model is only used to extrapolate the V-
QCD nuclear matter EOS from zero temperature to nonzero
temperature, so that the EOS at zero temperature (both at
β-equilibrium and out-of-equilibrium) remains unchanged.
Therefore the modification solely affects the temperature de-
pendence of the nuclear matter EOS above five saturation den-
sities.

Let us then discuss the precise definition in detail. In [38]
we defined the excluded volume corrected pressure though the
set of equations (see also [102–104])

pex(T, {µk}) = pid(T, {µ̃k}) , (A1)
µ̃i = µi − vipex(T, {µk}) , (A2)

where pex is the corrected pressure, pid is the ideal gas pres-
sure, and the indices i, k run over the particles included in
the van der Waals model, i.e., the nucleons, the elecrons as
well as their antiparticles: i, k ∈ {n, p, e, n̄, p̄, ē}. We chose
vp = vp̄ = vn = vn̄ = v0, ve = vē = 0, and set
v0 = 0.56 fm3. However, without the need of changing the
framework in any other way, we may consider a generalized
definition where we replace Eq. (A2) by

µ̃i = µi − Fi(pex(T, {µk})) , (A3)

where Fi(p) is an arbitrary function. A reasonable choice for
the nucleons employs the earlier definition at small densities,
which means that Fi is linear in p, and turns off the correction
smoothly at large densities, which is achieved by making Fi

constant. We choose

Fi(p) = v0 p
1 + α

(
p
pc

)w

+ pc

p

(
p
pc

)2w

1 +
(

p
pc

)2w ≡ F (p) , (A4)

for the nucleons (i ∈ {n, p, n̄, p̄}), where

α = −0.1 , w = 15 , pc = 911 MeV/fm3 . (A5)

For the electrons and positrons the function Fi is set to zero.
The expression in Eq. (A4) may appear overly complicated.

Nevertheless, we wished to choose a function that represents a
rather rapid step between the linear behavior at small densities
and a constant one at high densities, which can be expressed
in terms of elementary functions, and for which the excluded
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volume F ′(p) decreases monotonically with increasing p. Us-
ing a simpler Ansatz than that of Eq. (A4) typically fails to
satisfy some of these properties.

No other changes are necessary in the construction of the
EOS. The modified correction implies that, for example, the
corrected number densities are given by

n(i)
ex (T, {µk}) =

∂pex(T, {µk})
∂µi

(A6)

=
n
(i)
id (T, {µ̃k})

1 + F ′(pex(T, {µk}))
∑

l n
(l)
id (T, {µ̃k})

,

where n
(i)
id = ∂pid(T, {µ̃k})/∂µi and i denotes all the

fermion species, while the index l runs only over nucleons
and antinucleons.

FIG. 8. Iso-contours of the K2 scalar illustrating the negative parity
with respect to the equatorial plane. Positive and negative values are
colored with shades of red and blue respectively, with the intensity
dictated by the absolute value.

Appendix B: Additional Simulation Results

This appendix is a collection of the simulation results which
we have not shown in the main text. We start with the 3D ren-
dering in Fig. 8 which illustrates the global structure of the
Chern-Pontryagin scalar K2, in particular its negative parity
with respect to the orbital plane. Here, the positive values of
K2 are shown in red and the negative values in blue colours,
while values close to or identical to zero, present in the vicin-
ity of the orbital plane and far away from the centre, are left
white. While K2 displays a non-trivial structure outside the

orbital plane, the fact that it vanishes in the centre clearly
renders this quantity impractical to characterise the collapse
properties of a BNS merger.

We next compare in Fig. 9 the maximal values of the
Kretschmann scalar K1 as a function of the total mass Mtotal

and the post-merger time t− tmerge for the soft, intermediate
without quark matter and stiff V-QCD model EOSs. This fig-
ure demonstrates the universality, i.e., EOS independence of
the overall structure of K1. It also clearly shows the trend of
Mcrit with respect to the EOS-stiffness: soft models result in
smaller values of Mcrit than stiff models. Furthermore, a care-
ful comparison of the plot in the middle for the intermediate
EOS without quark matter to Fig. 3 (main text) for the cor-
responding EOS with quark matter shows a small but clearly
resolved positive shift of ∆Mcrit ≈ 0.028M⊙ in the model
without quark matter. While this small shift is probably irrel-
evant for any observational purposes, it nevertheless demon-
strates the generic trend that quark matter tends to destabilise
the post-merger remnant, as indicated by the lower value of
Mcrit.

