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Accretion disks formed in binary neutron star mergers play a central role in many astrophysical
processes of interest, including the launching of relativistic jets or the ejection of neutron-rich matter
hosting heavy element nucleosynthesis. In this work we analyze in detail the properties of accretion disks
from 44 ab initio binary neutron star merger simulations for a large set of nuclear equations of state, binary
mass ratios, and remnant fates, with the aim of furnishing reliable initial conditions for disk simulations and
a comprehensive characterization of their properties. We find that the disks have a significant thermal
support, with an aspect ratio decreasing with the mass ratio of the binary from ~0.7 to 0.3. Even if the disk
sample spans a broad range in mass and angular momentum, their ratio is independent from the equation of
state and from the mass ratio. This can be traced back to the rotational profile of the disk, characterized by a
constant specific angular momentum (as opposed to a Keplerian one) of 3 — 5 x 10'® cm? s~!. The profiles
of the entropy per baryon and of the electron fraction depend on the mass ratio of the binary. For more
symmetric binaries, they follow a sigmoidal distribution as a function of the rest mass density, for which we
provide a detailed description and a fit. The disk properties discussed in this work can be used as a robust
set of initial conditions for future long-term simulations of accretion disks from binary neutron star

mergers, posing the basis for progress in the quantitative study of the outflow properties.

DOI: 10.1103/PhysRevD.109.063023

I. INTRODUCTION

Tight systems consisting of two orbiting compact objects
eventually merge after a prolonged inspiral phase, during
which they lose energy and angular momentum via
gravitational radiation [1,2]. In particular, the merger of
two neutron stars (NSs), called a binary neutron star (BNS)
merger, results in the formation of a central compact object
surrounded by an accretion disk, whose properties depend
in a nontrivial way on the binary parameters and on the
equation of state (EOS) of NS matter; see [3—5] for a few
recent reviews. At the end of the inspiral phase, tidal
interactions cause the orbiting NSs to deform, forming
spiral arms at the edges of the merging system. In the case
of a significantly unequal mass binary, the lighter NS is
tidally destroyed by the more massive one, and a significant
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fraction of its mass is spread around the more massive one;
see, e.g., [6-10]. During the subsequent merger, shocked
matter is ejected from the collision interface of the two NSs.
If the total mass of the system is large enough, a prompt-
collapse to a black hole (BH) occurs [11-18], halting matter
ejection. Otherwise, core bounces of the newly formed
massive NS remnant expel hot matter in the first few
milliseconds that follow the merger; see, e.g., [19,20]. The
accretion disk is formed by the gravitationally bound matter
expelled during this intricate dynamic. The later disk
evolution is governed by different physical processes,
shaping its properties and determining its behavior. The
absorption and emission of neutrinos influence the thermo-
dynamic properties and composition of the disk [21-27].
Spiral waves [28] and strong magnetic fields [29,30] can
efficiently transport angular momentum during the very
first hundreds of milliseconds, while on a longer, secular
timescale the evolution is driven by viscous effects of
turbulent magnetic origin [31-35]. Additionally, the nature
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of the remnant heavily influences the disk properties. For
example, spiral waves or efficient neutrino irradiation are
expected to occur as long as a massive NS remnant is
present, while the formation of a BH remnant causes the
innermost and denser part of the disk to be swallowed
inside the BH horizon, leading to the formation of a lighter
torus; see, e.g., [10,27].

Accretion disks formed in BNS mergers are the engine
responsible for many relevant processes related to compact
binary mergers and to multimessenger astrophysics. It is
commonly retained that, in the BH-engine scenario, gamma-
ray bursts are triggered by the rapid accretion of a magnetized
disk into the BH; see, e.g., [36—40]. Moreover, a relevant
portion of the accretion disk, up to 30%—-50% of the initial
torus mass [41], is instead ejected by multiple mechanisms:
redistribution of the angular momentum, thermal effects [42],
neutrino-driven winds [24], magnetic stresses [43]. This
ejected matter is responsible for the nucleosynthesis of heavy
elements by means of the so-called rapid neutron capture
process (see [44,45] and references therein). The radioactive
decay of the freshly synthesized, unstable isotopes powers
the kilonova transient [46]. Therefore, the dynamic and
thermodynamic properties of the matter inside the disk,
together with the mechanisms accountable for the matter
accretion and ejection, influence the final abundances of the
expelled elements as well as the production of the electro-
magnetic counterparts associated to BNS mergers.

Owing to their complexity and high computational costs,
only a few previous works have so far simulated BNS
mergers long enough to account for the evolution of the
accretion disks on timescales comparable with the viscous
timescale in a fully consistent way [47-50]. In many more
cases, numerical simulations focusing on the evolution of
the accretion disks around a BH or a massive NS were used
to investigate the effects of different mechanisms and the
resulting properties of the ejected matter in such a complex
scenario [25,33,34,41,51-58]. In these cases, the disks
were initialized according to analytical prescriptions that
were meant to provide a meaningful description of the disks
produced in BNS mergers, but that did not directly emerge
from merger simulations. However, the dynamic and
thermodynamic properties of the matter inside these disks
lack of an unique analytical description. As a consequence,
the initial conditions in numerical simulations of accretion
disks have some degree of arbitrariness. For example, in
several cases the disks were initialized using a constant
entropy and electron fraction profiles, whose specific
values were considered as free parameters, together with
the total mass of the disk.

Despite their relevance, a systematic and comprehensive
characterization of the properties of accretion disks emerg-
ing from BNS mergers is still missing. While the properties
of the accretion disks resulting from BH-NS mergers were
investigated in [59], an analysis of the properties of disks
emerging from BNS merger simulations was so far carried
out for limited sets of merger simulations. In this work, we

analyze in detail the geometrical, dynamical, and thermo-
dynamic properties of accretion disks from 44 BNS merger
simulations, with the double objective of furnishing a
comprehensive characterization of their properties and
reliable initial conditions for disk simulations. In the case
of a massive NS remnant, the latter and the disk form a
continuous structure. However, we separate them by
defining a threshold density. In the case of a BNS merger
collapsing to a BH, we consider the disk as the gravita-
tionally bound matter outside the BH apparent horizon. It is
important to stress that the disk is an evolving system, so its
properties depend also on the time at which they are
analyzed. In this work, we focus on timescales larger than
the formation timescale (a few milliseconds postmerger),
but shorter than the secular evolution timescale (~100 ms).
We observe that some of the prescriptions commonly used
to initialize disk simulations do not provide an accurate
description of the disk properties as emerging from BNS
mergers. In particular, we find that the disks are usually thick,
with an aspect ratio decreasing with the mass ratio of the
binary, and with the exception of disks from prompt-
collapsed BNS mergers, which have a smaller aspect ratio.
Despite the disk sample spanning a broad range in mass and
angular momentum, their ratio is independent on the EOS
and on the mass ratio of the binary. This can be traced back to
the rotational profile of the disks, characterized by a constant
specific angular momentum. We provide fits for the radial
and vertical distribution of the rest mass density and of the
entropy per baryon and electron fraction distributions with
the density. Our observations might not only be interesting in
their own right, but provide a useful and practical way to
prescribe initial data for accretion disk simulations with a
higher degree of realism. The paper is structured as follows.
In Sec. T A we summarize the numerical setup and the
approximations used to evolve the binaries. The simulation
sample is described in Sec. II B, and the analysis procedure
used to define the disk and its properties is illustrated in
Sec. IIC. The geometrical structure of the disks, i.e., the
radial and vertical extensions, the aspect ratio, and the half
opening angle, are discussed in Sec. Il A. The mass and
angular momentum of the disks, as well as their specific
angular momentum and accretion/ejection rates, are the
arguments of Sec. III B. Finally, we investigate the thermo-
dynamic properties, i.e., the electron fraction and the entropy
per baryon in Sec. IIIC. We compare our results with
previous numerical simulations of accretion disk in
Sec. IV. In this section we also test the rotational model
presented in [60]. The last Sec. V concludes the work
summarizing the main results.

II. METHODS

A. Numerical setup

All the BNS simulations used in this work share the same
numerical setup and microphysics treatment, making their
outcome comparable. In particular, we use a subset of the
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simulations described in Bernuzzi et al. [10], Perego et al.
[16,20], Nedora et al. [27,28], Endrizzi et al. [61], Cusinato
et al. [62], and Camilletti et al. [63], part of the CoRe
Collaboration database [64,65]. We briefly describe the
employed codes, while the interested reader can find a
detailed description in the aforementioned works.

The numerical methods employed in the works above
were implemented in the general framework provided by
the EinsteinToolkit [66,67]. They featured a finite-
difference scheme to discretize Einstein’s equations, while
the general relativistic hydrodynamics was handled via
the finite-volume high-resolution shock-capturing code
WhiskyTHC [68-70]. All simulations employed the same
Leakage + MO scheme to evolve the changes in compo-
sition and energy due to the neutrino interactions [19,71].
Finally, the time evolution was performed via a third-order
Runge-Kutta scheme, with a constant Courant factor, which
was set based on the speed of light.

The computational domain was covered by seven box-
in-box Cartesian grids, where the resolution of every finer
grid was double of the coarser one [72,73]. The largest
refinement level covered a cube of ~3024 km per side,
while the NSs and the central object after the merger were
contained in the smaller, most refined level. The simulations
were performed at two or three different grid resolutions.
We characterize each simulation depending on the spacing
of the most refined level: low-resolution (LR), standard-
resolution (SR), and high-resolution (HR), with spacing
~246, 185, and 123 m, respectively. The described domain is
symmetric with respect to the z = 0 plane.

The initial conditions of every binary system have been
constructed using the pseudospectral elliptic solver
Lorene [74], starting from nonspinning NSs on a qua-
sicircular orbit, with a separation of 45-50 km. The two
NSs were in neutrinoless beta equilibrium at a temperature
of 0.01 MeV.

