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We perform general relativistic, magnetohydrodynamic simulations of merging binary neutron stars
incorporating neutrino transport and magnetic fields. Our new radiative transport module for neutrinos
adopts a general relativistic, truncated-moment formalism. The binaries consist of two identical, irrotational
stars modeled by the Skyrme Lyon (SLy) nuclear equation of state. They are initially in quasicircular orbit
and threaded with a poloidal magnetic field that extends from the stellar interior into the exterior, as in
typical pulsars. We insert neutrino processes shortly after the merger and focus on the role of neutrinos in
launching a jet following the collapse of the hypermassive neutron star (HMNS) remnant to a spinning
black hole (BH). We treat two microphysical versions: one (a “warm-up”) evolving a single neutrino
species and considering only charged-current processes and the other evolving three species (v,, 7, vy ) and
related processes. We trace the evolution until the system reaches a quasiequilibrium state after BH
formation. We find that the BH + disk remnant eventually launches an incipient jet. The electromagnetic
Poynting luminosity is ~103 ergs~!, consistent with that of typical short gamma-ray bursts. The effect of
neutrino cooling shortens the lifetime of the HMNS and lowers the amplitude of the major peak of the
gravitational wave power spectrum somewhat. After BH formation, neutrinos help clear out the matter near
the BH poles, resulting in lower baryon-loaded surrounding debris. The neutrino luminosity resides in the
range ~10°>7>3 ergs~! once quasiequilibrium is achieved. Comparing with the neutrino-free models, we
observe that the inclusion of neutrinos yields similar ejecta masses and is inefficient in carrying off

additional angular momentum.
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I. INTRODUCTION

The coincident detection of gravitational waves (GWs)
and electromagnetic (EM) signals from the first established
neutron star binary (NSNS) merger GW170817 [1-7]
provides a unique opportunity to study systematically
the properties of compact objects, nuclear physics, and
electromagnetism in strong gravity. The simultaneous
detection of GW and EM signals from the NSNS mergers
is the prime target of multimessenger astronomy and can
provide us with important information about high-energy
astrophysics phenomena in strong gravity, the synthesis of
heavy nuclei, the properties of dense, nuclear matter, etc. In
particular, the observation of GW170817 coincident with
the short gamma-ray burst (SGRB) GRB170817A [8]
demonstrated that NSNS remnants can power sGRBs
[1,9,10]. In addition, this GW observation and its associ-
ation with kilonova AT 2017gfo/DLT17ck [11] indicate
that, in contrast to black hole (BH) binary mergers,
compact binary mergers where at least one of the
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companions is a neutron star (NS) are likely to be followed
by various processes involving electromagnetic and neu-
trino emission. To systematically interpret multimessenger
signals and their relation to the properties of the binary
system, it is necessary to perform full general relativistic,
magnetohydrodynamic (GRMHD) simulations incorporat-
ing detailed microphysical processes.

It has been long established that magnetic fields play a
critical role in the fate of NSNS merger remnants. The
Kelvin-Helmholtz instability (KHI) at the contact surface
once the NSs touch for the first time triggers the expo-
nential amplification of the magnetic field strength [12—15].
Subsequently, material is ejected due to orbital angular
momentum advection and to torques [16,17]. There has
been a series of systematic numerical studies of the effect of
magnetic fields on NSNS mergers (see, e.g., Refs. [15,18-
30] and references therein). In particular, we have shown
that NSNS remnants consisting of a BH + disk can launch
a collimated, mildly relativistic outflow—an incipient jet—
with duration and luminosity consistent with typical sGRB
central engine lifetimes and magnitudes, as well as with the
Blandford-Znajek mechanism [31] (hereafter BZ) for
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launching jets and their associated Poynting luminosities
[26,32]. We also reported that a jet is launched following
the delayed collapse of a hypermassive neutron star
(HMNS) remnant if the initial pulsarlike magnetic field
(i.e., magnetic filed that extends from the neutron star
interior into its exterior) in the binary companions has a
sufficiently large-scale poloidal component aligned to the
orbital angular momentum of the system. The simulations
in Ref. [33] suggest that this initial poloidal component is
needed to amplify the magnetic energy to =10 erg in the
BH + disk remnant, a threshold value that is required for jet
launching. It is worth emphasizing that the emergence of a
jet does not require relying on the development of a large-
scale poloidal magnetic field component in the HMNS, but
only initially, as in typical pulsars, which is what we
reported in Ref. [26]. In addition, our GRMHD simulations
of merging black hole-neutron star (BHNS) binaries,
where the NS is endowed with a magnetic field that
extends from the stellar interior into the exterior, show
that a jet may be launched from the highly spinning BH +
disk remnant if the initial BH spin satisfies a/Mgpy = 0.4
and an approximate alignment of the magnetic moment
with the total angular momentum of the system is
present [32,34].

Neutrino processes (e.g., cooling and emission) may also
have significant effects on the fate of NSNS merger
remnants. It has been suggested that neutrino pair annihi-
lation could carry a large amount of energy from the inner
region of the disk [35-38]. The thinning of the disk may
result in a favorable geometry for jet launching [28,35],
though the duration and energy of neutrino emission in
NSNS mergers are likely to be insufficient for the outflows
to break out from the ejecta shell and form relativistic jets
[38]. It is also believed that neutrino-driven winds, in which
neutrinos absorbed in the disk can lift matter out of its
gravitational potential, are a crucial mechanism of mass
loss for NSNS mergers [39-42]. Moreover, it was recently
suggested that the jet launching mechanism could be a joint
process of two widely accepted GRB central engine
models: a BH model, where a stellar-mass BH is sur-
rounded by a neutrino cooling-dominated accretion flow
first proposed in Ref. [35], and the BZ mechanism [31],
where the BH rotational energy is extracted by the magnetic
field. According to Ref. [43], an initially nonspinning BH
may first launch a thermal “fireball” via neutrino annihi-
lation, followed by a more powerful, Poynting-flux domi-
nated jet via the BZ process once the BH is spun up by
accretion. Neutrinos may also have important effects on the
magnetorotational instability (MRI), which is one of
the main mechanisms to amplify the magnetic field to
the strength required for jet launching (typically >10"° G;
see, e.g., Ref. [44]). As the joint contribution and inter-
action between neutrino transfer and magnetic fields may
produce copious interesting effects in compact binary
mergers, numerical simulations of mergers with full global

and microphysical ingredients are crucial in determining
the real physics of the jet-launching mechanism underlying
recent observations, such as GRB 170817A and GRB
160625B [8,45].

Neutrino transport schemes in compact binary simula-
tions have been developed and improved somewhat slowly.
This is mainly because of long-standing complications with
numerically solving Boltzmann’s equation of radiation
transport, whose requirement of evolving a system in
six-dimensional phase space plus time for each species
of neutrinos makes its application computationally expen-
sive and impractical. Moreover, the interaction timescale
between matter and radiation is shorter than the dynamical
timescale of magnetohydrodynamics (MHD) matter in
optically thick regions, making the numerical simulation
more challenging to perform with sufficient resolution. To
achieve neutrino transport in compact binary merger
systems, simplifications of the exact transport equations
have been applied. These include the simplest leakage
schemes, which are based on the assumption that the
neutrino diffusion timescale is much longer than the weak
interaction timescale [46,47]. With a leakage scheme, one
can trace the approximate local energy variation of neu-
trinos and neutrino cooling but cannot treat nonlocal
neutrino-matter interactions and neutrino heating. More
sophisticated are truncated moment formalisms, in particu-
lar, the two-moment (M1) scheme with analytic closure
[48-51], and a mixed leakage—one moment scheme [52] for
evolving binary merger systems. Recently, an improved M1
scheme was proposed in Ref. [53] and evolves the neutrino
number density and yields a local estimate of the average
neutrino energy. It shows that the composition of the polar
ejecta in a NSNS merger is less neutron rich than in their
previous simulations, where the neutrino spectrum was
assumed to be energy independent in optically thin regions.
More recently, a general relativistic Monte Carlo (MC)
scheme has been implemented for the simulation of an
unequal-mass NSNS merger [54,55]. This has shown that
MC and M1 have similar and consistent outcomes of
ejected material and neutrino outflow, except for a factor of
~2 difference in the luminosity of heavy-lepton neutrinos.
However, the studies above are purely hydrodynamic
simulations and do not study the joint effect of neutrino
radiation and magnetic fields.

A recent GRMHD study of the NSNS postmerger phase
that includes a neutrino leakage scheme, in which the
remnant is seeded with a poloidal magnetic field 17 ms
after merger, reports that the strong toroidal field (~10'% G)
around a HMNS remnant is able to launch a magnetically
driven outflow [56]. Neutrino cooling may help to reduce
the baryon load in the polar region above the HMNS.
However, the maximum attainable Lorentz factor in these
simulations (I';, < 95) is too low to explain most sGRBs
[57]. It is also claimed that, with a better neutrino evolution
scheme that includes pair annihilation and radiative
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processes, the Lorentz factor could be boosted to higher
values. Therefore, a numerical GRMHD study of NSNS
merger with a neutrino transport scheme that includes key
interactions would provide new information regarding the
merger remnant, radiation signals, jet-launching mecha-
nism, and many other important features. More recently, a
GRMHD simulation of a BHNS merger with neutrino
transfer using a combined leakage-moment method has
been performed in Ref. [58]. It finds that during the merger
dynamical mass ejection and accretion disk formation
occur shortly after tidal disruption. The magnetic field is
strengthened due to magnetic winding and MRI. Moreover,
postmerger mass ejection due to magnetically induced
turbulent viscosity takes place ~300-500 ms after the tidal
disruption, with the neutrino luminosity dropping quickly
below ~10°! ergs™!. It also claims that a high-intensity
Poynting flux is generated a few hundred ms after merger
and remains strong for 1-2 s, which agrees with the
duration of typical sGRBs.