For completeness, we show in Fig. 10 the details of our
limiting mass inference for the other EOS models considered
in this work. These figures follow the same logic as Fig. 4
in the main text. Lastly, the largest time delay in black hole
formation at the critical mass takes place for the soft EOS
model, as can be seen from the plot in the top left corner.

Finally, we end this appendix with a discussion of the GW
features and the quark matter production for the soft and stiff
EOS models shown in Fig. 11. The results shown here are
qualitatively similar to those in the corresponding Fig. 5 in
the main text, with one notable exception, namely that the stiff
model leads to the clearest periodic recurrence of quark matter
in sub critical mass mergers. As mentioned in our conclusion,
it would be interesting to study this curious recurrence pattern
further by including bulk viscosity for quark matter in further
simulations, in particular for the stiff model where this feature
appears in a very clear form.

Appendix C: Check of the Numeric Implementation

As a non-trivial check of the implementation of the curva-
ture scalars we compare the closed-form expressions for the
Reissner-Nordström (RN) black hole to the numerical results
obtained with our numeric code. The line element of the RN
geometry can be written as follows

ds2 = gabdx
adxb

= −f(r)dt2 + f−1(r)dr2 + r2dΩ2 , (C1)

f(r) = 1− 2M

r
+

Q2

r2
, (C2)

where the conserved charges M and Q parameterise the mass
and the electric charge of the black hole. The geometry
has an inner and an outer horizon located at rBH = M ±√
M2 −Q2. The case |Q| = M > 0 corresponds to the crit-

ical solution where both horizons coincide, while for Q = 0
the geometry reduces to the Schwarzschild solution with hori-
zon radius rBH = 2M and the second horizon coincides with
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FIG. 9. Maximum of K1 as a function of t− tmerge and total binary mass Mtotal of the soft (left), intermediate without quark matter (middle)
and stiff (right) V-QCD model. Prompt and non-prompt collapse regions are coloured in red and orange, respectively, and are separated by the
critical mass Mcrit marked in violet, while the black regions indicate where a black hole horizon is formed.
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FIG. 10. Spatial maxima of K1 (top) and their first (middle) and second derivatives (bottom) as function of the post merger time t − tmerge
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determined by Eq. (11) and Eq. (12), are plotted as solid lines, while dotted and dashed lines indicate their nearest neighbours that bracket the
central values in our mass scan and the region of negative values is indicated by grey areas.

the singularity at r = 0. For our comparison below we only
consider the case 0 < Q < M and the part of the geometry
beyond the outer horizon r ≥ M +

√
M2 −Q2.

The RN geometry is a solution to the Einstein equations

with the following energy momentum tensor

Tab = FacF
c
b − 1

4
gabF

2 , (C3)

Fab = ∂aAb − ∂bAa , (C4)

Aa =

(
Q

r
, 0, 0, 0

)
. (C5)
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FIG. 11. Left: In the top of each panel we show the plus-polarization of the GW strain extrapolated to the estimated luminosity distance of
40Mpc of the GW170817 event [1] and viewing angle θ = 15◦ determined from the jet of GW170817 [87] (using ϕ = 0◦ without loss of
generality). Binaries with sub-critical, critical (Mcrit) and supercritical mass (M (2)

th ) are shown in different colors. In the bottom panels we
show the corresponding quark matter fraction averaged over densities nb > ns inside the merger remnant. The plots in the top row correspond
to the soft and those in the bottom row to the stiff EOS model. Right: Corresponding PSD where we marked the dominant f2 mode where it
is identifiable, together with sensitivity curves of the advanced LIGO (aLIGO) detector and the Einstein Telescope (ET).

