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Can one distinguish a binary black hole undergoing a merger from a binary neutron star if the individual com-
pact companions have masses that fall inside the so-called mass gap of 3 — 5 M ? For neutron stars, achieving
such masses typically requires extreme compactness and in this work we present initial data and evolutions of
binary neutron stars initially in quasiequilibrium circular orbits having a compactness C' = 0.336. These are
the most compact, nonvacuum, quasiequilibrium binary objects that have been constructed and evolved to date,
including boson stars. The compactness achieved is only slightly smaller than the maximum possible imposed
by causality, Crnax = 0.355, which requires the sound speed to be less than the speed of light. By comparing
the emitted gravitational waveforms from the late inspiral to merger and post-merger phases between such a
binary neutron star vs. a binary black hole of the same total mass we identify concrete measurements that serve
to distinguish them. With that level of compactness, the binary neutron stars exhibit no tidal disruption up until
merger, whereupon a prompt collapse is initiated even before a common core forms. Within the accuracy of our
simulations the black hole remnants from both binaries exhibit ringdown radiation that is not distinguishable
from a perturbed Kerr spacetime. However, their inspiral leads to phase differences of the order of ~ 5 rads
over an ~ 81 km separation (1.7 orbits) while typical neutron stars exhibit phase differences of > 20 rads.
Although a difference of ~ 5 rads can be measured by current gravitational wave laser interferometers (e.g.
aLIGO/Virgo), uncertainties in the individual masses and spins will likely prevent distinguishing such compact,

massive neutron stars from black holes.

Introduction.—Determining the neutron star (NS) maxi-
mum mass is a one of the most fascinating, unresolved issues
in modern astrophysics. The answer is intimately related to
identifying the correct equation of state (EoS) that describes
matter at supranuclear densities [1]. Currently the highest ob-
served NS mass is 2.14Jj8:fg Mg [2]. In principle, the upper
limit allowing only for causality and a matching density to a
well-understood EoS somewhere around nuclear density, can
be as high as 4.8 M, [3], while recent studies based on the
detection of the gravitational wave (GW) signal GW 170817
place it around ~ 2.2 — 2.3M, [4-7]. All these studies adopt
a number of underlying assumptions whose validity will re-
quire new observations to be verified or modified accordingly.
Observationally, merging binary black holes (BHBHs), black
hole-neutron stars (BHNSs) or binary neutron stars (NSNSs)
whose companions have masses that fall into the mass gap
range (3 — 5 M) are hard to distinguish [8—11]. The identi-
fication of a compact object becomes even more challenging
when one includes exotic configurations, such as quark stars,
boson stars, etc., or alternative theories of gravity.

The parameter that encodes how much mass a compact star
can hold in a certain volume is the compactness, defined as
the dimensionless ratio C' = %é‘/{ . Here M is the Arnowitt-
Desser-Misner (ADM) mass, and R the areal (Schwarzschild)
radius of an isolated, nonrotating star with the same baryon
mass. Our sun has C' = 2 x 1075, a small number indicative
of its nonrelativistic nature, while the upper limit, C' = 1/2,
is set by a Schwarzschild BH. Typical NSs have compactions
around ~ 0.1 —0.2 with the precise number determined by the
as yet unknown EoS. An extreme case is the incompressible
fluid limit that yields C = 4/9 = 0.44, the so called Buchdahl

limit [12]. This limit is unrealistic since it predicts an infinite
sound speed. If one satisfies the causality criterion for the
sound speed (i.e. ¢ < c) then the upper limit for compactness
drops to Cpax = 0.355 [13-15].

Compact binary systems provide some of the best labora-
tories to test the predictions of general relativity, as well as to
probe possible deviations from its description of strong grav-
ity. Despite the large progress that has been achieved in nu-
merical relativity we are still lacking theoretical simulations
that involve extremely compact NSs in binaries. In Ref. [16]
NSNS initial data in quasiequilibrium were constructed with
compactness up to C' = 0.26 using the LORENE code [17, 18].
Similarly, in Ref. [19] BHNS initial data were presented
using the SpEC code [20, 21] that reach the same compact-
ness. Recently [22] NSNS initial data with compactness up to
C = 0.284, together with preliminary evolution simulations,
were computed using the SGRID code [23, 24].