In this work, we perform GRMHD simulations of NSNS
mergers modeled using a piecewise polytropic representa-
tion of the nuclear SLy nuclear equation of state (EOS) [59]
and initially endowed with a poloidal magnetic field
extending from the stellar interior to the exterior, as in
pulsars. Shortly after merger, we insert neutrino transfer
using an M1 closure scheme. We performed two versions:
(i) a simplified “warm-up” version involving only one
neutrino species (7,) and considering only charged-current
interactions (called “Rad-Simp”) and (ii) a full, more
realistic version that evolves three neutrino species and
considers additional microphysical processes (‘“Rad-Full”).
We compare our results to simulations that include
neither magnetic fields nor neutrino transport (“Unmag’)
as well as those that include only magnetic fields (“Mag”)
and those that include only neutrinos transport
(“Unmag + Rad”).

We find that neutrino processes enhance the angular
momentum transport accelerating the collapse of the
HMNS. As a consequence, in neutrino transport cases,
the GW waveform is shorter in duration, though its strain
amplitude remains above the sensitivity curve of next
generation GW observatories, such as the FEinstein
Telescope (ET), between 1 and 5 kHz, assuming a source
distance of 50 Mpc. We note that the most prominent peak
in the strain may be detectable by aLIGO and A* as well.
We also find that neutrinos do not have significant impact
on the growth of the magnetic field, but they have the effect
of clearing out the polar region above the BH poles,
inducing a lower baryon load in surrounding debris. A
magnetically driven jet is launched after 210 ms following
the collapse of the HMNS. However, the delay time
between the peak GW (i.e., the binary merger) and the
emergence of the jet is significantly shorter in neutrino
radiation cases. The outgoing EM Poynting luminosity
[Lpy ~ 10°3 ergs™'] is roughly consistent with sGRB

models [60-62] and the luminosity associated with the
BZ mechanism [31].

A key motivation of our project has been to implement a
neutrino transport scheme into our Illinois GRMHD code,
which has been used successfully to treat compact binary
mergers (see, e.g., Refs. [63—68], including those involving
magnetized neutron stars [33,69]). While the M1 scheme
we adopt is not the most advanced and the results we report
here are not likely the final answers, they are sufficient to
generate a preliminary sketch of the combined influence of
magnetic fields and neutrino transport on compact binary
mergers and other astrophysical scenarios in strong gravi-
tational fields.

The structure of the paper is summarized as follows. In
Sec. II, we introduce our implementation of M1 radiation
transport and the microphysical interactions responsible for
thermal neutrino emission. A more detailed description and
a strong-field test of our M1 scheme are presented in
Appendices A—F. We next describe our adopted numerical
setup and initial conditions in Sec. III. We discuss the
effects of the magnetic field and thermal neutrino emission
on the nature of the merger, properties of the remnant
and ejecta, and the strength and detectability of GW and
EM signals in Sec. IV. Finally, we summarize our findings
and identify some limitations of our simulations in Sec. V.
Throughout the paper, we adopt geometrized units
(G = ¢ = 1) except where stated otherwise. Greek indices
denote all four spacetime dimensions, while latin indices
imply spatial parts only.

II. FORMALISM AND METHOD

A. Numerical methods

The simulations in this work are performed using the
original Tlinois GRMHD code [70], coupled with our newly
developed neutrino radiation moment formalism and trans-
port module. The code is embedded in the cACTUS infra-
structure [71] using CARPET as the moving-mesh refinement
scheme [72]. The code evolves the Baumgarte-Shapiro-
Shibata-Nakamura (BSSN) gravitational field equations
[73,74] coupled to the moving puncture gauge conditions
[75,76], using fourth-order centered spatial differencing,
except on shift advection terms, where a fourth-order
upwind differencing is used. In all our evolution cases,
we set the damping coefficient 774 appearing in the shift
condition to 2.7/M, where M is the Arnowitt-Deser-Misner
(ADM) mass of the system. The BSSN evolution equations
are embedded with fifth-order Kreiss-Oliger dissipation
[77]. We also adopt the generalized Lorenz gauge [78,79]
to evolve Maxwell’s equations and employ a damping
parameter { = 4.1/M to avoid the rise of spurious mag-
netic fields due to interpolations across refinement levels
(see Ref. [78] for details). Time integration is performed
using the method of lines with a fourth-order Runge-Kutta
integration scheme with a Courant-Friedrichs-Lewy factor
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of 0.5. In the absence of neutrinos, this code has been
thoroughly tested and used in the past in various scenarios
involving compact binaries (e.g., Refs. [33,63-69]). The
incorporation of radiation in the optically thick limit was
previously used and tested in Ref. [80]. For implementation
details, see Refs. [70,79-81].

B. Evolution of radiation fields

1. Radiation fields: M1 transport

We adopt and generalize the radiation transport approach
described in Ref. [80], in which a basic radiation transport
scheme applicable for optically thick gases was embedded
in the TMlinois GRMHD code. The local properties of the
radiation can be described by the specific intensity
I, = I(x¥*; N';v), where x* is the coordinate position, N’
is the direction of radiation, and v is the frequency with
N# = p#/(hv), with p# the 4-momentum of the photon and
h the Planck constant. The quantities above are measured in
the local Lorentz frame of a fiducial observer. The
evolution of 7, can be described by the Boltzmann equation
for radiation transport, which is a 6 + 1-dimensional
integrodifferential equation system whose numerical inte-
gration requires extremely large computational resources.
To realize the numerical evolution of radiation fields,
several approximations need to be imposed. First, we
adopt the moment formalism (see, e.g., Ref. [82]) and
consider the three lowest moments. We use the energy-
(frequency-)integrated equations and the energy-averaged
emissivities and opacities. For an observer comoving with
the fluid, the energy moments of interest are the radiation
energy density,

E = /ddeID, (1)
the radiation flux,
F* = hay/ddeIDNh (2)
and the radiation stress tensor,
PP = h*, WP s / dvdQI,N"N°, (3)

where dQ is the solid angle measured in the local Lorentz
frame and h% = ¢g* + u*u” is the projection tensor onto
the orthogonal slices of the fluid 4-velocity u®. We note that
F* is orthogonal to the fluid 4-velocity. With the above
expressions, one can decompose the radiation tensor in
terms of an observer comoving with the fluid as

R = EuuP + Fu’ + FPu® + PY. (4)

In the numerical evolution, the highest-order radiation
moments, E and F’, are used as the primitive variables
for the radiation (neutrino) fields. We then obtain F° using
F?u, = 0, where u® satisfies u®u, = —1 with u* = (u°,0).
The radiation stress tensor P is computed as a function of
E and F* according to the Minerbo closure scheme [83],
which is an interpolation between the analytical expres-
sions in optically thick and thin limits (see Appendix A). At
each time step, the primitive variables are computed from
the conserved variables, which are related to quantities
measured by normal observers (see below) using a four-
dimensional (4D) Newton-Rasphson solver described in
Appendix B.

One can also decompose the radiation stress-energy
tensor according to the normal observer

Raﬁ — Enanﬁ 4 F{znﬂ 4 Fﬁna + 7_)a/i’ (5)

where n“ is the unit vector normal to the constant ¢ slice.
The barred quantities,

E = ngngR? = a’R™, (6)
F =~ R = (R + poRY) 0

7_){1/3 — ya/)yﬁﬁR/m — Ra[i _ a(naR/)’O + n/)'RaO) + a2 n"l’lﬁROO,
(8)

are the radiation energy density, flux, and stress tensor
with respect to a normal observer, respectively. Here,
y® = g® + n*n’ is the projection operator onto slices of
constant ¢, and a and B* are the lapse and shift functions,
respectively. Note that Egs. (6)—(8) can also be regarded as
the purely normal, mixed normal-spatial, and purely spatial
components of R*, respectively [84]. They are directly
related to the conserved radiation variables for the radiation
dynamical equations (see Sec. IIB2). The conversion
between the fluid-frame variables and the normal-frame
variables is given by Refs. [84,85],

E = W?E + 2Wv,F* + v,0;, P, (9)
Fa = WzvaE + W(ga/} - nan/})Fﬂ
+ W’U(IU/;Fﬁ + W(ga[)’ - nan/})vypﬂy’ (10)
fDaﬂ = WzvavﬁE + W(goy — nany)vﬁFy
+ W(g,p — n,ng)v,F’
+ (Gay = aty ) (gps — npns) P, (11)

where the 4-velocity is decomposed into its orthogonal and
tangent parts

u® = W(n*+ %), (12)
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TABLE 1. Comparison of the two microphysics versions
employed here.

Microphysics scheme Simplified Full
Y, 0 Evolved
Y, 0 Y,
Y, 1 1-7,
Emission:

et +n—->p+r, v v
e +p-on+v, X v/
e + e+ —> U; =+ l_/l' X !/
y—=v+ X v
Absorption:

p+u,—>et+n v v
n+v,—>e +p X v
v+ > e +et X v
v; + D,‘ —>Y X v
N+N+v;+0, - N+N X v
Scattering:

UV,+n->v,+n v v
{Ve,vi} +n = {v, v} +n X v
{Vevﬂe’yi}+p_){Uesljevyi}+p X v

with v* = (0, u’/W + p'/a), and W = —n,u* = au® is the
Lorentz-factor between normal and fluid observers. Note
that by construction v* is purely spatial, n,v* = 0.