The NS matter was described as a fluid made by
neutrons, protons, nuclei, electrons, positrons, and photons,
assuming nuclear statistical equilibrium. The five finite-
temperature, composition-dependent EOSs which were
employed are broadly compatible with current astrophysi-
cal [75-77] and nuclear [78,79] constraints. A detailed
description of the EOSs used in this work can be found in
Logoteta et al. [80] for the BLh EOS, in Hempel and
Schaffner-Bielich [81] for the HS(DD2) EOS, in Steiner
et al. [82] for the HS(SFHo) EOS, in Schneider et al. [83]
for the SLy4 EOS, and in Lattimer and Swesty [84] for the
LS220 EOS. In the following, we will refer to the second
and third ones simply as DD2 and SFHo EOSs. Some EOSs
could be disfavored by observational data or theoretical
arguments; see, e.g., Tews et al. [85] for LS220 or Abbott
et al. [86] for DD2. However, the use of several EOSs
allows us to better span present uncertainties.

A total of 12 simulations employed the general relativ-
istic large eddy simulations method (GRLES) for turbulent
viscosity to mimic the effects of large-scale magnetic

fields [87]. Since we observed no significant differences
between disks from simulations with or without GRLES,
we refrain from discussing these twelve cases separately.

B. Simulation sample

We classify our simulations in three categories: long
lived, where the remnant does not collapse up to the end of
the simulation; short lived, where the remnant collapses
within the end of the simulation; prompt collapse, where
the remnant collapses to a BH immediately after merger.
We identify a prompt collapse when the minimum of the
lapse function decreases monotonically after merger with-
out any core bounce.

The time indicated as the end of the simulation, 7.,
corresponds to the last iteration at which we can retrieve all
the data needed for this study (see Sec. I1 C). Note that we
always express the time with respect to merger. Among the
simulations presented in the previous works, we select the
ones that last at least 10 ms postmerger for the BNS merger
with the long-lived and short-lived remnant and at least 5 ms
postmerger for simulations resulting in a prompt collapse of
the remnant. With respect to the time of the merger, the
shorter long-lived simulation in the sample lasts 10 ms, while
the longer lasts 103 ms. Short-lived simulations last between
16 ms and 36 ms. In the prompt-collapse category, the
simulations are as short as 5 ms and as long as 25 ms. Note
that long-lived simulations are not necessarily the longer
in our sample, and we cannot exclude that a prolonged
evolution would not end up in a BH formation. Never-
theless, since the evolution of the system in the postmerger
changes dramatically when the remnant includes a NS, this
classification enables us to stress some important differences
as well as genuine similarities between the categories.

The final sample consists of 20 long-lived, nine short-
lived, and nine prompt-collapsing BN'S mergers for a total
of 44 simulations, varying in numerical resolution, EOS,
chirp mass M, mass ratio g, and total gravitational mass
M. The mass ratio of the binaries in the sample spans the
range g €[1, 1.67], and their total mass is within 2.6 and
3.3M . Most of the simulations in our sample are targeted
to the BNS merger GW170817, with a chirp mass M i, =
1.18M [88]. A set of six simulations are targeted to the
BNS merger GW190425 with M g, = 1.44M [89].

Table I lists the main properties of the simulated binaries
categorized according to the fate of remnant.

C. Data analysis procedure

To exploit the intrinsic symmetries of the system, we
adopt cylindrical coordinates with the axial direction
aligned to the rotational axis of the binary. The radial
and axial extensions of the cylinder are ~1181 km,
characterized by a constant spacing of ~148 m up to a
distance of 295 km and a logarithmic spacing for the
successive 200 grid points along both coordinates. The
azimuthal angle ¢ is divided in 62 sections of ~5.71°.
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Isodensity surfaces for three representative simulations taken at #.,4. Left: disk from a long-lived BNS merger, as obtained

from the equal mass, HR simulation with the BLh EOS (without turbulent viscosity). Center: disk from a short-lived BNS merger, as
obtained from the equal mass, SR simulation with the L.S220 EOS (without turbulent viscosity). Right: disk from a prompt-collapsed
BNS merger, as obtained from the SR simulation with SFHo EOS (with turbulent viscosity).

The cylindrical coordinates r, z, and ¢ refer to the cell
centers of the resulting grid. The hydrodynamic variables
are linearly interpolated from the seven Cartesian refine-
ment levels into the cylindrical grid, using values in the
most refined level available around each cell center of the
cylindrical grid.

We define the disk as the bound matter whose rest mass
density is p < 103 gem™ [see, e.g., [91]] and p > prin,
where p,i, 1S such that the disk mass is 95% of the total
baryon mass enclosed in the grid with p <103 gem™.
This method allows us to circumvent the need for defining
a cutoff that depends on a minimum rest mass density.
Such a definition could overly rely on this arbitrary
choice, potentially influencing the total mass of the disk.
At the same time, it prevents the inclusion of regions with
extremely low densities in the disk, which might be
susceptible to numerical artifacts. If the BNS collapses
to a BH, we remove matter in the space-time region whose
lapse function is less than 0.3. The ejecta is removed from
the disk according to the geodesic criterion, i.e., fluid
elements with |u,| > ¢, where u, is the time component of
the four velocity. The regions that satisfy the previous
requirements but are disconnected from the main disk body
are finally removed. Despite these regions usually being
small, they can artificially affect the geometrical properties
of the disk and must be removed. The isodensity surfaces of
the disk obtained from this procedure are shown in Fig. 1
for three representative simulations.

The disk mass is computed as the general-relativistic
volume integral of the conserved baryon mass density
inside the volume of the torus:

Mas= [ VioWrdrdpa: (1)
disk

where p is the baryon rest mass density, W is the Lorentz
factor of the fluid, and /7 is the determinant of the three-
metric. Analogously, assuming symmetry with respect to
the rotational axis, we define the disk angular momentum
as the general-relativistic volume integral of the baryon
angular momentum density along the azimuthal direction
j=phW?,, ie.,

Jdisk = / \/77phW217¢rdrd¢dz, (2)
disk

where h is the fluid specific enthalpy and o, is the
advective angular velocity in the azimuthal direction. We
recall that, in cylindrical coordinates, the advective azimu-
thal velocity is related to the Cartesian components of the
fluid Eulerian velocity v; as 7, = a(xv, — yv,) — f,
where a is the lapse function and f, is the low index ¢
component of the shift vector. Note that the assumption of
an axial symmetric space-time is approximately satisfied
after a relaxation phase. The specific angular momentum,
i.e., the angular momentum per unit of mass, is the ratio
between the baryon angular momentum density and rest
mass density j/p.

We define the aspect ratio at every azimuthal angle ¢, of
the cylindrical grid as the ratio between the maximal radial
and vertical extensions of the disk in the ¢ = ¢, plane. An
average over ¢ is then performed to obtain the aspect ratio
of the disk. Analogously, on each ¢ = ¢ plane, the half
opening angle is defined as the arcotangent of the ratio
between the maximum vertical extension and the radial
distance at which this maximum is found. An average over
¢ is then performed to obtain the half opening angle of
the disk.
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The flux of baryon mass is computed as f = pWV (note
that here and in the following we define the advective
velocity v = av — f#). We derive the accretion/ejection rate
M across a spherical surface as the flux integral:

7/2 29
i=2 / / VrsO.8) f0.0)dodp.  (3)
0 0

where 6, ¢ are the polar and azimuthal coordinates on the
spherical surface, yg is the pullback of the spatial metric on
it, and f” is the radial component of the baryon mass flux.
Note that, when computing the flux, we interpolate the
latter quantities on a spherical grid.

In many occasions, we perform a nonlinear least-square
fit between two hydrodynamic variables x and y. For
example, in Sec. III C we fit the distribution of the entropy
and of the electron fraction with respect to the rest mass
density. If {u} is a set of parameters of the fitting relation
y(x,{u}), the determination of {u} is performed by
minimizing the residuals weighted by the mass fraction,
ie.,mely —y(x,{u})|, where my = dm/ )" dm is the mass
fraction and dm = prArAzA¢ is the baryon rest mass in
each grid cell. In most cases we found similarities between
the fit performed on simulations belonging to the same
category, i.e., prompt, short, or long lived. We characterize
each category C with a representative set of parameters
{{uc)} by computing a weighted average of the parameters
us obtained from the fit on each simulation & in the
category C:

where wg = 1/0%, and 1/0% are the 1-c standard devia-
tions of the fitted parameter (as estimated by the least-
squares method). The error 6, on each averaged param-
eter (uc) is computed as

He)

_ 2secWs((ue) — us)?
dsecWs .

(5)

O ue)

If not stated differently, we discuss the disk properties at
t.nq defined in Sec. II B. Indeed, we are mostly interested in
describing the disk properties once a steady configuration
has been reached.

III. RESULTS

A. Geometric properties

1. Spatial extension

At the reference time 7., the radial extension of the
disks in our sample spans the range 47-736 km and the
vertical extension can be as small as 7 km and as large as
390 km, where smaller values are found for lighter disks. In
particular, the simulations targeted to the BNS merger
GW190425 undergo prompt collapse due to the high total
mass of the system, resulting in lighter and smaller disks.
These disks are characterized by radii between 47 and
85 km and vertical extension between 7 and 22 km.