The purpose of this work is to quantify the difference be-
tween a BHBH and an NSNS system when the total ADM
mass falls inside the mass gap and to provide useful GW di-
agnostics that may distinguish them. First, we construct the
most massive NSNSs in quasicircular orbit with the highest
compactness to date using our initial data solver COCAL [25—
27]. The system has ADM mass M = 7.90M and each
star a compactness of C' = 0.336. This value (which is even
higher than the maximum possible compactness that can be
achieved by solitonic boson stars [28]) is only slightly smaller
than the limiting compactness Chy.x = 0.355 set by causal-
ity. Second, using the ILLINOIS GRMHD code [29-32], we
evolve this NSNS system and perform a detailed comparison
of the gravitational waveforms with a BHBH system having



the same initial ADM mass. We find that an NSNS system
having the above compactness inspirals very similarly to the
BHBH system and merges without essentially any tidal dis-
ruption. We conjecture that to be true irrespective of the EoS
for this level of compaction. The merged NSNS remnant col-
lapses to a BH even before a common core forms. Since there
is no disk formation, and a negligible escaping mass, one may
not expect a SGRB or a kilonova from such an NSNS event.
The GW phase difference at the peak GW amplitude of the
NSNS system is ~ 5 rad with respect to the BHBH binary in-
side the band [0.6, 1] KHz. This phase difference corresponds
to ~ 20% of the accumulated phase during the last ~ 1.7 or-
bits (corresponding to an initial separation of ~ 81 km) and
can be detected by the alLIGO/Virgo network. On the other
hand the postmerger remnants have ringdown waveforms that
cannot be distinguished from the Kerr BH ringdown within
the accuracy of our simulations.

In the following we employ geometric units in which G =
¢ = Mg =1, unless stated otherwise.

EoS and numerical methods.—In this work we employ the
cold EoS adopted in Ref. [33] which we called ALF2cc. It is
based on the ALF2 EoS [34] where the region with rest-mass
density py > pos is replaced by the maximum stiffness EoS
given by

P=o(p—ps)+Ps. (1

Here o is a dimensionless parameter, p is the total energy den-
sity, and P the pressure at p,. The solutions presented in
this work assume o = 1.0, i.e. a core at the causal limit,
which represents the maximally compact, compressible EoS
[35]. The matching density p; is, in principle, the point be-
yond which current nuclear studies cannot confidently de-
scribe matter and it is a multiple of nuclear matter density
Ponuc = 2.7 X 1014 gr/cm?’. In our current study though, we
simply take pgs = ponuc in order to maximize the NS com-
pactness and thereby provide a benchmark upon which future
studies can be compared (see also [36, 37] for other EoSs that
support such high compactions).

Our NSNS initial data are computed using the COCAL code
[25-27, 38] while the BHBH initial data using the TWOP-
UNCTURES code [39, 40]. For the NSNS binary each NS has
a rest mass My = 5.18 which corresponds to a spherical star
with compactness M /R = 0.336. The ADM mass of the sys-
tem is M = 7.90, the coordinate separation is 80.6 km, and
the orbital angular velocity is QM = 0.0460. All NS radii
are approximately 10 km. Although the distance between the
two NSs is very large compared with typical NSNS simula-
tions it only results in /N ~ 1.7 orbits prior to merger accord-
ing to the lowest order Post-Newtonian (PN) formula [41],
27N = (MQ)~°/3/(32v) (v = mima/(my +ma)? = 1/4),
due to the very large gravitational mass of the system. The
challenge both for the initial data calculation, as well as for
the evolution, is to resolve a relatively small and very com-
pact NS over such a large binary separation. In Fig. 1 we plot
the rest-mass density profile across the x-axis which passes
through the center of each star. The profiles look very similar
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FIG. 1. Rest-mass density profile across the x-axis for the NSNS
system with the ALF2cc EoS. Horizontal red line corresponds to nu-
clear density ponuc. The inset zooms into the area close to the surface
where the density drops from ponuc to zero in a steep manner.

to self-bound quark stars whose density at the surface is finite.
The red horizontal line divides the region with the causal EoS
Eq. (1) (above the red line) from the polytropic ALF2 crust
(below the red line). The region near the surface is expanded
in the inset of Fig. 1 which shows that our stars exhibit ~ 500
m of crust, which is ~ 5% of their radius but only < 1% of
the rest mass. The blue vertical line pinpoints the surface of
the NS while the red lines mark the change of the EoS.

We perform evolutions of the BHBH and NSNS systems
using the ILLINOIS GRMHD adaptive-mesh-refinement code
[29-32] which employs the Baumgarte—Shapiro—Shibata—
Nakamura (BSSN) formulation of the Einstein’s equa-
tions [42—-44] to evolve the spacetime metric and the matter
fields (see [33] for an evolution that also adopts the ALF2cc
EoS). For the NSNS binary we use two resolutions: Resolu-
tion R1lnsns uses eight refinement boxes with Ax,,;,, = 118
m, while resolution R2nsns employs Az, = 98.5 m. Both
R1nsns and R2nsns can resolve the crust by four or five points
(initially). In the Supplement we plot the violations of the
constraint equations, where their peak values indeed come
from the crust. Future simulations will improve the accuracy.
For the BHBH binary, resolution Rbhbh uses nine refinement
boxes with Az, = 175 m. Reflection symmetry is im-
posed across the orbital plane. Both resolutions that we use
are among the highest in NSNS simulations. According to
[45] one needs Azyin < 100 m to achieve sub-radian accu-
racy (~ 0.2 rad) and nearly convergent waveforms in approxi-
mately 15 orbits. In our case the high compactness of our NSs
necessitate the use of such resolution, while lower resolutions
seem inadequate to keep the stars in bound orbits.