2. Radiation evolution

Following Ref. [80], the dynamics of the radiation field
can be expressed as

Rav;u — _Ga’ (13)

where G* = [ dvdQ(k,1, —n,)N” is the radiation four-
force density which describes the interaction between the
radiation field and matter. In the energy-integrated moment
formalism, the four-force terms can be written in the
covariant form as

G = pol(KTE = mu + (x* +x)F7]. (14)

where py is the rest-mass density and 7, k%, and «° represent
the energy-averaged emissivity, absorption opacity, and
scattering opacity, respectively. They are computed as
functions of temperature, density, and the chemical poten-
tial via the major microphysical interactions listed in
Sec. IID?2. Their analytic expressions, derived from
Refs. [86,87], are bounded by the opposite limits of local
thermal equilibrium (LTE) and free-streaming. In our
implementation, we interpolate the limiting values follow-
ing the method of interpolating P% to accommodate

regions with different optical depths (see Appendix D
for a detailed derivation). Note that, in LTE, # can be
written by invoking Kirchhoff’s law, using the frequency-
integrated neutrino thermal equilibrium intensity B: n =
k%4nB = k*agrT* [80,84], where T is the temperature of the
fluid and ay is a constant chosen based on the type of
radiation. For photons, ay is the radiation constant a, and
for neutrinos, ag = 7a/N,/16, where N, is the number of
left-handed neutrino and right-handed antineutrino species
contributing to thermal processes.

One can perform a normal projection of Eq. (13) and
obtain the energy equation

0%+ 0> JFRY) =5 — (2 7)G°.  (15)

where 7= (a?\/7)R™ = /7E is the radiation energy
density and § is given by

5= a7[(R®BB + RB/ + RT)K
—(R™p" + R")0;q]
= \/f(api-fKij—Fiaia). (16)

Similarly, the spatial projection of Eq. (13) yields the
momentum equations (see Refs. [80,84] for detailed
derivations)

_ . 1
8,5,’ + 5‘,(a\/}7R;) = a\/?(iRaﬂgaﬁ.i - Gl) s (17)

where S, is the radiation momentum density. They form the
conserved variables of the dynamical equations. We note
that, although described in different notations, Eqs. (15)
and (17) are equivalent to the evolution equations in
previous works (e.g., Egs. (3.39) and (3.40) in Ref. [48]
and Egs. (16) and (17) in Ref. [50]) in conservative form.

We use the Harten-Lax—van Leer (HLL) approximate
Riemann solver to evolve Egs. (15)—(17), in which we
adopt the characteristic speed of radiation field following
Ref. [50] for the HLL fluxes at cell interfaces. Note that
Egs. (15)=(17) require the computation of P%(E, F%) and
source terms G* for closure. We adopt the prescription
presented in Ref. [83] regarding the radiation pressure
P*(E, F*), which is an interpolation of its optically thin
and thick limits. Since the closure equation for P is a
nonlinear function of E and F“, the recovery of primitive
variables requires a four-dimensional solver. A detailed
description of the closure scheme and the recovery of the
primitive variables are summarized in Appendices A and B,
respectively. For the source terms, we adopted two ver-
sions: (i) the warm-up Simplified Scheme (Rad-Simp),
which assumes a purely neutron-rich environment, where
the net electron fraction Y, is zero, and accounts for only
the charged-current interaction of electron anti-neutrinos,
and (ii) the Full Scheme (Rad-Full), which includes three
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species of neutrinos: v,, ¥,, and v,, where v, is the sum of
muon and tau neutrinos and their antiparticles, called the
“heavy-lepton neutrinos” (Rad-Full). This scheme includes
all the important interactions whose reaction rates are based
on the evolved electron fraction Y, using Eq. (18) and the
temperature. A description of the source terms and the two
schemes is summarized in Sec. II D 2 (see also Table I).

C. Evolution of metric and MHD fields

As in our previous magnetized NSNS studies, the Tlinois
GRMHD code solves the equations of ideal GRMHD in a
conservative scheme via high-resolution shock capturing
methods for the evolution of matter and magnetic field. The
equations for metric, matter, and magnetic field, including
radiation source terms, are given in Ref. [80]. Additionally,
to compute Y, used in the radiation source terms, we now
evolve the quantity p,Y, following [48,50]

(p.Ye) +0jl(p.Y )] = —sgn(w)ay/rmy (n Zekf E)
(18)

where

1 for v,,
sgn(v;) =< =1 for 7,
0 for v;

my is the nucleon rest mass; (¢,) is the local mean energy
of neutrinos, which is approximated as F'5(1,)/F4(n,)T,
with Fi(n,) the Fermi integral F;(n,) = [¢°x*/(1+
exp(x —n,))dx, and 1, = u,/(kgT), with y, the chemical
potential evaluated using the analytic expressions detailed
in Appendix D 1. We note that the Fermi integrals can be
efficiently evaluated using the polynomial approximations
in Ref. [88].

We evolve the MHD equations using the standard HLL,
approximate Riemann solver with a simpler, dissipative
dispersion relation (see Eq. (50) in Ref. [89]). Required by
the dispersion relation, the sound speed ¢2 = (dP/dpy),/h
consists of a cold and a thermal component of pressure
(see Sec. 11 D), where £ is the specific enthalpy and s is the
specific entropy. The thermal part is based on an analytic
expression for a semidegenerate neutron gas of non
zero temperature. The analytic derivation and our imple-
mentation of the sound speed are described in detail in
Appendix C 3. Notice that, as in standard hydrodynamic and
MHD simulations, we integrate the ideal GRMHD equa-
tions on the whole numerical grid by imposing a tenuous
constant-density ~ atmosphere P = 107190 14, (0),
where pg nax(0) is the initial maximum value of the rest
mass of the system.

D. EOS, neutrino processes, and source terms

1. Finite-temperature treatment

Our NSNS binaries are modeled by a piecewise polytropic
representation of the SLy nuclear EOS [59]. A cold EOS is
adequate to model the NS prior to merger. However, during
merger, considerable shock heating increases the internal
energy. To account for this, we adopt an EOS that has
both a thermal and cold contribution to the total energy
density, & = E.qq + En, and total pressure, P = P.gq + Py
Specifically, P.,q = Kipg" , with ; and I'; the corresponding
polytropic constant and the polytropic exponent in the rest-
mass density range pg;_; < po < po.;» respectively, fitted for
SLy [90]. Note that the cold energy density is given by
Ecold = Peoa/(T'; — 1). The thermal terms are the sum of
nucleon and radiation (other than neutrino) contributions: (1)
Ein = Erad + Enua and (2) Py, = Pryq + Poua- The nucleon
parts are based on a semidegenerate neutron gas expression
that asymptotes to a Maxwell-Boltzmann gas in the
nondegenerate limit. The radiation part includes photons
and relativistic electron and positron pairs, which follow a
Stefan-Boltzmann relation. Details of treatments of thermal
EOS are summarized in Appendix C 1.

To implement the temperature-dependent thermal energy
density and pressure in our simulations, we set our evolved
value of € to E.q + &y using Eq. (C3) and solve for the
temperature 7. After obtaining 7, we calculate the thermal
pressure Py, base on Eq. (C4) and then obtain the total
pressure P = Py, + P4 for the next iteration. This method
provides a physically reasonable estimate of temperature.
Note that such a formalism requires modifications in the
MHD primitive solver for the computation of the Jacobian.
The details of finding the temperature, as well as the
modification of the primitives solver, are summarized in
Appendix C2. See also Appendix D1 for a detailed
description of this treatment of thermal energy density
and pressure.

2. Opacity and emissivity

As shown in Eq. (14), the source terms G* are determined
by the radiation energy density E, energy flux F*, absorption
opacity k¢ scattering opacity «°, and emissivity 5. The
relevant interactions are summarized in Table I. For neutrino
emission, they include the charged-current interactions

e +p—-on+u,, (19)
e +n-p+r,, (20)

and three pair process interactions: electron-positron pair
annihilation

et t+e >+ (21)

plasmon decay,
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y+r—ovit+u; (22)
and nucleon-nucleon bremsstrahlung,

Here, the subscript i represents all neutrino species, and N
stands for nucleons. We can safely omit neutron decay
(n - p + e +v,) from consideration here. The reason is
that, even when the leptons in some regions become
sufficiently hot to lift their degeneracy and partially remove
the blocking factor that inhibits the decay at 7 = 0, the
decay time (214 min) greatly exceeds the time it takes the
HMNS remnant to collapse to a BH as well as the time for
which we follow the evolution in our simulation.

The inverse reaction of the interactions above are
responsible for neutrino absorption. Therefore, we need
to compute both x* and  for Eqs. (19)—(23). Lastly, we also
consider the neutral-current neutrino scattering off nucle-
ons,

I/i+N—)Di+N. (24)

Note that we neglect electron-neutrino/antineutrino scatter-
ing for simplicity, noting that its contribution to the opacity
is smaller than that for nucleon scattering by a typical factor
of ~100 in the HMNS remnant (see also Ref. [91]). We do
note for future work that electron scattering is inelastic and
contributes to the thermalization of neutrinos [92,93], while
nucleon scattering is conservative. We also note that for
neutrino energies of ~10 MeV, cross sections of the
charged-current absorptions of electron-type neutrinos
are ~100 times greater than that of the electron-neutrino
scattering [87].