The energy momentum tensor is traceless gabT
ab = 0, but

the contraction TabT
ab = Q4

16π2r8 is non-trivial and rapidly
decreases with r. The three relevant curvature invariants eval-
uate for the RN metric to

K1 =
8
(
6M2r2 − 12MQ2r + 7Q4

)

r8
, (C6)

K2 = 0 , (C7)

K3 = −8
(
6M2r2 − 12MQ2r + 5Q4

)

r8
, (C8)

where K2 = 0 follows from the spherical symmetry of the
RN metric in combination with negative parity of K2.

In Fig. 12 we compare the analytic expressions of K1 (left),
K2 (middle) and TabT

ab (right) for M = 1 and Q = 1/2 to
the numerically evaluated solutions computed with the code
which we also use in our binary merger simulations. This
comparison shows perfect agreement between the numeric
and closed-form solution and therefore provides a non-trivial
consistency check of our implementation.

Appendix D: Free-Fall Criterion

The approach of [31] uses the lapse function α to de-
termine the threshold mass Mth. The criterion that de-
fines Mth requires to determine the global minimum of the
lapse function α(t) together with the Newtonian free-fall time

τTOV = π
2

√
R3

TOV

2MTOV
, where MTOV and RTOV are the maxi-

mum mass and the corresponding radius of the individual star.
In this approach, the threshold mass Mth is defined by the
limit in which the binary collapses on the Newtonian free-fall
timescale:

M/MTOV → Mth/MTOV for tcoll → τTOV , (D1)

where the collapse time tcoll = tBH − t̄merge is defined as the
difference between the time of black hole formation and the
merger. The merger and black hole formation times are in gen-
eral ambiguous. However, the following definitions in terms
of the global minimum of the lapse function were shown [31]
to lead to robust predictions for approximately symmetric bi-
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FIG. 12. Comparison between the exact (blue) the numerically ob-
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(bottom) for M = 1 and Q = 1/2. The gray-shaded area marks
the region inside the outer black hole horizon (black line) located at
rBH ≈ 1.866M .

naries

t̄merge : min(α(t)) = 0.35 , (D2)
tBH : min(α(t)) = 0.2 , (D3)

where the time t̄merge defined here via the lapse function cri-
terion should not be confused with the one determined by
the global maximum of the GW strain amplitude tmerge. In
practice, a series of different binaries with Mtotal ≈ Mth is
simulated and used to extrapolate Mtotal to the point where
tcoll/τTOV = 1, assuming vanishing slope at this point.

In Fig. 13 we evaluate the free fall criterion for our family
of V-QCD EOSs and collect the relevant quantities in Tab. II.
In our set of simulations we find no evidence that the slope

EOS MTOV
M⊙

RTOV
km

τTOV
µs

t̄merge−tmerge

µs

tBH−tmerge

µs
tcoll
τTOV

soft 2.01 12.41 88.4 324 (252) 795 (471) 5.33 (2.47)

interm. 2.14 12.50 84.7 296 (220) 768 (436) 5.34 (2.44)

no QM 2.15 12.50 81.4 272 (219) 760 (450) 5.99 (2.83)

stiff 2.34 12.64 80.8 245 (217) 857 (482) 7.57 (3.28)

TABLE II. Quantities necessary to evaluate the free-fall criterion.
The values listed are for M (1)

th (M
(2)
th ) as evaluated from the corre-

sponding min-max criteria for K1.

of the collapse time vanishes as the free-fall time scale is ap-
proached. This is because free-fall is never realised in a col-
lapsing fluid with finite internal pressure. We therefore con-
clude that the threshold mass criterion defined in terms of spe-
cific values of the gauge function α(t) such as Eqs.(D2)-(D3),
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FIG. 13. Evaluation of the free-fall. Solid and dashed lines are the
ratios of collapse and free fall time in the prompt and non-prompt
regime, respectively. The solid black line indicates the free-fall limit
of equal collapse and free-fall time.

together with the Newtonian notion of the free-fall, does not
lead to a well-defined threshold mass, even though it may give
rough approximations to the threshold masses defined in this
article.
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