For the GW diagnostics we use the methods described
in [46] and denote by h‘"(t) = hi™(t) — ihim(t) =
Appn (t)e=®em(D) the strain of the (¢,/m) mode and wy,, =

27 form = dq;i’" the corresponding GW frequency.

Results.—The evolution of the NSNS system is depicted
in Fig. 2 where isocontours at density py = 2.26 X
1013 gr/em® = pPax(0)/22.4 are plotted at various times
during the inspiral. This isocontour corresponds to the den-
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FIG. 2. Evolution of an M = 7.90M¢, binary NSNS system. Isocontours of rest-mass density po = 2.263 x 10" gr/cm?® which corresponds
to 0.998 R, (0) and therefore is a accurate representation of the surface of the star.

sity at a radial distance 0.998 R, (0) measured from the maxi-
mum density point in the NSs; therefore it is an accurate rep-
resentation of the surface of the star. In accordance with the
(PN) prediction the binary performs approximately ~ 1.7 or-
bits with the two stars starting as two spherical configurations
to high accuracy. Tidal distortion becomes evident only at
1.5 orbits when t/M = 170. Shortly afterwards (less than a
quarter of an orbit) merger begins with no cusp formation (cf.
[47]). The surface remains intact up until the merging of the
two NSs at t/M = 180 where they actually touch. Immedi-
ately thereafter the remnant collapses, at t/M ~ 183, when
the structure still has a clear dumbbell shape as in the snapshot
at the left column, bottom panel of Fig. 2 (with t/M = 188).
The apparent horizon immediately after collapse has a spheri-
cal shape but settles as a prolate configuration at the end of the
simulation. This is simply a gauge effect caused by the NSNS
moving puncture coordinates. The ratio of polar to equatorial
proper circumferences asymptotes to ~ 0.89 < 1 (see post-
merger section) [48].

Inspiral.—In the top panel of Fig. 3 we plot the normal-
ized strain of the (2,2) mode (r 4 is the areal radius). Despite
the small number of orbits performed by our NSNS system
one can appreciate the fact that the early part of the inspiral is
very similar for both NSNS and BHBH, with differences start-
ing to appear when the tidal interactions begin at ¢ /M ~ 130.
This observation is expected since our NSs are very compact
and thus have small radii R,; at initial separations of ~ 8R,
the inspiral should develop according to the point-particle ap-
proximation. For the same reason one expects that tidal ef-
fects will start to develop later on, which is what we find.
For all simulations we extract ¥, at seven different radii from
the orbital center and verify the expected “peeling” property
rW,4 =const. In the figures shown here we used an extraction
radius Rex = 106 M = 1241 km.

As expected the NSNS binary merges earlier than the
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FIG. 3. Top panel: strain vs retarded time for the (¢ = 2,m = 2)
dominant mode. Rlnsns and R2nsns correspond to the two resolu-
tions of the NSNS system and Rbhbh to the BHBH simulation. Bot-
tom panel shows the phase ®22(¢) of the strain up until its maximum
vs the GW frequency.

BHBH binary even though tidal effects are minimal. Also,
by comparing the two NSNS resolutions, we observe that
the NSNS evolved with the high resolution (R2nsns) merges
slightly earlier than R1nsns. In the bottom panel of Fig. 3
we plot the phase of the GW strain @95 of the (2,2) mode as a
function of frequency up until the moment of maximum strain.
At a given time the angular velocity of the BHBH binary is
smaller than the corresponding of the NSNS binary, leading to
delayed merger. Although our two NSNS resolutions produce
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FIG. 4. Top panel: Fourier spectra of numerical waveforms (colored
lines). Vertical blue lines correspond to the frequency of the (2,2)
mode at the initial separation and at the ringdown. Bottom panel:
Spin of the remnant BHs.

a small phase difference between them, the important quan-
tity here is the phase difference A®yy = |<I>2B;I - SQSNS |
The largest dephasing between the BHBH and NSNS curves
is < 3.5 rads within [0.6,1.0] KHz. If we extrapolate our
results to infinite resolution (see [46, 49-51] and our Supple-
mental Material) we conclude that a BHBH binary will have
maximum ~ 5 rad difference with respect to an NSNS of com-
paction C' = 0.336 in the aforementioned bandwidth. This re-
sult is in accordance with other studies [46, 52] where typical
NSNS binaries are employed and phase differences 2 20 rad
were recorded depending on the EoS, and the NSNS binary
properties. Our maximally compact stars yield a minimal but
measurable phase difference. Given the fact that this phase
difference is produced in the last ~ 1.7 orbits, or through an
accumulated phase of only ~ 20 rad, we calculate that the
dephasing relative to the BHBH case is significant ~ 20%.