Following Ref. [50], at every iteration, we first compute
k“ for the inverse of Egs. (19) and (20) (charged-current
interactions), k* for Eq. (24), and 5 for Egs. (21) and (22)
(thermal emission) based on the formalism in Ref. [86]. We
then compute  for Eqgs. (23) using Eq. (49) in Ref. [87].
These expressions require the knowledge of the fluid
temperature and the chemical potential, which are com-
puted analytically.

Next, using either «, or # computed above, we calculate
n for the two charged-current interactions [Egs. (19) and
(20)] and k, for the three thermal pair processes. In the
optically thick region, we impose the LTE condition and
use the energy-integrated version of Kirchhoff’s law,

NKir = 4”BKa’

k¢ =n/4nB,

(charged current),
(pair processes), (25)
where the energy-integrated equilibrium intensity B(7T) is

defined in Sec. II B 2. This method maintains the thermal
equilibrium of neutrinos with the fluid in the optically thick

region. In the optically thin region, as the neutrinos can be
out of thermal equilibrium, 7g; may be inaccurate in
estimating the emission of electron-type neutrinos.
Therefore, we adopt an expression for the total emissivity
by interpolating between ng; and 7y, where 7 is the
expression for the free-streaming emission rate for charged-
current interaction in Ref. [86]. Here, we adopt an inter-
polation method similar to the M1 formalism [see
Eq. (D2)], which estimates the emissivity based on optical
thickness. Note that this is different from the interpolation
methods in Ref. [50], which adopts a step function in terms
of the optical depth.

III. NUMERICAL SETUP

A. Initial condition

We consider initial NSNS configurations in a quasie-
quilibrium circular orbit computed using our Compact
Object Calculator (cocAL) code [94,95]. The binaries
consist of two identical, irrotational NSs, modeled by
the SLy nuclear EOS [59], as in Ref. [90]. Specifically,
we use the SLyM2.7 (magnetized and unmagnetized,
hereafter denoted as “Mag” and “Unmag,” respectively)
configurations treated previously in Ref. [96], for which the
ADM mass of the system is Mapyy = M =2.7 M, and
the companions have an initial coordinate separation of
45 km (see Table I in Ref. [96]). We define M, = 3.02 M
as the total rest mass of the system. We note that the
SLy EOS satisfies current observational constraints
on NSs. The maximum-mass configuration of an
isolated star predicted by SLy is MG = 2.06 My con-
sistent with (i) M > 2.0720067 M, from the NICER
and XMM analysis of PSR J0740 + 6620 [97],
(i) MGy > 20170917 M, from the NANOGrav analysis
of PSR J1614-2230 [98], (iii) MIa > 2.0170{3 M, from
the pulsar timing analysis of PSR J0348 + 0432 [99], and
MG > 2.1470%9 M, from the NANOGrav and the Green
Bank Telescope [100]. In addition, SLy predicts that a star
with a mass of 1.4 M has aradius of R = 11.46 km and a
tidal deformability of A;, = 306.4. These values are
consistent with (i) R = 11.94707% km obtained by a
combined analysis of x-ray and GW measurements of
PSR J0740 + 6620 [101], (i) R = 11.97]} km for a NS
with mass in the range 1.16 My—1.6 M, at the 90%
credible level from the combined analysis of the LIGO/
Virgo Scientific Collaboration (LVSC) of the progenitors of
GW170817 with the radio-timing observations of the
pulsar J0348 + 0432 [99,102], and (iii) A;4 = 190773
for a NS with mass of 1.4 M at the 90% credible level
from the LVSC analysis of GW170817 [102].

In the magnetized cases, the NSs are initially endowed
with a dipolelike magnetic field generated by the vector
potential [103]
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B nril o’ 4 15r3(r3 + @) (26)
Tl L o |

where ry and I, are the loop radius and current, which
determine the geometry and strength of the magnetic field.
=’ + Z27 wgm = (x - xcm)z + (y - ycm)z’ where
(Xems Yem» Q) is the center of mass of the NS, determined
by the coordinate of the maximum value of the rest-mass
density. We set I, and r, such that the maximum value of
the magnetic-to-gas-pressure ratio in the NS interior is

r_a%io = Prag/ Pgas = 0.003125. The resulting initial mag-
netic field strength at the NS pole measured by a normal
observer is By ~ 1053 G. As in Ref. [32], we initially
impose a low, variable atmospheric density pg ., that
satisfies L. = 100 (see Eq. (4) in Ref. [32]). This setup
mimics the magnetically dominant environment in a pulsar-
like magnetosphere and validates the evolution of the
exterior magnetic field. While the magnetic field we
imposed is astrophysically large, we choose it so that
following merger, the rms value of the field strength in the
HMNS remnant is close to the values reported in very-high-
resolution (with a local resolution of Ax = 17.5 m) sim-
ulations [14], which showed that the KHI during merger
can boost the rms B-field to 1053 G, with local values
reaching 107 G. Moreover, recent NSNS simulations
[104] with a local numerical resolution of Ax =37 m
have also shown that a pure poloidal magnetic field with a
strength of ~10'" G in the interior of NSs can be amplified
to rms values of ~10'® G within the first ~5 ms after
merger.

B. Neutrino insertion

To probe the effects of neutrino emission in our binary
remnant, in all our cases, we insert the neutrino radiation at
tinsert ~ 1350M =~ 18 ms (or t — to, ~226M ~ 3 ms after
merger). The initial neutrino energy is based on the local
fluid temperature, which is related by an analytic expres-
sion to the thermal energy density of fluid matter (see
Sec. II D). In the low-density region where py = pam, We
set T = Tpm = 10° K, which is ~7 orders of magnitude
lower than the temperature in the central region of HMNS
and ~6 orders of magnitude lower than the treatment
in Ref. [50].

In a hot NS in LTE, the energy density of each chirality
state of ultrarelativistic neutrinos is

7
<S‘Iz,stzltc = 1_6 ClT4, (27)

where a is the usual radiation constant. Let A/, be the
number of neutrino species involved. Then, N, has
the maximum value of 6 when all the possible species
of the Standard Model are considered (i.e., v,, 7,, v, and
their antiparticles). If we assume that only the left-handed

neutrino states couple to the weak interactions, then the
energy density of each neutrino (and antineutrino) species i
becomes

7
= T4, 2
Ew 16./\/”61 ( 8)

In Rad-Simp, we set N/, = 1 for 7,, while in Rad-Full, we
set N, = 1 for both v, and ¥, and A/, = 4 for v,. Note that
the neutrino helicity may be flipped if the magnetic
moment of the neutrinos is considered [105]. It is believed
that the left-handed neutrino rotates to the right-handed one
when the magnetic fields are transverse to neutrino propa-
gation [106]. Other effects such as nonequilibrium quantum
kinematics and coherent flavor evolution of neutrinos are
also not captured in a thermal description [107]. Here, we
ignore these effects.

At t;heer» W assign the radiation primitive variables E =
&, for each species of neutrinos evolved and set the flux
F* = 0. This method can describe well the interior of the
HMNS system where the density and temperatures are
sufficiently high. In the outer regions of the merger
remnant, matter may not have attained thermal equilibrium.
However, as £, ; scales as T*, its value in the atmosphere
becomes negligibly small compared with the interior value.
After setting the primitive variables, we compute the
conserved variables 7 and S; and the source terms G“
for radiation evolution.

C. Neutrino evolution

After initializing £ and F*, we compute the conserved
variables (7, S;) and reconstruct the primitive variables to
the left and right of the grid cell surfaces using the
monotonized central (MC) scheme [108]. Then, we com-
pute the conserved quantities at the cell faces, together with
the left- and right-going wave speed using the method
described in Ref. [50] to obtain the flux quantities a*,/7R"
and aﬁR} Next, we compute the spatial derivative terms
in Eqgs. (15) and (17). After this, we compute the source
terms 3 in Eq. (15) and the term R%g,; in Eq. (17). With
these values, we compute the opacities and emissivities
using the method described in Appendix D, which depends
on the matter density and temperature. To avoid overly stiff
source terms, we set the maximum value of frequency-
integrated opacity at 10 km™', which could yield a suffi-
ciently high optical depth (220) to model the optically
thick environment inside the high-density region. With this
prescription, we can evolve the radiation field using explicit
time stepping at a modest resolution. Finally, we compute
the four-force terms which are required to evolve the
radiation and MHD variables.

With the conserved quantities (7, S') computed at a given
time step, we now need to recover the primitive variables
(E,F i ). Because of the nonlinearity in the closure scheme,
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a numerical root finder is needed. After the fluid velocity v’
is found by the MHD primitive solver, we adopt a 4D
Newton-Raphson solver that computes the radiation primi-
tive variables from the radiation evolution variables. The
solver requires an 4 x 4 Jacobian matrix which governs the
coefficient of the first-order terms. Line searches and
backtracking methods are adopted for faster convergence
[109]. The elements of the Jacobian can be evaluated
analytically. Detailed descriptions, including the relevant
equations, the expression for the Jacobian matrix, and other
numerical settings are given in Appendix B.

D. Grid setup

In all our simulations, we use the same grid setup as in
Ref. [96], which consists of two sets of nested boxes with
nine refinement levels centered on each star, with adjacent
levels differing in size and resolution by factors of 2. When
two boxes overlap, they are replaced by a common box
centered on the center of mass of the system. The half-
length of each grid level is (2835.26/2"~!) km, where n is
the level number. The innermost refinement level has a grid
spacing of ~0.027M ~ 111 m. The number of grid points
across the initial NS equatorial radius is Nyg = 82. In all
our cases, we use reflection (equatorial) symmetry over the
orbital plane. As reported in Ref. [33], orbital plane
symmetry does not impact the final outcome of the
evolutions. The detailed grid hierarchy is summarized in
Table II in Ref. [96].