Regarding the time evolution of the spatial extents (see
Fig. 2), we note that after an initial expansion reflecting
the disk formation, the accretion onto the central object
and the ejection of matter contribute to reduce the disk

(ue) = M (4) volume, decreasing both the radial and vertical extensions.
> secWs However, this change in volume essentially does not affect
g y
—— disk mass ---- radial ext. ---- vertical ext. e aspect ratio (%)
long-lived short-lived prompt
: — T T T T T T 71 1300
_ 0.06 I i === collapse ] _
© - ! JRARZN : ] /E\
\% ! : [ 1200 =<
| 7 |
g 1 - - &
% 0.04 [ / [ - 100 g
% 00k, . o 1%
0.03 L —_t 1y
10 20
t — turg (mS) t — tmrg (mS) t — trg (S)

FIG. 2. Disk mass (left axis), radial extension, vertical extension, and aspect ratio in percentage (right axis) for a sample of SR
simulations in each category. Left panel: long-lived BNS merger obtained from the ¢ = 1, simulation with the BLh EOS (without
turbulent viscosity). Central panel: short-lived BNS merger obtained from the ¢ = 1 simulation with the LS220 EOS (without turbulent
viscosity). Right panel: prompt-collapsed BNS merger obtained from the ¢ = 1.66 simulation with the SFHo EOS and turbulent

viscosity.
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the shape of the disk and in particular its aspect ratio
(see below).

2. Aspect ratio and opening angle

The top panel of Fig. 3 shows the relation between the
aspect ratio of the disk and the mass ratio of the binary.
All the disks in our simulation sample are considerably
thick, with an aspect ratio between 0.2 and 0.7. This
clearly indicates that, in addition to the rotational support,
remnant disks are characterized by a significant thermal
support. According to scaling relations related to the
vertical structure of the disk, the aspect ratio can be
estimated by the ratio between the sound and the rotational
speed inside the disk. For a few representative simulations,
we have verified that the ratio between these two speeds is
~0.2-0.4 across the orbital plane and within the innermost
100 km, in good qualitative agreement with our aspect ratio
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I SFHo V  prompt
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FIG. 3. Relation between the aspect ratio (top panel) and the
half opening angle (bottom panel) with the mass ratio of the
binary. Colors represent the EOS while markers label the fate of
remnant. Values are taken at the last time step of the highest-
resolution simulation available for each BNS model. Errors are
estimated as the difference between the two higher resolutions
available.

results. The disks from prompt-collapsed BNS mergers are
located in the lower region of the plot, below an aspect ratio
~0.4, while disks from long-lived and short-lived simu-
lations span a broader range and are usually thicker. In
general, the aspect ratio of the disks from long- and short-
lived simulations tends to decrease with ¢ from a maximum
of ~0.7 in the equal mass cases to a minimum of 0.4 for
very asymmetric binaries, g 2 1.6. Moreover, for those
simulations, the data suggest that the aspect ratio decreases
faster for softer EOS, but more unequal BNS merger
simulations are needed to clearly assess this trend. Both
these trends are likely related to the effects of tidal
interactions in the disk formation process, since they are
more pronounced for stiffer EOSs and higher mass ratios.
Indeed, tidal interactions expel matter from the central
object predominantly toward the orbital plane, increasing
the disk extent in this direction and therefore reducing the
aspect ratio.

The bottom panel of Fig. 3 shows the opening angle as a
function of the mass ratio. Again, disks from prompt-
collapsed BNS mergers are in the low region of the plot,
where the half opening angle is ~10-30°. Instead, the disks
from simulations in the long- and short-lived category are
wider and have a higher half opening angle that goes from
42° to 56°. Differently from the aspect ratio, the trend of the
half opening angle with ¢ is less pronounced and is more or
less constant for gz 1.3. Indeed, while the matter at large
latitude is expelled by shocks and remnant bounces during
the merger, in the case of high-mass ratio binaries, the disk
tends to include a tail at large radii formed by the tidal
disruption of the lighter NS, as shown in Fig. 4. Since the
half opening angle is computed from the ratio between the

(P (g cm™?)
109 1010 1011 1012 1013

100 ———s
80 f

60 |

z (km)

40 |

20 |

0 100 200 300 400
r (km)

FIG. 4. Mass fraction ¢-averaged rest mass density distribution
on the rz plane for a ¢ = 1.66 long-lived BNS merger HR
simulation with BLh EOS (without turbulent viscosity). The
distribution is taken at the last available time step.
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maximum height and the radial distance at which the
maximum height is found, it is not affected by the presence
of a tail at larger radii, which instead affects the aspect ratio.

We note that our data do not allow us to infer the
presence of any trends of aspect ratio or half opening angle
vs mass ratio regarding models that undergo prompt
collapse. Additional simulations covering a larger set of
binary configurations would be needed to investigate
this point.

B. Dynamical properties

1. Minimum rest mass density

The postprocessing procedure described in Sec. IIC
implies that every disk in our simulation sample has a
different minimum rest mass density pi,, Which also
changes in time. To give a reference, general values of
Pmin (taken at the last time step of each simulation) are
in the range 107 — 4 x 10'° gcm™ with a geometric mean
of 2 x 10% gem™3.

Lower values of p,;, are reached in light disks produced
by prompt-collapsed BNS mergers: since their maximum
density attains the typical value of ~10'> gcm™, such
disks extend toward lower densities to meet the requirement
of containing 95% of the total baryon mass of the system.

N DD2 W BLh ® short lived
SLy I 15220 B long lived

I SFHo V  prompt
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FIG.5. Disc mass M ;g and angular momentum J ;g as defined

in Egs. (1) and (2) and their ratio for each BNS merger model at
the highest resolution available in our sample. Values are taken at
the end of the simulation. Errors are estimated as the difference
between the two higher resolutions available. Colors (markers)
represent the EOS (fate of the remnant).

2. Disc mass and angular momentum

The mass and angular momentum of the disks span a
broad range of values, going from 5 x 107 to 0.3M, for
the mass, and from 2 x 10" to 10'°Mg cm? s™! for the
angular momentum. Disk mass and angular momentum are
summarized in the top panel of Fig. 5 and in Table 1. We
underline that the values of M g and J g that we report
are ~5% smaller than those found in the papers whose
simulations considered here were presented first. This is
due to slight differences in the definition of disk in those
works with respect to the present one (see Sec. II C). From
the figure it can be seen that J gy and My are distributed
along a power law (i.e., a linear relation in log scale).
Moreover, their ratio J g /M gig 1S almost constant over 3
orders of magnitude in Mg spanning the tight range
3.3 —-4.6 x 10'® cm?s™!. This generalizes previous find-
ings only related to disks produced in prompt-collapsing
simulations targeted to GW190425 [63].

Similarly to the disk mass and angular momentum, also
the respective integrands, i.e., the rest mass density and
angular momentum density, exhibit a power-law relation as
depicted in Fig. 6. Only the fluid elements near the remnant
(highlighted in light blue) deviate from the trend, but their

mass fraction
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FIG. 6. Mass weighted histogram of the angular momentum
density and the rest mass density of the disk (top) and of the
specific angular momentum (bottom), obtained from the long-
lived equal mass merger HR simulation with BLh EOS (without
turbulent viscosity). The color scale represents the fraction of
M iy in every bin. When the mass fraction is smaller than 107
the bin is gray. Bins related to fluid elements at radii smaller than
10 km are highlighted in light blue.
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FIG.7. Specific angular momentum obtained from the linear fit
of the angular momentum density as a function of the rest mass
density (Eq. (6). Values are taken at f.,y and for the simulation
with highest resolution for each BNS merger model. Errors are
estimated as the difference between the two highest resolutions
available. The bottom panel shows the 1 standard deviation
relative error on the fitted slope. Colors (markers) represent the
EOS (the fate of the remnant).

mass fraction is 5 1072 — 107 smaller than the mass
fraction of the volume elements that follow the power-
law behavior. Figure 6 suggests a power-law relation
Jj = ap’ between the rest mass density and the angular
momentum density. We have found that the power-law
exponents y are approximately 1 for all the simulations on
which the fit has been performed. This implies that the
specific angular momentum (i.e., the ratio between the
angular momentum density j and the rest mass density p) is
almost constant over the disk, as shown in the bottom panel
of Fig. 6. We characterize the proportionality between j and
p by fitting a linear relation

Jj=ap, (6)

minimizing the relative mean square error. Figure 7 shows
the specific angular momentum obtained by the linear fit
for all the simulations in our sample, which is contained
in the tight range ~3-5 x 10! cm? s~!. This is consistent
with both the mass-weighted averages ( j§g§C> in Table I and
the bottom panel of Fig. 5, despite Jgiq /Mg being the
ratio of integrated quantities. Note that a mass-weighted
average gives more relevance to the fluid elements with

TABLE 1II. Weighted averages and uncertainties, computing
according to Egs. (4) and (5), respectively, for the parameters
obtained from the least-square fits of the j = j(p) relation
[Eq. (6) (left)] and of the j; = j;(Q) relation [Eq. (14) (right,
see Sec. IVA)], separately for each simulation subsample (long
lived, short lived, prompt). All the fits have been carried out at .4
for each simulation in the sample.

(a) (10" cm?s7) (Q.) (kHz) (R,) (km) {a)
Long lived 39403 19+ 4 13+£2  -1.03+0.04
Short lived 35403 31+ 11 8§+2 —1.0240.01
Prompt 47403 45413 8+1 -1.10£0.01

higher mass fraction, i.e., in the disk regions at higher
densities. The fit performed here is not weighted by the
mass fraction, and we believe it is a better estimator for the
specific angular momentum of the whole disk. We find
that the specific angular momentum increases with the disk
mass and with the mass ratio of the binary. Furthermore,
disks originating from prompt-collapsed BNS mergers
possess a specific angular momentum that falls within
the higher bounds of the aforementioned range, with values
between 4 and 5 x 10'® cm? s~!. In these kinds of mergers,
the disk is mostly composed of tidally ejected material,
which is expelled with larger angular momentum during the
late inspiral and from the merging NSs. In the long- and
short-lived cases, and especially in the equal mass mergers,
the disk is mostly formed by matter expelled after the
merger through shocks and bounces originating from the
remnant. Several mechanisms, including gravitational
wave emission, are very effective in removing or redis-
tributing angular momentum from the remnant. This has a
quantitative impact on the specific angular momentum of
the matter that forms the disk.