In Fig. 4 top panel we plot the Fourier spectrum at 100
Mpc of the (2,2) mode h(f) = F(h??) for the NSNS (two
resolutions, blue and green lines) and BHBH (red line) bina-
ries. We also plot the aLIGO noise curve (gray line) [53], as
well as the Newtonian prediction [54] (dashed lines). Verti-
cal blue lines correspond to the initial and ringdown GW fre-
quency of the (2,2) mode (see next section). The power spec-
tral density for the two kind of binaries is very similar, thus
in order to quantify their difference we compute the match

function [55] M = max —(hlha(deite))
(¢este) V (halhi)(hz|h2)
mization is taken over a large set of phase shifts ¢. and time
shifts t.. Here (hi|hs2) denotes the standard noise-weighted
inner product [55]. For both resolutions R1nsns and R2nsns

we find M = 0.998, i.e. the waveforms emitted at 100 Mpc

where the maxi-

are distinguishable with current detectors for a signal-to-noise
ratio of, e.g., 25 [56, 57], comparable to GW 150914 [58].
However, uncertainties in the individual masses and spins will
likely prevent these detectors from distinguishing these com-
pact, massive NS binaries from BH binaries.
Post-merger—In order to diagnose the spin of the rem-
nant BHs we use two methods. First, using the isolated hori-
zon formalism [59] we calculate a/My, = Jyn /Mg, (using
Rlnsns and Rbhbh for the NSNS and BHBH runs, respec-
tively). Second, for the Kerr spacetime the ratio of proper
polar horizon circumference, L, to the equatorial one, L. is

2 =41+ E(n%s
elliptic integral of the second kind. Following [60] we can ap-
proximate this expression by L,/L. ~ (y/1 — (a/Mpn)? +
1.55)/2.55. By computing the ratio L, /L, directly from the
metric one can get an estimate of a/Myy, using the latter ap-
proximate formula. This quantity is plotted in the bottom
panel of Fig. 4. The two spin diagnostics agree to a level of
~ 1.5% for both binaries, while the spin of the BHBH binary
remnant differs from the one of the NSNS binary remnant by
~ 4% with the NSNS remnant BH having higher spin. This is
consistent with the calculated GW angular momentum emis-
sion and the conservation of angular momentum diagnostic
shown in the Supplement.

Although the mode frequencies wy,, of the GW signal dur-
ing inspiral and merger are described by complicated func-
tions of time, during ringdown the GW signal can be described
with high accuracy as a simple superposition of damped sinu-
soids characterized by three indices: the two spherical har-
monic indices ¢, m and a third overtone index, n = 0,1, .. .,
which here we assume to be the fundamental one n = 0
[61, 62]. As a consequence of the no-hair theorem, all dimen-
sionless mode frequencies, Mpynwemn, and damping times
Temn /Mpn depend only on the dimensionless spin of the rem-
nant BH. For our BHBH and NSNS binaries the dominant
modes are the (2,2) and (4,4) ones. The frequencies of the
(2,2) modes for the NSNS and BHBH binaries are very close
to each other and lead to a BH spin which is consistent with
the values presented in Fig. 4 and discussed in the previous
paragraph. In particular we find that (Mypwaz)ysne = 0.54
while (Myhwas)pysy = 0.53. The (4,4) modes are more
noisy and yield (Myhwaq) = 1.13 and (Myhwad) pppy =
1.11.

In order to compare the ringdown of our models to well-
known results from perturbation theory for Kerr BHs we use
the fits provided in [62]:

) where E(z) is the complete

NSNS

Mipwao = 1.5251 — 1.1568(1 — a/Mypy)% %% (2)
Mipwas = 2.3000 — 1.5056(1 — a/Myy)%-2244 .

Using the (2,2) frequencies of our models we find
(a/Mpn)yens = 0.71 and (a/Mpn) gypy = 0.69 in very good
agreement with the values shown in Fig. 4. The (4,4) mode
predicts spins which differ by ~ 5% from the ones coming
from the (2,2) one. This is within the accuracy of our an-
gular momentum conservation (see Supplement) but is also



expected due to the larger noise in our simulation for those
higher order modes. In conclusion, the ringdown of both the
NSNS and BHBH binaries is consistent with the ringdown of
a perturbed Kerr BH, with the mass and angular momentum of
the remnants closely matching the ones predicted by the Kerr
metric.
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