E. Diagnostics

To verify the reliability of our numerical results, we
monitored the L, normalized constraints computed from
Egs. (40) and (41) in Ref. [63]. In all our simulations, we
find that during the inspiral the Hamiltonian constraint
violation remains below 0.2% and oscillates between 0.2%
and 0.4% during the HMNS phase. Then, it peaks
at 0.8% at BH formation and then gradually approaches
to <0.1%. The normalized momentum constraint violation
remains smaller than 0.4% during the inspiral and peaks at
~5.5% at BH formation and gradually relaxes to ~0.3%
following the onset of the steady state. Similar values were
reported in our long-term simulations of spinning NSNS
modeled by piecewise EOSs [66].

After BH formation, we locate and track the position of
the BH apparent horizon using the AHFinderDirect thorn
[110]. The BH mass Mgy and its dimensionless spin
parameter @ = a/Mpgy are calculated using the isolated
horizon formalism [111]. We adopt a modified version of
the PSIKADELIA thorn to compute the Weyl scalar ¥,
decomposed into s = —2 spin-weighted spherical
harmonics at different radii between 50M ~ 200 km
and 300M = 1200 km [112]. We compute the rest-mass
accretion rate M following Eq. (A11) in Ref. [113]. The
mass of escaping matter (ejecta) is computed as

M. = — fr>r0 ﬁponﬂu/‘d%, where the integral is
restricted by the two conditions: (i) —1—uy> 0,
where #° is the time component of 4-velocity, and
(ii) having positive radial velocity v" > 0. M. is computed
at various coordinate radii r, from 30M ~ 120 km
to 100M ~ 400 km in order to verify that it is r, indepen-
dent. We compute the rate of escaping mass Mesc =
- f v"\/ypon,u”dS [113] flowing across spherical surfaces
at coordinate radii between 1. = S0M ~ 200 km
and 350M ~ 1400 km.

To track the conservation and transport of angular
momentum, we compute the angular momentum carried
off by gravitational radiation Jgw using Egs. (3.22)—(3.24)
in Ref. [112]. We also compute the angular momentum
carried off by fluid, EM field, and neutrinos via

Ji fluia = [/ eijkxj Tﬁluiddvﬂ (29)

JLEM:[/ﬁjkij]Ellv[dV’ (30)

Ji,,/:/é'ijk.XijldV. (31)
1%

Here, €;j; is the three-dimensional (3D) Levi-Civita sym-
bol, and T, and T are the stress-energy tensors
associated with the perfect fluid and the electromagnetic
field given by Eqgs. (44) and (42) in Ref. [80], respectively.
We monitor the conservation of the total mass and
angular momentum M,;, and J;, computed via
Egs. (19)—(22) in Ref. [114], which coincide with the
ADM mass and ADM angular momentum initially. In all
our evolved configurations, we find that the total mass
and total angular momentum are conserved to within ~1%
and ~5%, respectively. In addition, we monitor the
conservation of the rest mass M, = f p.d3x, where
ps = —/Ypon,u*, which is conserved to within ~0.6%.
Moreover, we compute the outgoing EM Poynting
and neutrino luminosities Lgy = — [ T(r)(EM) \/—g9dS and
L, = — [ R{\/=gdS, across spherical surfaces of coordi-
nate radii  between  r., =50M ~200 km and
350M ~ 1400 km. For Mag + Rad-Full cases, we compute
the neutrino luminosity for each species. To study the effect
of neutrinos on MRI in our evolution, we compute the
number of grid points resolved by the fastest growing MRI
mode Aygr; [64], namely, the Aygri-quality factor
Omri = Auri/dx, where dx is the local grid spacing. A
successful capture of MRI must satisfy the condition
Owmri 2 10, and Apyry must fit inside the remnant
[115,116]. Lastly, to study the effective turbulent viscosity
due to the magnetic field and compare it to the effective
viscosity induced by neutrinos [see Eq. (E1)], we compute
the effective Shakura-Sunyaev agg parameter [117] by
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FIG. 1. Three-dimensional volume rendering of the rest-mass density py, normalized to its initial maximum value pgp.x =
8.65 x 10" gcm™ (log scale), at selected times for Unmag (left) and Mag (right) cases (see Table II). The bottom right panel highlights
the system after an incipient jet is launched. White lines shows the magnetic field lines emanating from the BH polar region, and the
arrows indicate plasma velocities. The BH apparent horizon is shown as a black sphere. Here, M = 2.7 M = 0.0133 ms = 3.99 km is
the ADM mass.
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FIG. 2. Three-dimensional volume rendering of the rest-mass density py, normalized to its initial maximum value pg . =
8.65 x 10" gcm™ (log scale), at selected times for Unmag -+ Rad-Simp (left), Mag + Rad-Simp (middle), and Mag + Rad-Full (right)
cases (see Table II). The bottom middle and right panels highlight the system after an incipient jet is launched. White lines shows the
magnetic field lines emanating from the BH polar region, and the arrows indicate plasma velocities. The BH apparent horizon is shown
as a black sphere. Here, M = 2.7 My = 0.0133 ms = 3.99 km is the ADM mass.

below), causing the angular velocity of the Unmag +
Rad-Simp transient to become almost uniform in the inner
core. This causes an earlier collapse compared with
Unmag. In both cases, the accretion rate M begins to settle
after t—tgy ~380M ~5 ms, reaching a value of
~4 Mys~! (see Fig. 3). The insert displays the fraction
of the dynamical ejection of rest mass following merger.
We find that neutrinos do not significant enhance the
ejection of matter. In both cases, M./My~1x 1073,
These values are consistent with those reported previously
in Refs. [119,120]. We note that transient kilonova sig-
natures powered by the radioactive decay of heavy ele-
ments formed via rapid neutron capture (r-process)
nucleosynthesis can be detected if the ejected mass is
greater than 1073 My [121,122]. We compute the esti-
mated peak bolometric luminosity and the rise time of
kilonova for these cases using an analytical model recently

derived in Ref. [41], which assumes that M. is spherically
distributed and expanding homologously (see Egs. (8)—(10)
in Ref. [96]). We find that the peak kilonova luminosities of
the two unmagnetized cases are Ly, ~ 1041302 ergs~!,
the rise time is ~4-11h, and an effective temperature
T peak ~ 103* K (see Table II). Converting the peak temper-
ature to peak wavelength using the relation Apeq = 1.35 %
10° nm(7 ey /10332 K) = [41], we find Ayeqe ~ 1150 nm.
This emission may be observed by current or future
instruments such as ALMA or the Vera C. Rubin observa-
tory [123,124].

2. Magnetized NSNS binaries

The basic dynamics and final outcome of the magnetized
cases in Table II are displayed in the right column of Fig. 1
and in the middle and right columns of Fig. 2 for case Mag,
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FIG. 3. Rest-mass accretion rate as a function of time for all

cases in Table II. The insertion displays the ejected rest-mass
fraction M./ M, measured on a coordinate sphere of radius r =
100 M ~ 400 km following merger.

Mag + Rad-Simp, and Mag + Rad-Full, respectively.
Consistent with our previous results (see e.g., [26,96]),
in all cases we find that a magnetically supported jet is
launched following the collapse of the transient HMNS.
These results may indicate that incipient jets are the typical
outcome of NSNS undergoing delayed collapse.

Figure 4 shows that during the HMNS phase the wave-
length Ay of the fastest-growing mode is resolved by
more than ten grid points (top panel). In addition, Ay fits
in the bulk of the HMNS (bottom panel), i.e., the region
where the rest-mass density is p, > 10'! g/cm?, well above
of the floor density. Therefore, we conclude that MRI-
induced turbulence is resolved and operating in our
systems. We observe that angular momentum is transferred
from the inner to the outer layers of the HMNS due both to
magnetic winding and magnetic turbulence. Magnetic
winding operates on a timescale of [125,126]

Rymns
Ua

P 172 IBl \~'[ Rumns
~1 . (32
ms(1015 g/cm3) (1015 c) Lo em) B2

The transport of angular momentum induces the formation
of a massive, nearly uniformly rotating core surrounded by
a Keplerian cloud of matter (see Fig. 5). Here, v, ~
|B|/\/4rmp is the Alfvén speed, B is the strength of the
magnetic field, and p and Ryyng are the characteristic rest-
mass density and radius of the remnant, respectively.
Similar results are reported in Ref. [96] and, together with
the discussion of neutrino viscosity below, suggest that
neutrino effects do not influence the growth of MRI. We
note that the relativistic smoothed particle hydrodynamics
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FIG. 4. Contours of the quality factor Q = Ayg;/dx on the
equatorial plane (top) and the rest-mass density of the transient
HMNS normalized to its initial maximum value (log scale) along
with Ayg; (white line) on the meridional plane (bottom) for
Mag + Rad-Full at 7 — 15w ~ 390M ~ 5.2 ms. Similar behavior
is observed in all magnetized cases in Table II (see Fig. 7 in
Ref. [96]).

simulations in Ref. [127] suggest that the growth rate of the
MRI is significantly reduced by neutrino effects if the
magnetic field is lower than <10'* G inside the HMNS.
However, it is expected that typical vales of the magnetic
field in the HMNS are =10 G due to the KHI [15,128].