The values of the fitted parameter averaged among the
simulations in each category are reported in Table II. Note
that Table II also contains the results of the fits for the
parameters discussed in Sec. IVA.

3. Accretion rate

Figure 8 shows the ¢-averaged flow lines of conserved
rest mass density (pW¥),, for a long-lived equal mass BNS
merger at the last available time step, where V is the
advective velocity. At latitudes below 45° and within 1/3 of
the total radial extension of the disk (e.g., 100 km in Fig. 8),
the flux of matter is disordered, with alternating regions of
inflow and outflow. However at larger radii the conserved
mass density flux is mostly outgoing. The accretion/
ejection rates of this matter flux are computed across
spherical surfaces according to Eq. (3), without imposing
a limit on the minimum and maximum rest mass density of
the fluid elements considered. As summarized in Fig. 9, the
absolute value of the accretion/ejection rates |M| can reach
~10M g s~L. In the first ten milliseconds after merger, disks
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FIG. 8. ¢-averaged flow lines of matter for the long-lived equal
mass merger HR simulation with BLh EOS (without turbulent
viscosity), taken at ~52 ms postmerger. The green line is the disk
border. The gray dashed circles represent spherical surfaces of 25,
50, and 100 km radius, on which the azimuthal distributions of M
displayed in Fig. 10 are computed.

with a NS in the center have a persisting outflow of matter
across every sphere of radius between 10 and 140 km, with
peaks above 10M s~'. The outflow decreases with time
and can alternate with episodes of inflow in the inner region
of the disk, where the flux of the conserved mass density is
more disordered. Nevertheless, the total M remain positive

at every radius with values ~10-100M, s~ (see rightmost
top panel).

Before BH formation, the accretion/ejection rate in BNS
mergers with a short-lived remnant have a behavior similar
to the long-lived ones, characterized by a net ejection of
matter for sufficiently large radii. This persistent outflow is
due to a combination of multiple mechanisms. In the very
first milliseconds after merger, the outflow is due to the
tidal torques in the late inspiral and to the expanding shocks
produced at merger and originating from the bouncing
remnant in the center. On longer timescales, the absorption
of neutrinos and the spiral waves from the central NS
further contribute to the outflow. A significant accretion
onto the central object only occurs after the BH formation
(vertical dashed line). In the prompt-collapsed BNS merg-
ers the total outflow strongly depends on the radius of
the spherical surface in consideration. The central BH of
prompt-collapsed BNS mergers always accretes matter at
small radii, but a net outflow is possible in the inner regions
of the disk. At larger radii the trend inverts again with a net
inflow of matter.

The polar distribution of the accretion/ejection rate
across spherical surfaces of radius 25, 50, and 100 km,
integrated along the azimuthal coordinate, is shown in
Fig. 10 for the same short-lived simulation of Fig. 9. At
very early times (7 — #;,, ~ 1 ms) the shock-heated matter
expelled from the central NS spreads to all latitudes, and, in
the successive 10 ms, the matter forming the disk is
expelled at latitudes <30°. Near the central NS (left panel),
after the first 10 ms accretion dominates at latitudes >30°,
while episodes of inflow and outflow alternate closer to the
orbital plane. Indeed, the ratio between the radial and
azimuthal velocity in the equatorial plane is ~1072, and the

M (Mg s™)
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FIG. 9. Time evolution of the total accretion/ejection rate across spherical surfaces of fixed coordinate radius R. From left to right:
long-lived, short-lived, and prompt-collapsed BNS mergers chosen from the simulations sample, i.e., the equal mass merger HR
simulation with BLh EOS (without turbulent viscosity), the equal mass merger SR simulation with L.S220 EOS (without turbulent
viscosity), and the SR simulation with SFHo EOS and ¢ = 1.66. The last plot on the right shows the total (i.e., time integrated) mass
crossing each spherical surface for the three scenarios. The vertical dashed line in the short-lived plot indicates the BH formation time.
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FIG. 10. Time evolution of the angular distribution of the accretion/ejection rate across spherical surfaces of radii R = 25, 50, 100 km
(from left to right) for the same short-lived simulation of Fig. 9. The last plot on the right shows the total mass crossing each spherical
surface at the various angles. The vertical dashed lines indicate the BH formation time. Note that the color coded scale is different with

respect to Fig. 9.

orbital period is ~1.5 ms, suggesting that the radial flux can
change sign rapidly. Increasing the distance from the
central NS (middle and right panels), neutrino absorption
and nuclear recombination release energy in the regions at
intermediate latitude ~30°-60°, where the density and
temperature are lower (see, e.g., Fig. 16 of Perego et al.
[24]), increasing the outflow at such latitudes. At larger
distances (center and right panels) and until BH formation,
a significant ejection of matter characterizes a broad range
of latitude, up to 60°. Afterward, but with a delay increasing
with the radial distance, the ejection turns into an accretion
flow at all latitudes. At any spherical surface the higher
values of outflow rate are reached at lower latitudes where
most of the mass is concentrated (see the rightmost panel of
Fig. 10). BNS mergers with different fate of the remnant
display similar behavior in the polar distribution of M, with
ejection on broader angles at larger radii and a transition to
an inflow after a BH is formed.

4. Spatial distribution of the rest mass density

In the following, we discuss the results of an empirical
fitting procedure applied to the mass-weighted ¢ average
of the rest mass density as a function of the radial and
height coordinates, p(r, z). Note that the coordinates in the
simulations are gauge dependent, and the results presented
here are qualitative in nature. However, the disks extend
into a region where the gravitational pull of the central
object is rather weak, and the gauge conditions employed in
our simulations tend toward geodesic coordinates in these
conditions. We can therefore expect to be able to provide a
useful description of the mass distribution despite its gauge
dependence. Indeed, we show that our procedure produces
satisfactory results even when applied to simulations with
different EOS, mass ratio, and fate.

We observe that the rest mass density distribution in
the rz plane can be approximated by the product of three
terms: the maximum of the rest mass density at z =0,
max p(r,z =0), its rescaled radial distribution, py(r) =
p(r,z=0)/maxp(r,z=0), and its rescaled rest mass den-
sity distribution along z, i.e., p;(z) = p(¥,z)/ max(p(7,z)).
In the following, we describe the fitting procedure for py(r)
and p,(z) in detail.

We fit py(r) with the same relation used in Camilletti
et al. [63] apart from a normalization, i.e., a Gaussian
centered on a radius r, and of variance o, smoothly joined
to a power-law decay

rr

Xp |—(F — 1 202
i = { Pl )

exp [=(r, — ro)? /3| (r/r.)™" r>r,,
where a = 2r,(r, — ry)/o% and the threshold r, is a free
parameter. We note that for long-lived remnants, r is always
greater than r, due to the 103 gcm™ threshold on the rest
mass density. In this case we fit only the power-law decay
as po(r) = max{(r/r,)% 1}, with a being a free param-
eter in the fit.

Inspired by the analytic solution for an isothermal not-
self-gravitating disk, the rescaled rest mass density dis-
tribution along z, i.e., p;(z) at every fixed 7 in the grid, is
fitted using a Gaussian continuously joined to a decaying
exponential,

o {exp —22/H(7)?]
rr exp [~z (7)2/H(7)]e~?

where f = (z — z.(7))/zo(F). The scale height of the disk,
H(7), and the zo(7) and r,(7) parameters are then fitted as
functions of radius with the following relations:
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H(r) = mr+ p, (9a)
20(r) = ar’ + br +c, (9b)
z,(r) = Alogo(r/B). (9¢c)

Equations (9a)—(9¢) have no direct physical interpretation
and are modeled ad hoc on the data. In Table V of
Appendix, we report the values of the various parameters
obtained from the fitting procedure described above sep-
arately for each of our simulations. Simulations with a
short-lived and prompt-collapsed remnant have values of
1o, s, and oy in the ranges 12—-127, 15-40, and 6-27 km,
respectively. In the case of long-lived simulations, r, varies
from 15 to 24 km and a from 3 to 5. Regarding the
parameters in Eq. (9), m (p) varies between 0.07 (=7 km)
and 1 (10 km). Note that H given by Eq. (9) is negative for
r < —p/mwhen p < 0. This imposes a minimum radius at
which the fitting procedure can effectively approximate the
rest mass density distribution of the disk. The minimum
and maximum of the parameters a, b, and ¢ of Eq. (9b) are
—0.003 and 0.015, —0.9 and 0.6, and —5 and 18, respec-
tively for each parameter. Finally, A and B of Eq. (9¢) vary
from 4 to 93 and from 0.01 to 8.5, respectively. As can be
seen from the corner plots in Fig. 18 of Appendix, some of
the parameters introduced in Egs. (9) could be correlated,
and these correlations could possibly be exploited to reduce
the number of parameters.
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FIG. 11. Relative difference between the logarithms of the

mass-weighted ¢-average rest mass density and the fit discussed
in Sec. [II B 4, for the equal mass long-lived BNS merger HR
simulation with BLh EOS (without turbulent viscosity), at the end
of the simulation. The computation of the relative difference has
been limited to the region occupied by the disk. Solid, dashed and
dotted lines represent, respectively, the quantities H(r), zo(r), and
z,.(r) obtained by fitting the parameters of Eq. (8) using Eq. (9).

The complete rest mass density as a function of r and z is
finally obtained as p(r,z) = maxp(r,z = 0)py(r)p,(z)
inserting Eqgs. (9) into Eq. (8). Since this procedure only
involves rescaled quantities, the maximum of the rest mass
density on the xy plane, max p(r, z = 0), can be chosen to
obtain the desired disk mass once the other parameters have
been fixed. Figure 11 shows the relative difference between
the logarithms of the mass-fraction ¢-averaged rest mass
density and the results of the fitting procedure. The fit is
able to capture the rest mass density distribution with
average relative error of ~1072, excepting for a narrow
region near the remnant where it can reach a factor of the
order of 10. The geometric mean of the relative difference
of the logarithms log(p/pf™)/log(p), averaged over the
simulation sample is contained in the range 0.3 — 6 x 1072
Furthermore the accuracy of the fit is slightly poorer for
high-¢ models than for low-g ones. Overall, this indicates
that the fit is able to appropriately describe the rest mass
density distribution of most of the disk over a variety of
configurations.