Calculating the effective Shakura-Sunyaev agg param-
eter in the HMNS for the magnetized cases in Table II, we
found that it ranges between 0.01 and 0.09. Similar values
have been reported in high-resolution NSNS merger
simulations (see, e.g., Ref. [130]). These results explain
why turbulent magnetic fields can redistribute angular
momentum and damp the differential rotation effectively
on an effective turbulent magnetic viscous timescale due to
MRI (see Eq. (7) in Ref. [126]),
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FIG. 5. Average rotation profile of the HMNS (see Eq. 2 in
Ref. [129]) for Mag (blue) and Mag + Rad-Full (red) on the
equatorial plane following merger along with the Keplerian
angular velocity profile. Times after neutrino insertion are
included. The arrow marks the coordinate radius containing
50% of the rest mass of the HMNS.
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where Myvns 1S the characteristic mass of the HMNS and
C = Myymns/Rumns 18 its compaction.

As described in Ref. [127], the diffusion of neutrinos
trapped in the HMNS also induces an angular momentum
transport. We observe (see Fig. 5) that neutrino transport
helps drive the central core of the HMNS to nearly uniformly
rotation, causing the HMNS in the Mag + Rad cases to
collapse ~4 ms faster than in Mag (see Table II). Because of
this effect, more material from the external layer of the
HMNS remains inside the innermost stable circular orbit
(ISCO) during the BH formation, which induces the for-
mation of lighter accretion disks (<25%) in the Mag + Rad
cases than in the Mag case (see Table II). Note that neutrino
radiation can also help trigger the collapse of the HMNS by
reducing the thermal support, though we do not observe a
significant change in the gas temperature in our simulations.
We caution that the collapse time of a short-lived HMNS
depends on the strength of the seed magnetic field (see, e.g.,
Fig. 2 in Ref. [22]), as well as on the numerical resolution,
even in nonmagnetized evolutions [131,132].

As described in Refs. [44,127], for MRI wavelengths
shorter than the neutrino mean free path, neutrino radiation
induces a drag on the velocity with a damping rate
independent of the wavelength. Here, we study the vis-
cosity and dragging effect due to neutrinos on the sup-
pression of MRI. Comparing the analytical estimates of the
effective viscosity due to neutrino diffusion v,uuin, [S€€
Eq. (El)] and the effective viscosity induced by MHD

0.5¢  _115ms 0.0
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FIG. 6. Rest-mass density normalized to its initial maximum
value pg max (log scale) on the meridional x-z plane for Mag (top),
Mag + Rad-Simp (middle), and Mag + Rad-Full (bottom) cases
at t —tgy ~ 11.5 ms. A BH apparent horizon is displayed as a
black semicircle, while arrows indicate fluid velocities.

turbulence using an a-disk model vy [133,134], we find
that vpeurinoe does not have an significant effect on the
suppression of MRI both inside HMNS and in the disk. The
magnetic field strength in the HMNS in all our simulations
exceeds the critical strength of the magnetic field,
B ~ 10'* G, below which the viscosity can significantly
suppresses the growth of the MRI [127]. The viscous effect
is controlled by the Elsasser number E, = vi / (Vneutrino$2)
[44,135,136], which is E, Z 10 in our simulations. This
value indicates that the effective viscosity induced by
neutrinos has little effect on to the growth of MRI (see
Figs. 4 and 7 in Ref. [96]). On the other hand, when the
wavelength of the fastest-growing MRI mode is shorter
than the mean free path of heavy-lepton neutrinos (which
gives the most restrictive constraint among all species),
neutrinos can induce a drag force. Using the scaling relation
of the heavy lepton neutrino mean free path [44]
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we observe that neutrino drag becomes significant only
when the magnetic field is lower than the critical magnetic
field strength (<10'* G) in the HMNS, and hence neither
the effective neutrino viscosity nor drag force has a
distinguishable influence on the development of MRI in
our simulations during the HMNS phase.

We also estimate analytically the shear viscosity due to
nucleon-nucleon scattering using Eq. (14) in Ref. [137] as a
function of T and p,y. We note that this expression assumes
nonsuperfluid matter and ignores the collisions of electrons
and muons. We find that it has a comparable magnitude as
Uneutrino deep inside the HMNS but decreases quickly as
r>5km (see Fig. 13 in Appendix E). Therefore, we
conclude that MHD-induced viscosity is the dominant
viscosity source. The transport of angular momentum in
the neutrino-involved cases is more substantial due to both
MRI and neutrino-induced effective shear viscosity (see
Appendix E for more detailed discussions regarding
viscosities). Note that we ignore the bulk viscosity due
to Urca interactions and hyperons processes, since the shear
viscosity is most important in transporting and redistrib-
uting angular momentum in the HMNS, which leads to its
collapse. Bulk viscosity is mainly important during the late
inspiral phase [138].

The transient HMNS remnant collapses to a BH with
mass Mgy ~2.4-2.6 My and with spin a/Mpgy ~ 0.62 for
Mag and a/Mgy~0.68 for Mag+ Rad cases (see
Table II). By ¢ — tgy ~450M ~ 6 ms following BH for-
mation, when the accretion rate M begins to settle down
(see Fig. 3), we observe that magnetic-dominated regions
(B?/(87p,) = 1) above the BH poles begin to expand and
reverse the fall-back debris inflow. Magnetic winding
above that BH poles, which began during the HMNS
phase (see the third-row right panel in Fig. 1 and top panels
in Fig 2), induces the formation of a tightly wound helical
magnetic funnel. As the accretion near the equator proceeds
and neutrino processes take place, the baryon-loaded
environment inside the funnel gradually becomes thinner,
allowing a magnetically driven jet to emerge eventually
(see bottom panels in Figs. 1 and 2). We note that in the
Mag + Rad cases a magnetically supported jet is launched
after t — tgy ~ 750M ~ 10 ms, while in Mag, it is launched
at t — tgy ~ t — tgg ~ 1800M ~ 24 ms [96]. Figure 6 dis-
plays the rest-mass density on the meridional plane for the
above cases. We observe that the rest-mass density inside
the funnel of the Mag + Rad cases is a factor of ~10 lighter
than in Mag. This suggests that neutrino radiation reduces
the baryon-loaded environment in the polar region above
the BH poles. As we do not observe an enhancement of the
magnetic field strength following BH formation, the funnel
emptying due to neutrinos makes it easier for the magnetic
pressure gradients above the BH poles to overcome the fall-

back ram pressure of the infalling material. Similar results
have also been reported in Ref. [56]. We note that by 7 —
gy ~ 6 ms the accretion rate is ~2 My /s and the rest mass
of the accretion disk is ~0.2 M, (see Table II). Therefore,
the disk will be accreted in At ~ Mg/ M ~0.1s, roughly
consistent with the lifetime of a sGRB central engine
[139,140].

Figure 7 displays the outgoing Poynting luminosity Lgy
as a function of 7 — 7 for cases in Table II. We observe that
Ley ~ 107 ergs™. As pointed out in Ref. [96], the
Poynting luminosity roughly agrees with the theoretical
range we derived in Ref. [141] for BH + disk + jet systems
arising from compact binary mergers containing NSs or
from the magnetorotational collapse of massive stars. The
luminosities are also in accord with the narrow range
characterizing the observed luminosity distributions of over
400 GRBs [60,142].

Following Ref. [96], we assess if the BZ mechanism is
likely operating in the BH 4 disk remnant. We begin
by comparing the outgoing Poynting luminosity Lgy in
our simulations (see Fig. 7) with that from the BZ
mechanism [143]

a \2/ M 2

where |B,| ;s = |B,|/10'® G is the strength of the magnetic
field at the BH poles. The EM Poynting luminosity in our
simulation is ~10°3 ergs™' (see Table II). Next, we
estimate that |B,| ~ 10'® G, and hence Ly, ~ 10°% ergs™,
in rough agreement. We also estimate the magnetic field-to-
BH angular frequency ratio Q/Qy on a meridional plane
passing through the BH centroid and along coordinate
semicircles of radii rgy and 2rgy. We find that in all cases
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FIG. 7. Outgoing EM Poynting luminosities extracted at a
coordinate sphere of radius » = 160M ~ 640 km as a function of
t — tj; Tor all magnetized cases in Table IL
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Qr/Qy ~0.2-0.6. As pointed out in Ref. [96], deviation
from the split-monopole value ~0.5 [144] may be due to
artifacts such as the deviation from strictly force-free
conditions, deviations from monopole geometry, and/or
lack of resolution. Our above results suggest that the BZ
mechanism is likely operating in our system, as we
concluded in Refs. [26,129].

Roughly 3 x 1072 of the total initial mass escapes the
system after steady state in Mag and Mag + Rad-Full cases
and 1.5 x 1072 of the total mass escapes in the Mag +
Rad-Simp case. We estimate that the peak kilonova
luminosity and rise time of the case Mag + Rad-Simp
are ~10* ergs™! and ~9.6hours, respectively. For
Mag + Rad-Full, the peak kilonova luminosity reaches
~10*1'6 ergs~! at around ~11.1h. Moreover, we estimate
that the peak kilonova luminosity, the rise time, and the
peak temperature for the magnetized cases are similar to
those in the unmagnetized cases (see Table II).

C. GW signals

Figure 8 displays the dominant / = m = 2 mode of the
GW strain &, versus time, shifted by e, for the
unmagnetized (top panel) and the magnetized (bottom
panel) cases. Vertical lines mark the neutrino insertion
and BH formation time, respectively. We note that during
the inspiral the GW amplitude difference between these
cases is <3%, with the peak amplitudes shifted by
~80M ~ 1 ms. This result is anticipated because the seed
magnetic field is initially dynamically unimportant.
Following merger, nonaxisymmetric rotation and oscilla-
tion modes of the HMNS, which persist until stellar
collapse to a BH, trigger the emission of quasiperiodic
GWs. We observe that dissipation of energy and angular
momentum due to GW radiation is more efficient in the
unmagnetized cases, where the GW amplitude is a factor of
~1.5 larger than that in the magnetized cases. As pointed
out in Ref. [96], magnetic turbulence is an efficient
mechanism in damping differential rotation and driving
the system into an almost axisymmetric configuration. We
also note that neutrino transport of angular momentum (see
Fig. 5) enhances the triggering the stellar collapse to a BH.

Figure 9 displays the power spectrum at a distance of
50 Mpc for all cases in Table II along with the sensitivity
curves ZERO_DET _HIGH_P for aLIGO, A*, and ET in
Ref. [145]. The spectra show three distinctive peaks, which
were previously referred to as f5_g, fpeak» and fo1o in
Refs. [146,147] and also studied in Refs. [96,148—150]. It
has been suggested that the most prominent peak, fpeqx, 18
due to the rotation of the bar-deformed HMNS [151].
However, the origins of f,_q and f,, are still debatable.
One possible explanation of the origin of f,_, is the
nonlinear interaction between the quadrupole and quasir-
adial modes, and f,,, is the result of the nonlinear
interaction of f. with other nonquasiradial modes
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FIG. 8. GW strain of the dominant mode /#%* for unmagnetized
(top panel) and magnetized (bottom panel) cases at a source
distance of 50 Mpc. Vertical lines mark the neutrino insertion
(Mag + Rad cases) and BH formation times.

[151]. Another possible origin of these two modes is the
nonlinear oscillations of the two repeatedly colliding and
bouncing stellar cores [149]. As a result, it is expected that
Freak ® (f2—0 + f2+0)/2 for typical HMNS remnants [149].
In our cases, we note that the three peaks (f2_o, fpeak: f2+0)
are located at (2.8 +0.05,3.8 £0.1,4.7 £ 0.1 kHz) and
hence roughly agree with this relation. Moreover, the
location of [ agrees with the rotation half-period of
the bar mode in HMNS at ~0.26 & 0.02 ms, confirming the
bar-mode origin of f.. We also note that the main
frequency [ in the unmagnetized cases is well above
the sensitivity curve of alLIGO, and therefore it may be
detected with the current sensitivity. By contrast, the main
frequency in the magnetized cases is only marginally above
it. The other peak frequencies are either marginally above
or below the sensitivity curve of aLIGO. These results
suggest that the next-generation GW observatories, such as
A" or the ET (see Fig. 9), are required to characterize the
GW signals from GW170817-like remnant events.
Furthermore, the majority of the spectrum between 0
and 5 kHz can be detected by both A and the ET, which
suggests the potential successful detection of such a source.
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FIG. 9. GW power spectrum of the dominant mode (I, m) =
(2,2) at a distance of 50 Mpc for unmagnetized (top panel) and
magnetized (bottom panel) cases. The solid-dark, dashed-, and
dotted-light gray curves displays the noise sensitivity curves of
alLIGO (zZERO_DET_HIGH_P configuration), A™, and the Einstein
Telescope (ET-D) [152], respectively. Main spectral frequencies
are denoted as fpeq and fo.

As shown in the top panel in Fig. 9, the spectra of the two
unmagnetized cases show a high resemblance, with several
lower dips in the Unmag + Rad-Simp cases as a result of the
slightly shorter HMNS lifetime. The main peak f,, for the
Mag case lies above aLLIGO noise curve, while the two cases
with neutrinos have significantly reduced main peaks. On the
other hand, the f,_( and f,., peaks are relatively well
preserved. This suggests that the reduced ringdown phase in
the neutrino cases may have a contribution to f ., but has
little impact on the other two peaks. The relationship between
the ringdown waveform and f ., can also be inferred from
comparing our waveforms with the results of the general-
relativistic hydrodynamics simulations in Refs. [149,150]
with the SLy EOS and an initial NS mass of 1.35 of M. We
find that the frequencies of the three peaks in their models are
roughly consistent with our unmagnetized cases.

We also assess if any signature of the magnetic field or
neutrino radiation can be observed in the GWs. For this, we
compute the match function Mgy defined in Ref. [153]

<h1 |h2(¢c1 lc)>
— max (e t)) 6
Maw @quar):) (s 1) (oo (36)

where (h|h,) is the noise-weighted inner product defined
as [153]

(il = axe | OB, ()

0 Su(f)

where i = h, — ih,, h is the Fourier transform of the strain

amplitude \/ ho(f)? + hy(f)* of the dominant mode

(I,m) =(2,2), and S,(f) is a given detector sensitivity.
We note that the value of Mgy at which two GW
waveforms can be distinguishable potentially by instru-
ments depends on the signal-to-noise ratio (SNR).
In particular, two signals are indistinguishable when
Mgw 2 0.9978 for a SNR of 15 or when Mgw =
0.9992 for a SNR of 25 [154]. Using the sensitivity curves
in Ref. [155] and assuming a source distance of 50 Mpc, we
find the following:

(1) Mgw = 0.9708 between Unmag and Mag with a
SNR of ~3 for aLIGO, ~1 for KAGRA, ~7 for A™,
and ~30 for ET.

(i) Mgw = 0.9998 between Unmag and Unmag +
Rad-Simp with a SNR of ~3 for aLIGO, ~1 for
KAGRA, ~7 for A", and ~30 for ET.

(iii)) Mgw =0.9993 between Mag and Mag+
Rad-Simp with a SNR of ~3 for aLIGO, ~1 for
KAGRA, ~7 for A*, and ~30 for ET.

@iv) Mgw = 0.9989 between Mag and Mag + Rad-Full
with a SNR of ~3 for aLIGO, ~1 for KAGRA, ~7
for A*, and ~30 for ET.

Notice that a SNR of ~30 requires a GW event at a distance
of ~2 Mpc for KAGRA, ~6.0 Mpc for aLIGO, or
~12.0 Mpc for AT. GW170817, the closest GW signal
detected to date, had a luminosity distance of 4Of§f4 Mpc
[1]. Therefore, it is unlikely that the current GW detectors
can discern any signature from magnetic fields or neutrinos.
However, next-generation observatories (e.g., ET) can
easily observe their imprints on the GWs.

D. Neutrino emission

We calculate the angular momentum carried off by
neutrinos after merger. Our numerical results suggest that
the angular momentum loss due to neutrino emission is
negligible. Figure 10 shows the evolution of each compo-
nent of angular momentum as a function of At = ¢, — tgy
for Mag + Rad-Full (see Table I). The quantities are
measured on a spherical surface with coordinate radius
R =300M ~ 1200 km. We observe that the angular
momentum carried off by neutrinos AJ, is less than 1%
of the total angular momentum J;,, and less than 10% of
angular momentum loss due to GW radiation and escaping
fluid matter. In the other two remaining cases, AJ, is even
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FIG. 10. Different components of angular momentum as
functions of At =t — tgy for Mag + Rad-Full, measured on
a spherical surface with coordinate radius R = 300M =~ 1200 km.
Here, J;, is the total interior angular momentum, and AJgw,
AJfuid>» AJgms, and AJ, denote the angular momentum carried by
GWs, fluid, electromagnetic fields, and neutrinos, respectively.

smaller as shown in Table II. Therefore, we conclude that
angular momentum loss due to neutrinos is negligible. This
result is consistent with the calculation in Ref. [156], in
which it has been found that the emission of neutrinos is
very inefficient in carrying off angular momentum and may
even increase the angular momentum if the polytropic
index is less than the critical value 0.45 for a slowly rotating
NS. For rapidly rotating stars, the critical polytropic index
may increase. In our simulations, the SLy EOS is para-
metrized with polytropic indices ranging between
0.48-0.55 [90], which is close to the critical value.
Therefore, it is expected that neutrino emission has neg-
ligible effect on carrying off angular momentum.
Moreover, we find that the angular momentum loss rate
dAJ,/dt is around 10*® gcm? s=2, which agrees with the
estimate in Ref. [51] using the general-relativistic momen-
tum formalism [48]. Note that Fig. 10 also displays the
quantity Jinsert - AJGW - A‘Iﬂuid - AJEM - AJU, where
Jinsere 18 the total angular momentum J;, at #;p, to track
the conservation of the total interior angular momentum
Jint(t) = Jinsert = Aaw — AJfyia — AJpy — AJ,. We
observe that J;, is conserved within ~1% after the system
reaches a steady state.

Figure 11 displays the luminosities of 7, in Rad-Simp
cases and of the three species in Mag + Rad-Full
as a function of Afr =t — tgy. The luminosities are
measured on a sphere with coordinate radius
R =300M ~ 1200 km. We observe that the v, neutrino
luminosity in Unmag + Rad-Simp peaks at At = 0 with
the value ~3 x 10°? ergs~!. Then, it gradually decreases,
reaching a steady-state value of ~105? ergs~!. By contrast,
the neutrino luminosity in Mag + Rad-Simp peaks at
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FIG. 11. Neutrino luminosities for the different neutrino species
for Rad cases in Table II as a function of At =t — tgy. The
luminosities are measured at radius R = 300M ~ 1200 km.