C. Thermodynamic properties

1. Entropy

We find that the distribution of the entropy in the disk
changes significantly depending on the mass ratio of the
binary. In particular, g ~ 1.3 seems to be a threshold
between two different regimes as also found in Perego
et al. [16]. This motivates us to separate the discussion into
small and high-mass ratio cases.

Small mass ratio (q 5 1.3). Figure 12 shows the typical
distribution of the matter inside the disk in terms of the
rest mass density and entropy per baryon. Most of the
disk, in terms of mass, has entropy between 4 and 8
kg baryon~!. These values are found in the high density
region with p ~ 10'°-10'3 gcm™3. This region may be only
very roughly regarded as isentropic. At lower density
the entropy per baryon increases and reaches a plateau
around 15-20kg baryon™ at p < 10° gecm™. The distri-
bution produced by BNS mergers characterized by the
prompt collapse of the remnant shows a similar behavior,
but the final plateau in entropy occurs at lower values
of ~10-15kg baryon~'.

The entropy distribution in the disk is determined by the
dynamics that follows the first milliseconds after merger
and the initial disk formation. Matter inside the inspiraling
NSs has very low entropy. The subsequent dynamics
produces shocks that increase the entropy in many different
ways. First, there is the production of a shock at merger, at
the collisional interface between the two merging NSs.
Despite the large speed of the collision, the resulting shock
is weak due to the large sound speed of nuclear matter
(c¢y 2 0.2¢ for matter around saturation density). Under
these conditions, the jump in entropy per baryon can be
estimated as
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FIG. 12. Histogram of the distribution of the baryon mass vs
rest mass density and entropy of the disk for the representative
equal mass long-lived BNS merger HR simulation with BLh EOS
(without turbulent viscosity), taken at the last available time step.
The fit with Eq. (11) is shown using a green dashed line. The
purple lines are the density-entropy distributions from the core-
collapse supernova (CCSN) simulation discussed in IV at differ-
ent postbounce time.

where I" is the adiabatic index (~5/3 for nonrelativistic
nucleons, while ~4/3 if the equation of state is dominated
|

S — § arctan
S() :{ 0 (p/po)

The parameters s, S, po, and p,, are obtained by a nonlinear
least-squares fit with residuals weighted by the mass
fraction m, of the fluid elements. In Table III we report
the averaged values of the parameters appearing in Eq. (11)

TABLEIII. Same as in Table II, but for the parameters obtained
from the least-square fits of the s = s(p) relation Eq. (11). The
column “No. of sims” indicates the number of simulations in each
category over which the average is performed.

So s Po Px
Category  No. of sims (kg baryon™) (x10'° gecm™3)
Long lived 14 17£2 6+1 03+£01 3+1
Short lived 8 171 6+£1 1.14+£03 11+£3
Prompt 4 10£5 6£2 024+0.1 424+0.1

so — Sarctan(p, /py) — 2olpatpTrg SO log(p/p.)

by relativistic electrons or photons) and Av the variation
of the speed at the shock front. Considering that the
speed variation cannot exceed the orbital speed at merger
(Vory ~ 0.4¢), As < 3kg baryon~!. Secondly, the bounces
of the central object produce radial sound waves that
become shock waves at the edges of the forming remnant,
expelling shock-heated dynamical ejecta, with a typical
entropy between 10 and 15 kg baryon~!. At the same time,
they also expel shock-heated matter from the collisional
interface, which collides with the faster and rotating spiral
arms formed by the tidal tails of the two NSs. The latter
are characterized by initially unshocked matter at lower
entropy that gets shocked by the collision with the warmer
and slower matter in the disk. The typical sound speed
inside the disk decreases down to 0.02c for p ~ 103 gem™3,
while Av across the shock front is a decreasing fraction of
v~ Vo, « R™! such that Av/c, is of the order of a few and
As ~ 10kg baryon™!'. The overall effect is a monotonic
increase of the specific entropy. After a few orbits, the
action of the shocks ceases. Until gravitational collapse to a
BH, the aftermath of the merger is marked by the pro-
pagation of spiral waves originating from the central NS.
The propagation of these waves is adiabatic, and any change
in the entropy distribution occurs solely due to expansion,
which brings matter with s ~ 20-25kg baryon~! to densities
below ~10° gcm™. Note that in this discussion we are not
considering fluid elements in the disk with mass fraction
below 1073, where the entropy can be much higher.

Based on the data found in our sample, we propose a
functional relation between the entropy per baryon s and
the rest mass density p, consisting in an arcotangent
smoothly joined to a logarithm:

P =P

11
P> P (1)

In 10

|
for each simulation category. The parameters s, and 5,
i.e., the entropy of the plateau at low density and the
magnitude of the jump in the transition region, are
comparable among simulations in the long-lived and
short-lived categories. The central density p,, around which
the transition from low entropy to the entropy plateau
occurs, differs by almost 1 order of magnitude instead.
High mass ratio (qZ1.3). As the mass ratio increases,
the lower-mass star in the system is more and more likely to
be tidally disrupted at the time of merger. This disrupted
matter is then flung outward, mostly along the orbital plane.
By this process, the proportion of the tidally ejected mass
forming the disk increases with respect to the portion
ejected by shock heating. At mass ratios g = 1.3, part of
the tidally ejected matter in the early postmerger forms a
component separated from the bulk of the disk. This
component is clearly visible in the low entropy, low density
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FIG. 13. Rest mass density and entropy per baryon histogram

for the prompt-collapsed BNS merger SR simulation with ¢ =
1.66 and SFHo EOS, at 11 ms after merger. The fluid elements in
the low density (~10°-10"' gcm™) and low entropy
(S 5kg baryon~!) belong to the tidal component of the disk.

region of Fig. 13. This component has entropy per baryon
below S5kg baryon™' and density of p <10'! gem™3.
Furthermore we have observed that, as the system evolves,
S 10% of this tidal tail migrates outward reaching
densities smaller than the minimum density of the disk
(at which point we stop tracking it), while the rest is
reabsorbed in the disk.

The remaining component, corresponding to the
bulk of the disk, has nearly constant entropy of about
~4.5kg baryon~! (the entropy does reach values as high as
~12kg baryon~!, but only for fluid elements characterized
by a small mass fraction of ~107 or lower). The constancy
of the entropy in the more asymmetric models, as opposed
to the trend described above for the near-symmetric
ones, can be explained by noting that tidally ejected matter
remains cold, and in time undergoes an isothermal expan-
sion which increases its entropy of <3kg baryon~!. Since
the contribution of the tidal component becomes more
relevant for increasing mass ratio, the density dependence
of the entropy also becomes less noticeable.

Taking into account these observations, for such high-
mass ratio models we do not provide a functional form for
the s = s(p) relation, since it can reasonably be modeled by
a constant value.

2. Electron fraction

Matter inside the two NSs is in neutrinoless, weak
equilibrium. However, during the subsequent merger and
postmerger phases, the electron fraction in the disk changes

due to charged current reactions, both in equilibrium and
out-of-equilibrium conditions. The most relevant reactions
that we will consider in the following to analyze the
electron fraction profiles are the electron capture on
protons, the positron capture on neutrons and their inverse
reactions:

e+ p — n+v electroncapture,

et +n— p+ 0 positroncapture,
v+n— p+ e~ neutrino absorption,
U+ p—n+e' antineutrino absorption.

Small mass ratio (¢ 5 1.3). The mass weighted histo-
gram of Fig. 15 shows the disk’s electron fraction distri-
bution with respect to the rest mass density. Most of
the mass is characterized by a low electron fraction, with
values in the interval 0.1-0.2. At very high densities,
p~10"-10" gecm™, the matter reaches an even lower
electron fraction (Y, < 0.1). This is a feature that character-
izes all the simulations, regardless of the EOS or mass ratio.
In particular, the value of the electron fraction can drop
below its initial minimum value in the cold, neutrinoless
beta-equilibrium NSs. At such high densities the initial
postmerger temperature is ~5—-15 MeV and decreases to
3-10 MeV after the first ~30 ms due to the efficient
neutrino cooling. These regions are, however, inside the
neutrino decoupling regions for both electron neutrinos
and antineutrinos. The composition is then set by the
equilibrium between neutrino emission and absorption
processes. In the limit where the presence of trapped
neutrinos is negligible the equilibrium is set by the con-
dition py, — p, + p ~ 0, where p,, p,, and p. are the
chemical potentials of neutrons, protons, and electrons,
respectively. In Fig. 14 we present the equilibrium Y, for
the BLh EOS. For matter in the rest mass interval p ~
10"2-10"3 gecm™ and temperature interval 7 ~ 5-10 MeV,
the equilibrium Y, is always < 0.1, and it decreases if T
decreases or if p increases. This result is not specific for one
EOS, since it relies on generic features of the matter
properties in the relevant temperature and density con-
ditions. Indeed, modeling the nucleons as a Maxwell-
Boltzmann ideal gas of free protons and neutrons, and
the electrons as an ultrarelativistic, strongly degenerate
ideal gas (under these conditions positrons are suppressed
by degeneracy and Y, becomes a good proxy of the
abundance of electrons), the equilibrium conditions can
be approximately expressed by

1-Y 2 (kpT\?2
kpT1 ) —Ep(1-=(2 =0, (12
n('50) s (-5 (%)) =0 @

where for electrons we used FEp = ppc and pgp =
h(37°Y.p/m;)'/3. Furthermore we made use of the
Sommerfeld lemma to compute the first order correction
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FIG. 14. Equilibrium electron fraction for weak reaction in
marginally optically thick conditions, i.e., for negligible neutrino
fractions, as a function of the temperature and for different rest
mass densities ranging between 10'' gecm™ and 103 gecm™.
The equilibrium is found by solving p, + p,, — p, = 0 for the
BLh EOS.

in T for the electron chemical potential. For 5 MeV < T <
10 MeV and 10'' gecm™ <p <103 gem™ the results
obtained by solving Eq. (12) are consistent with the ones
presented in Fig. 14.

For early enough time, in the p~ 10''-10'? gcm™
density region, the electron fraction as a function of density
shows a local peak. The increase in Y, immediately below
102 gecm™ is mostly due to positron captures happening
in hot matter locally shocked or expanding from the
innermost part of the disk in a region where electron
antineutrinos start to decouple from matter [61]. Below this
density, electron antineutrinos are out of equilibrium and
their capture on protons becomes more effective than
positron capture, eventually decreasing Y.." Nevertheless,
this feature is a transient which disappears on a timescale of
100 ms, producing an almost monotonic increase between
the high and the low density regimes (see bottom panel of
Fig. 15). For large enough time, the conditions inside this
part of the disk resemble the innermost conditions inside
the accretion disk around black holes. Since eventually
matter becomes optically thin to neutrinos, the electron
fraction reaches an equilibrium condition which is set by
the balance between electron and positron captures [92,93].
We speculate that on a longer timescale the disk will set to a
self-regulating stage, in which the neutrino cooling is

'Note that the assessment of the robustness of this feature
would require a more realistic neutrino transport treatment,
since the interplay between different neutrino species in the
semitransparent regime (when some species are coupled to matter
and others are not) is delicate, and it is not obvious that the
combination of a leakage and an MO scheme we employ is able to
correctly model all the relevant processes.
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FIG. 15. Mass weighted histograms of the rest mass density and

electron fraction of the disk for the same representative simu-
lation of Fig. 12 (top) and for the equal mass long-lived BNS
merger SR simulation with BLh EOS (without turbulent viscos-
ity) taken at the end the simulated time (bottom). The fit with
Eq. (13) is shown using a green dashed line. The purple lines
are the density vs. Y, distributions from the CCSN simulation
discussed in IV at a different postbounce time.

balanced by the local heat production, for example due
to viscous processes [25,57,92].

Going from 10! to 10° gcm™, the temperature approx-
imately decreases from 4 to 2 MeV. The drop in temper-
ature and density is responsible for a progressive decrease
of the relevance of electron and positron captures, while
the decoupling of electron neutrinos from matter favors
their absorption on neutron rich matter in free streaming
and out-of-equilibrium conditions. The overall effect is a
progressive increase of the electron fraction. Below p ~
10° gecm™ the temperature further drops below <2 MeV.
As a consequence, electron and positron captures become
negligible. Over time, the electron fraction in the outer part
of the disk approaches an equilibrium state around 0.4,
determined by the electron (anti)neutrino luminosities and
mean energies [94,95].

In contrast to both long- and short-lived BNS mergers,
the disks in the prompt-collapse category are not irradiated
by the neutrinos emitted by the central NS. Under these
conditions the electron fraction is exclusively determined
by the equilibrium between electron and positron captures.
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We observe that the electron fraction of the disks from
prompt-collapse mergers with ¢ < 1.3 increases from
0.04 to ~0.2 as the density (temperature) decreases
from 10'' gcm™ (4 MeV) to 107 gecm™ (1 MeV). We
emphasize however that these values do not represent the
equilibrium values of Y. Indeed, the typical timescales of
the electron and positron captures in this thermodynamic
conditions range from ~10 ms to 10 s. Our simulations do
not extend to such timescales (being shorter than 20 ms
postmerger); therefore we cannot ascertain the ultimate
equilibrium value of the electron fraction. This accounts for
the consistently lower Y, values observed in the considered
disks, which are below the anticipated equilibrium value
for neutrino-transparent matter at the same densities and
temperatures [93].

Similarly to what is done in Sec. IIIC 1, for BNS
mergers that do not undergo prompt-collapse, it is possible
to fit the electron fraction as a function of the rest mass
density using a sigmoidal function, e.g., an arcotangent:

Ye(p) = Yoo — Yearctan(p/py). (13)

The result of the fit is shown in Fig. 15 for the same long-
lived simulation of Fig. 12. The fitting function does not
take into account the presence of the local maximum
around p ~ 10" — 10" gem™. This feature is indeed a
transient as the neutrino and antineutrino diffusion spheres
tend to coincide at longer simulation time. The local
maximum is indeed disappearing in simulations lasting
longer than 100 ms. However, the presence of this transient
in most of the simulations on which we performed the fit
shifts the arcotangent plateau at high density to a higher
electron fraction, decreasing Y. The values of the fitted
parameters averaged over each category are summarized
in Table IV. The parameters Y., and Y, are comparable
between disks of BNS mergers with long-lived and short-
lived remnants, indicating that neutrinos are efficient in
reprocessing the matter even when the central object
collapses in tens of milliseconds. Note that these values
too have a qualitative nature, as commented above for the
analog case of the entropy distribution.

High mass ratio (¢ %, 1.3). Similarly to the entropy for
very asymmetric binaries, the electron fraction differs
among the tidal and shocked component.

TABLE IV. Same as in Table III, but for the parameters obtained
from the least-square fits of the Y, = Y. (p) relation Eq. (13). The
column “No. of sims” indicates the number of simulations in each
category over which the average is performed.

No. of
Category  sims Yoo Y. po (x101° gcm3)
Long lived 11 0.35+£0.02 0.15£0.02 0.63 +0.05
Short lived 8  0.33+0.03 0.14 +0.03 1.24+0.3

The Y, of the shocked component is determined by the
decrease of the electron and positron captures with the
temperature and the density, and by the flux of neutrinos, as
discussed previously for the BNS with ¢ < 1.3. For long-
and short-lived BNS mergers, the electron fraction of the
shocked component goes from 0.05 up to 0.4. Only a very
small fraction (<107 M g of this component can reach
values as high as 0.5. If, on the other hand, the remnant
undergoes immediate collapse, the maximum Y, is reduced
by the lack of neutrino irradiation from the central NS.

In all the models, the tidal component is characterized
by very neutron-rich matter with very low temperature
and p < 10'"' gcm™. In these thermodynamic conditions,
only electron captures can contribute to the change of the
matter composition, reducing the Y, to 0.02-0.08. Further
electron conversions are then prevented by the high neutron
chemical potential.

Since for high-mass ratio the tidal component accounts
for most of the disk, disks from high-mass ratio BNS can be
approximately regarded as having constant low Y, ~ 0.05.

IV. DISCUSSION

A. Specific angular momentum

In Galeazzi et al. [60] the authors proposed a para-
metrized rotation profile able to describe different classes of
differentially rotating NSs. Even though rotating NSs are
the intended use case of this model, we apply it here to
accretion disks. We have found that this leads to some
interesting insights regarding the disks’ rotational profile.
The profile presented in Galeazzi et al. [60] is written as

R(Z) o a
B -an)
R2 ’

1 — Q2 (0 — Q)

9(Q) =

where the quantity on the left-hand side is defined as
J/(1 = jQ). Here Q is the angular frequency measured by
an asymptotic inertial observer, while a, R, and Q.. are free
parameters of the model. In particular, in the Newtonian
limit, Q. is the angular frequency around the axis of
rotation. The corresponding specific angular momentum
of the model j; is

Jo(Q) = 5q Q" - Q7). (14)

Interestingly @ = —1 and —4/3 represent, respectively, the
specific angular momentum of a j-const law [96] and of
the Kepler law. Table II shows the one sigma weighted
averages of the parameters obtained from a mass-weighted
nonlinear least-square fit on the specific angular momen-
tum of the disk as a function of the angular velocity,
taken at the end of each simulation in the sample. It is
worth noting that @ ~ —1 as expected from the results
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FIG. 16. «a vs the aspect ratio of the disks. Dotted, dashed, and

dash-dotted horizontal lines represent the j const, Papaloizou and
Pringle [98], and Keplerian values of a.

in Sec. III B. We also fit the Newtonian limit of the specific
angular momentum jg(R) = QgR as a function of the
radius, where Qg is the Newtonian limit of the angular
velocity given by the model (equation (11) in [60]) finding
similar results.

Previous works on BNS merger simulations [e.g.,
[30,97] ] suggested that the Newtonian limit of the angular
velocity outside the remnant approach the Kepler law.
Camilletti e al. [63] tried to explain the relation between
Jaisk and Mg using the Kepler law to approximate the
radial distribution of the angular momentum integrated
along ¢ and z. The results presented here suggest that the
specific angular momentum is instead constant. Since the
absolute difference of the angular velocity between the j
const and Kepler laws decreases with the distance from the
rotational axis, we believe that the trend of the specific
angular momentum is a better discriminant between the two
laws. Indeed, in this case the absolute difference between
the two models increases with the radius as /3 and a least-
squares fit can easily differentiate between the two cases.
In Fig. 16 we plot a vs the aspect ratio of the disks. We
find that the o parameter increases with the aspect ratio,
indicating that thinner disks are closer to being Keplerian
than thicker ones. In particular, disks characterized by a
lower aspect ratio in our sample (0.4-0.2) have radial
distribution of the specific angular momentum broadly
compatible with that found by Zurek and Benz [31],
Papaloizou and Pringle [98], and Nealon et al. [99].
These works study the redistribution of the angular
momentum due to the Papaloizou-Pringle instability, and
they find a decrease of the aspect ratio over time and a
change in the exponent of the specific angular momentum
radial distribution, which tend to a power law whose
exponent is =0.25, i.e., a ~ 1.14. This may suggest that
BNS accretion disks evolve in time from a j-const rotational
state to a Keplerian one. However this evolution is likely to

take place over long timescales that we cannot investigate
due to the limitations of our data sample.

To conclude, note that disks should satisfy the Rayleigh
criterion for stability, which states that the specific angular
momentum must not decrease outward, i.e., a < —1 [98].
This condition is fulfilled by most of the disks we study,
and in particular j-const disks are marginally stable under
this criterion.

B. Comparison with disks from BH-NS mergers

In [59], hereafter Most et al., the authors study the
properties of the disk formed in BH-NS mergers. Among
their different binary setups, our results are more compa-
rable with the BH-NS mergers with a nonspinning BH (see
Fig. 6 of Most et al., ¥ = 0.00 case). In this scenario, the
entropy per baryon has a similar trend compared to what we
have found, despite having lower values. This difference is
expected since some of the shock’s mechanisms described
in Sec. III C 1 are possible only in the collision resulting in
a BNS merger. The electron fraction of the disk in Most
etal. isusually Y, < 0.1 as in the prompt cases discussed in
Sec. III C 2. Despite this similarity, the simulations in Most
et al. show a local peak in Y, at p~ 10° gcm™ that we
cannot recognize in our prompt-collapse simulations. Note
that the local peak of the electron fraction discussed in
Sec. Il C 2 for long- and short-lived BNS mergers is not
compatible with what was shown in Most et al. Notably,
only the BH-NS mergers with a nonspinning BH result
in a disk exhibiting nearly constant angular momentum
within the range 4 — 7 x 10'® cm? s™!, consistent with our
findings.

C. Accretion rate

Works that investigated the accretion of the disk onto the
central object in the aftermath of a BNS merger include
Ferndndez and Metzger [33] (2D long-term simulations),
Siegel and Metzger [25], and De and Siegel [56] (3D
general-relativistic magnetohydrodynamic simulations),
Fahlman and Ferndndez [41] (pseudo-Newtonian, magne-
tohydrodynamic long-term simulations), and Kiuchi et al.
[50] (self-consistent one second long BNS merger simu-
lation). They all consider as initial conditions disks char-
acterized by constant specific angular momentum, constant
entropy, and a constant electron fraction around a BH
of prescribed mass and spin. The typical accretion rates
measured in these works span the range 1073 -1M s~!. We
find instead higher values of the accretion rate during and
after the merger at around 10Mg s™!, also in agreement
with the simulation in Kiuchi er al. [5S0]. However we
observe that on a timescale of ~5 ms the accretion rates
decrease below 1M, s~!. The smaller rates measured right
from the start in the cited works likely are a consequence
of the equilibrium configurations they employ. Indeed,
when an initial relaxation phase is included, as in [56], the
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measured accretion rate is consistent with the values found
in our data.

D. Aspect ratio

In this section we compare the disk aspect ratio as
measured in our analysis (see Sec. III A) to the values
inferred from the disks presented in the literature. Note
however that this quantity is not provided explicitly in most
published material. Instead, we extract its value from
published 2D plots of disks. To this end we consider a
density isocontour in the xz plane around to the typical
Punins €-2., 108-10° gcm™3. Given this difficulty, the values
we obtain are rough estimates at best. Nonetheless they
allow to reach some valuable conclusions. An exception
applies to the work of Kiuchi er al. [50], for which we
directly compute the aspect ratio from the simulation data.
In this instance, the disk’s aspect ratio at 117 ms, derived
from the isocontour at 10%® gcm™, is 0.30, while it
increases to 0.49 for the isocontour taken at 10° gcm™.
Regarding the S _def model of Ferndndez and Metzger
[33] at 1.16 s, the aspect ratio is ~1/4, as estimated from
their Fig. 5. For a density of ~10° gcm™ the aspect ratio
would instead increase to ~1/3. Figure 7 of [24] also
returns an aspect ratio of ~1/3, while the 10° gcm™
isocontour of Fig. 4 in Siegel and Metzger [25] results in a
value of =~0.4. Finally from Fig. 1 of Fahlman and
Ferndndez [41] we recover an aspect ratio of ~0.5 or 1,
for the 103 gcm™ or 10° g cm™ isocontours, respectively.
The disks in the referenced works are axisymmetric tori
around a BH. Therefore it is appropriate to compare them to
our data from near equal mass mergers with short-lived or
prompt-collapsed central objects. We find the aspect ratio
of the disks in this subset to be in the range 0.6-0.8, i.e.,
significantly larger than the disks employed in the literature
(the work by Fahlman and Ferndndez [41] being the only
possible exception). While these works cannot be said
to employ “thin” disks (typically this means H ~ 1073 or
lower), better realism might be achieved by setting up
initial conditions with disks that are almost as thick as they
are wide, similar to what we find in our data sample.

E. Comparison with core-collapse supernova profiles

The long term evolution of the specific entropy and
electron fraction profiles as a function of the rest mass
density inside the disk shows that both these quantities
reach a relatively tight relation, which is relatively insensi-
tive to the properties of the initial binary and of the nuclear
EOS. This suggests that the shape of these profiles depends
on the properties of matter and on the effects of shocks
on it in a way that is largely independent from the details
of the way in which these profiles are reached. To further
test this conclusion, in Figs. 12 and 15 we compare the
specific entropy and the electron fraction profiles inside a
representative BNS merger simulation with those obtained

from spherically symmetric core-collapse supernova sim-
ulations of a zero-age main sequence 15M progenitor
star from Woosley and Weaver [100] at different times
postbounce, namely 100, 150, and 250 ms. In particular,
we consider publicly available results obtained by the
AGILE-BOLTZTRAN code [101,102] and published
in Liebendoerfer et al. [103]. This simulation included
detailed neutrino transport and employed the Lattimer-
Swesty EOS [84]. In the CCSN simulation, the shock wave
is launched at bounce from an enclosed mass of 0.5M,
where the rest mass density is ~10'* gcm™. Afterward, it
moves outward shocking radially infalling, low-entropy
matter of the stellar layers forming the iron core and the
shells above it. As soon as the matter crosses the shock
front, the entropy increases. As time passes, even if the
radial expansion of the shock stops as it reaches the so-
called shock stalling phase, the shock still moves outward
in the enclosed mass coordinate due to the continuous mass
accretion, reaching lower densities. Around 100 ms (a time
which is comparable to our BNS merger simulation) the
shock is located at ~2 x 108 gcm™ and within a few km
the matter density increases by 1 order of magnitude
while increasing also its specific entropy. The latter further
increases between ~2 x 108 gecm™ and ~1 x 10° gecm™
due to the effect of neutrino heating. The resulting entropy
profile between a few 10° gcm™ and 10! gcm™ follows
very closely the one observed in the disk. At later times,
and in particular at 250 ms, a substantial deviation is
observed between a few times 108 gcm™ and 10'! gcm™.
This is due to the prolonged neutrino heating and to the
contraction of the shock front. Such a discrepancy is
expected, since our BNS merger simulation was evolved
only for 100 ms, and matter in the disk tends to expand
rather than to contract.

In the case of the electron fraction, the profiles have a
similar shape, but the ones of the CCSN simulation are
systematically higher than the one of the disk. The reason is
that in CCSNs matter with an initial ¥, < 0.5 and contained
inside the stellar core is accreted by the shock and
deleptonizes toward the cold #-equilibrated conditions that
characterize a NS. This condition is achieved passing
through the intermediate protoneutron star phase in which
matter is hot and neutrino trapping occurs for high enough
matter densities. In BNS mergers, the opposite process
occurs: cold f-equilibrated NS matter with Y, < 0.1 is
heated and decompressed inside the disk, and it tends
to leptonize, at least for low enough densities. At late
enough time, in the high density part of the profile
(p 2 10" gecm™3), the CCSN profile approaches the one
inside the disk, as weak reaction equilibrium is achieved.
For lower densities the visible discrepancy is due to the out-
of-equilibrium character of the weak reactions, which
prevents the profiles from reaching a state that has
completely lost memory of its history. Moreover, such
an equilibrium depends also on the neutrino irradiation,
which has different features in CCSNs and BNS mergers.
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V. CONCLUSIONS

We have studied the geometrical, dynamical, and ther-
modynamical properties of 44 disks from numerical rela-
tivity simulations of BNS mergers, classified by the fate
of remnant: 20 long lived, nine short lived, and nine
prompt collapsed. Most of our simulations are targeted
to the BNS merger GW170817, with M, = 1.18M .
A subset of six simulations is targeted to GW190425,
with Mchirp = 144M®

We found that BNS accretion disks are remarkably thick.
In particular, the aspect ratio of the disks from mergers that
do not undergo prompt collapse decreases with the mass
ratio, going from =0.8 to below 0.3, while disks from
prompt-collapsed mergers span the range 0.4—0.15. Such a
large aspect ratio reflects the significant thermal support
inside the disk during the first tens of milliseconds after
merger.

The mass and angular momentum of the disks span a
broad range of values, going from 5 x 10~ to 0.3M, for
the mass and from 2 x 10" to 10'°M cm?s™! for the
angular momentum. We have found that the specific
angular momentum is almost constant in any of the
disks in our sample, taking values between 3 and
5 x 10'6 cm? s~!. This is also confirmed by the distribution
of the specific angular momentum with the angular
velocity, which is compatible with the so called j-const law.

In the first 10-15 ms after merger, disks where a central
massive NS is present show an outflow of matter at any
radial distance from the remnant, which decrease with time
and radius from a maximum of 10My s~'. A persistent
accretion only occurs when the central object collapses to a
BH, with an initial accretion of 10M, s~!. After an initial
transient phase which lasts ~5 ms, both ejection and
accretion rates decrease to 1My s~!, similar to the values
found in many works of long-term disk evolution, where
the initial disks are considered as equilibrium tori.

The specific entropy in the disk has different behaviors
depending on the mass ratio of the binary. For small mass
ratios (5 1.3), most of the matter in the disk spans the rather
limited entropy range, with entropy of 4 — 8kg baryon~! in
the density range 10'°-10'3 gcm™. It must be stressed
that, at lower densities, the entropy of a non-negligible
fraction of the disk increases to 15 — 20kg baryon™'. We
have found that the entropy is distributed around a
sigmoidal function of the rest mass density, which can
be satisfactorily modeled using a modified arcotangent. For
higher mass ratios, the disks decompose in a tidal and a
shocked component. In this case the bulk of the disk can be
regarded as approximately isentropic.

Similar to the specific entropy, also the behavior of
the electron fraction inside the disk changes according
to the mass ratio. For ¢ < 1.3, in the high density
region (10''-10'3 gecm™3) the matter is neutron rich
(Yo~ 0.1-0.2). At lower density the electron fraction

increases to ~0.4, and a negligible amount of matter,
with respect to the total disk mass, reaches even higher
Y.. The distribution of the electron fraction with the
density follows a sigmoidal function, for which we
provide a fit in terms of an arcotangent. At higher mass
ratios the electron fraction, as the entropy, is nearly
constant and very low.

We note that the simulations that constitute our sample
and on which we base our analysis do not include some
physical input that might affect our findings. In particular,
they do not take into account the existence of magnetic
fields, and the treatment of neutrino interactions and
transport is somewhat simplistic, due to the use of the
Leakage + MO (see Sec. I A). Having access to more
realistic datasets that model these processes might have
an impact on, e.g., the spatial distribution of matter in the
disks (affecting the aspect ratio and rotational profile)
and/or their composition and thermodynamics.

In this work however, our objective is to provide a
comprehensive qualitative description of BNS accretion
disks, until now missing in the literature on the subject.
The effects mentioned above are going to have only
rather limited quantitative effects, such as varying our
estimates for disk parameters to the level of a few
percentages. Therefore we are confident that the descrip-
tion we provide is qualitatively realistic and sound, and
very unlikely to dramatically change by more realistic
simulation setups.

In light of these considerations, we think that the
characterization of BNS accretion disks that we provide
can be useful to the scientific community. First of all,
the structure of such disks is interesting in its own
right, and it has not yet systematically been studied in
the literature. Furthermore, as mentioned in previous
sections, many works that perform simulations of BNS
accretion disks employ initial conditions that are
lacking in realism, particularly regarding the setup of
the thermodynamic state and composition of the disks.
Such simulations could achieve greater realism by
employing disk models that are closer to the specifics
we have provided.

Finally, we have uncovered some properties of the
accretion disks that deserve further investigation in their
own right, e.g., the mechanism by which their rotational
profile achieves a configuration of constant specific angular
momentum and whether they evolve toward a Keplerian
profile on secular timescales. We however leave this
investigation for future work.

Data generated for this study will be made available
upon reasonable request to the corresponding authors.
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APPENDIX: CORRELATIONS IN THE DENSITY
PROFILE FITTING PARAMETERS

Here we report and briefly discuss the values of
the parameters obtained from the fitting procedure

TABLE V. Parameters obtained from the fitting procedure described in Sec. III B 4. From left to the right: category according to the
fate of remnant (see Sec. I C), EOS, total initial gravitational mass of the isolated neutron stars M, mass ratio ¢, inclusion of turbulent

viscosity, resolution of the finest grid, disk mass Mfi‘i‘sdk,

p, a, b, c, A, B of Eq. (8).

angular momentum Jg,

end ' yalues of the parameters o, rg, ., @ of Eq. (7) and m,

Category EOS M,, g GRLES res M4 Mg J4 Mo? 65 (km) ry (km) r, (km) a m p(km)a (103 km™") b ¢ (km) A (km) B (km)
Long lived BLh 2.728 1 v/ HR 02081 1.5398 2230 4.77 0.54 -3.19 4.70 —0.14 8.17 5245 1772
Long lived BLh 2.728 1 v/ SR 0.1328 1.0831 22.16 5.00 0.56 —7.10 2.80 0.04 345 5535 1031
Long lived BLh 2.728 1 X HR 0.1139  0.8875 1640 427 057 —5.28 2.48 0.04 1143 3676 3.1
Long lived BLh 2.730 1 X SR 0.0955 0.7402 17.67 4.94 052 —6.25 0.73 042 -478 3649 6.87
Long lived BLh 2.730 1 X LR 0.1253 09321 1899 433 0.59 -4.81 5.91 —021 9.64 5030 743
Long lived BLh 2765 134 X HR 02024 15797 17.00 3.35 040 0.42 1.37 0.15 1.02 3732 5.64
Long lived BLh 2765134 X SR 0.1664 13716 19.09 420 0.49 —4.06 1.52 0.15 4.53 4254 7.6
Long lived BLh 2765134 X LR 02268 18612 20.80 4.14 051 -3.25 2.20 0.02 643 47.62 6.77
Long lived BLh 2803 1.54 X HR 02454  2.0294 18.97 3.15 0.05 1034  —L.11 020 821 10.02 0.62
Long lived BLh 2.803 1.54 X LR 02594 22244 2295 4.17 043 -1.28 4.41 —0.33 1551 4675 17.23
Long lived BLh 2.8371.66 « HR 02538 2.1919 1552 2.89 020 4.28 0.59 —0.15 2032 1138 038
Long lived BLh 2.8371.66 « SR 02650 22929 18.04 321 0.14 7.84 ~0.20 0.14 1132 827 0.02
Long lived BLh 2837 1.66 « LR 02439 22047 26.97 455 037 0.68 1.29 005 891 3686 4.19
Long lived DD2 2.728 1 X SR 0.1811 14914 2339 501 047 -5.64 3.51 —0.08 7.16 4590 8.82
Long lived DD2 2.728 1 X LR 02117 1.7140 2333 4.63 0.50 —4.03 6.17 048 17.69 51.63 8.60
Long lived DD2 2.7321.10 X LR 02349 19157 2413 4.85 044 -2.48 9.93 —0.90 26.59 24.55 278
Long lived DD2 2733 1.11 X LR 02582 20782 24.18 4.56 0.50 -3.11 7.11 049 1428 4349 656
Long lived DD2 2740 1.19 X LR 02557 20764 2348 436 0.53 —4.27 5.25 —0.41 1682 48.61 8.08
Long lived DD2 2742120 X LR 02530 2.0934 23.89 4.51 047 -3.11 5.46 028 1120 4621 791
Long lived DD2 2.880 1.67 « SR 02753  2.5445 1672 3.17 0.12 10.00  —0.12 0.05 2729 12.63 0.13
Short lived 1.§220 2.728 1 v/ SR 00502 03901 829 1953 2532 (4.26)0.50 —3.43 4.56 —0.06 625 3424 504
Short lived L§220 2.728 1 v/ LR 01605 12549 1423 2144 34.63 (4.52) 0.50 —2.71 7.25 —0.64 2671 3047 1.60
Short lived L$220 2.728 1 X SR 00631 04951 778 2150 26.94 (4.83) 044 —4.32 2.64 0.18 230 12.69 0.81
Short lived 1.§220 2.728 1 X LR 00697 05450 804 2144 2695 (4.60)0.57 —7.81 3.33 —0.00 932 60.65 11.17
Short lived LS220 2.737 1.16 v SR 0.1238  0.9947 995 19.86 26.96 (3.87) 0.49 —2.88 1.52 041 -6.75 3022 285
Short lived LS220 2.781 143 v LR 0.1855 1.6314 1147 21.19 2882 (3.34)0.09 7.10  —1.94 0.62 —-6.02 1020 0.22
Short lived SFHo 2.735 1.13 X SR 00775 05902  9.61 1622 2348 (3.69) 0.64 —5.62 0.60 052 3.88 65.16 6.68
Short lived SLy4 2.728 1 X SR 00417 03136 524 1246 1539 (3.29)0.71 1.29 3.73 0.06 23.56 137.87 12.48
Short lived SLy4 2.7351.13 X SR 0.0687 05282 643 12.84 1673 (3.15)0.48 —1.90 0.19 0.57 —3.45 7185 8.16
Prompt  LS22028371.66 « LR 0.1185 12242 2644 17.59 41.26 (2.79) 0.18 1.93 0.37 —0.09 12.82 28.54 848
Prompt  LS22028371.66 X LR 0.1155 1.1760 2176 21.55 38.53 (2.77) 0.16 3.23 0.28 —0.03 7.04 1845 191
Prompt ~ SFHo 2.837 1.66 SR 0.0906 0.8925 15.04 27.00 39.44 (4.33)021 2.68 2.11 —0.07 380 631 0.07
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FIG. 17. Parameters obtained from the fit described in Par. 4 of

Sec. B [Eq. (7)].

described in Sec. III B 4, for each simulation to which it
was applied. Table V reports the parameters of Egs. (7)
and (9). Note that « is computed as a = 2r,(r, — ry)/ a%
for short-lived and prompt-collapse BNS mergers (values
in parenthesis), while it is a free parameter of the fit for
long-lived BNS mergers.

It is apparent that some of the parameters may
not be independent from each other. In Fig. 17 we
show the parameters of Eq. (7) as functions of each
other. Clearly r, and |oy| show some hint of correla-
tion. A similar observation holds for Fig. 18. One can
see that, e.g., parameter b appears to be a linear func-
tion of parameter a. The same could be said of p with
respect to m and other couples of parameters. This
suggests that the fit formulas proposed in Sec. III B 4
are to some extent redundant and could be simplified.
However we leave the investigation of this possibility
to future work.
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FIG. 18. Parameters obtained from the fit described in Par. 4 of

Sec. B [Egs. (9)].
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