~2x 103 ergs™ at At~ 135M ~ 1.8 ms and settles down
at ~2 x 103 ergs™! at At > 450M > 6 ms. This difference
in the luminosity is likely due to the turbulent magnetic
viscosity, which raises the temperature in the HMNS and
the disk, increasing the number and energy of neutrinos.
Similarly, the luminosities of 7, and v, in Mag + Rad-Full
show analogous behavior to that in Mag + Rad-Simp due
to a similar thermal environment. However, we observe that
the luminosity of v, behaves differently in the two cases,
starting to rise quickly at At ~ 300M =~ 4 ms and reaching
a peak value of ~10% ergs™ at At~ 750M = 10 ms.
Differences between the two electron-type neutrinos are
negligible compared to differences between the electron-
type and heavy-lepton neutrinos. Similar behavior has been
also reported in Ref. [54]. The dominance of the scattering
opacity over the absorption opacity in a large region of the
system may cause a significant uncertainty in the heavy-
lepton neutrinos luminosity. Because of the analytic closure
scheme, the neutrino diffusion rate depends heavily on the
choice of energy spectrum, which depends on the fluid
temperature. Nevertheless, the electron-type neutrino lumi-
nosity obtained in our cases broadly agrees with previous
M1 and MC studies [54,157].

V. CONCLUSIONS

To understand multimessenger observations, numerical
simulations of compact binary mergers involving magnetic
fields, neutrinos, and detailed microphysics are required.
As another step toward this goal, we reported here our
implementation of a radiative transport scheme for neutrino
processes in our Tllinois GRMHD code. This implementation
uses the general-relativistic, truncated moment formalism
in which the first two moments of radiation, i.e., energy
density E and the fluxes F“, are evolved. To close the
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evolution equations, the radiation stress P* is interpolated
between the optically thick and thin limits using the
analytic expression in Ref. [83] (see the current paper’s
Appendix A). The code has been tested in multiple
regimes, including those handled by our earlier radia-
tion-GRMHD code in Ref. [80]. Here, we presented the
nontrivial, strong gravity test of “thermal Oppenheimer-
Snyder collapse” in Appendix F to assess its capability of
evolving radiation fields and computing interactions
between radiation and matter in optically thick, thin, and
transition regions in a strong gravitational field containing
matter and a BH.

We used this radiation evolution module to incorporate
neutrino interactions in GRMHD simulations of NSNS
mergers that undergo delayed collapse to a BH. In
particular, we considered binaries modeled using a piece-
wise representation of the cold SLy nuclear EOS previously
reported in Ref. [96], augmented by a nonzero temperature
contribution appropriate for semidegenerate neutrons. The
neutrinos are inserted shortly after the binary merger
(f = Imerge ~ 225M ~ 3 ms). To probe the effects of neu-
trino radiation, we adopted two version for the micro-
physics. In the first warm-up version, denoted as Rad(Sim),
we only considered the interactions of 7,, setting the
electron fraction Y, = 0. In the second version, denoted
as Rad-Full, we evolved three neutrino species v,, 7,, and
v, and their antineutrinos and took all related interactions
into account. We found that during the HMNS phase, the
remnant is subjected to an effective viscosity due to
turbulent magnetic fields, which induces the formation a
massive central core surrounded by a Keplearian cloud of
matter. We noted that the MRI would not be affected by
neutrino-induced effective viscosity and drag forces as
discussed earlier [44], since in our simulations the magnetic
field in the HMNS is B > 10" G and exceeds a critical
field strength. However, our simulations indicate that
neutrino advective transport may assist in reducing the
differential rotation of the HMNS. These processes reduce
the lifetime of the remnant by Z4 ms compared to that in
the neutrino-free cases.

Following BH formation, we observed that the BH
remnants are more massive and have higher spins when
neutrinos are included, while the disk accretion rate
(M ~2 My/s) and the fraction of escaping mass
(M. ~8x 1073 M) show no noteworthy differences
after a quasisteady state is achieved. We note that the latter
is roughly consistent with the ejecta mass reported by a
previous hydrodynamic SPH simulation of NSNS mergers
with a neutrino leakage scheme [41], as well as another
GRMHD simulation of NSNS mergers [119,120]. We also
estimated the peak kilonova luminosity, the rise time, and
the effective temperature/wavelength inferred by our sim-
ulations and concluded that the signals may be observed by
current or future instruments such as ALMA or the Vera C.
Rubin observatory [123,124].

In all cases, a magnetically supported jet is launched
after t — tgy 2 750M =z 10 ms. However, neutrino proc-
esses reduce the baryon-loaded environment in the polar
region above the BH poles, allowing the emergence of the
jet ~1000M ~ 15 ms earlier than in cases without neutri-
nos. The disk accretion time (jet’s fuel) is ~0.1 s, which is
consistent with the lifetime of the SGRBs central engine.
We also found strong evidence that the Blandford-Znajek
mechanism for launching jets is operating in our systems.

In our simulations, we found that neutrinos are ineffi-
cient in carrying off angular momentum, which is in
agreement with previous analytic studies [156]. The angu-
lar momentum loss rate due to neutrino emission is
~10"® gcm?s72, which is consistent with the previous
GR simulations [51]. We found that neutrino luminosity is
approximately 103273 ergs™! in our cases, which agrees
with the previous compact binary merger simulations using
M1 or MC transport methods [54,157].

To probe if magnetic field and neutrino signatures can be
observed by current and/or future GW observatories, we
computed the GW power spectrum of the dominant mode
assuming a source distance of 50 Mpc. We found that only
its main frequency f .. is well above the sensitivity curves
of aLIGO and A+. By contrast, in the magnetized cases,
the other key frequencies are at most marginally above
these curves. These results suggest that only next-gener-
ation GW observatories, such as the Einstein Telescope, are
required to characterize fully the GW signals from the
remnant of GW170817-like events. In addition, we com-
puted the match function between waveforms from systems
with different magnetic field and neutrino content. We
found that at a distance of 50 Mpc only the next generation
of ground-based GW detectors, such as the Einstein
Telescope, can observe imprints of the magnetic field
and neutrinos.

We also realize several limitations to our implementation
and suggest some future improvements. First, the calcu-
lation of temperature is based on an approximate analytic
expression, which in turn determines the net-electron
fraction, opacities, and emissivities. Currently several more
realistic, finite-temperature EOSs have been proposed.
They are based on a finite-temperature liquid drop model
with a Skyrme nuclear force [158], on the relativistic mean-
field model extended with the Thomas-Fermi approxima-
tion [159], or on a statistical model that consists of an
ensemble of nuclei and interacting nucleons in nuclear
statistical equilibrium [160]. These EOSs are in tabular
form, which is rendered as functions of baryon density,
temperature, and the net electron fraction. We hope to
implement these in future investigations. Also, even though
the M1 method provides a reasonable first approximation to
radiative transport [50], neutrino luminosities and the
outflow composition have a non-negligible dependence
on the analytic closure schemes [53,161]. Moreover, the
energy-integrated M1 scheme is unable to provide
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information about the neutrino energy spectrum. However,
an energy-dependent transport scheme is computationally
expensive for a full merger simulation, especially when
magnetic fields are present. Monte Carlo techniques have
been used in neutron star simulations [54] and have been
found to yield results similar to those of M1 schemes. The
major disagreement comes from the luminosity of heavy-
lepton neutrinos. In regions where heavy lepton neutrinos
have high scattering and low absorption opacities, the M1
scheme has greater errors due to the difficulty of predicting
the correct neutrino energy spectrum. We hope to explore
improvements to our neutrino scheme in the future.
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APPENDIX A: RADIATION CLOSURE SCHEME

We compute the radiation pressure using the M1 closure
scheme, which is an interpolation between the optically
thin and optically thick limits. Following Refs. [48,50], we
express the radiation pressure terms as

30 =1, 31— ;

P =

where the factor y is given by the Minerbo closure
function [83]

1 ,6-20+ 64
x@)=3+¢ T (A2)
where the quantity ¢ = F®F,/E? with F* the radiation
flux and E the radiation energy density. We note that { goes
to 0 in the optically thick region and to 1 in the optically
thin region. The optically thick limit of radiation pressure is
given by [80]

E
af
Plhick = ghaﬂv

(A3)
where h% = ¢ + u®u” is the projection tensor onto the
orthogonal slices of the fluid 4-velocity. In the optically
thin limit, we have

o FOFP
thin — E.
F'F,

(A4)

Note that, Eq. (A4) reduces to the form adopted in Ref. [50]
in asymptotically flat spacetimes, which is satisfied in our
simulations at a large distance from our binaries.

APPENDIX B: RECOVERING PRIMITIVE
VARIABLES

The evolution of the radiation conservative variables
(z,S;) [see Eqgs. (15) and (17)] involves the calculation of
the radiation primitive variables (E, F') at each iteration,
which in turn requires a 4 x 4 root finder given the closure
expressions (A1) and (A2). In our code, we use a Newton-
Raphson solver to find the roots of the set of functions

fuE.FY),

fi = a/y[Ev®u; + Fou; + Fu® + PY)/S; =1, (BI)

and

fa=(®/)EW®)? +2F%° + PP/ -1,  (B2)
where S; and 7 are computed at a given iteration, while E
and F' are known values at the previous iteration. We apply
the Newton-Raphson method to solve for the set of
equations f,(E, F') = 0. The solver returns the primitive
variables (E, F') as values at the current iteration when all
four functions reduce below the tolerance f, < 107'2.

The first-order Newton-Raphson method requires a
matrix of partial derivatives, namely, the Jacobian

OF ; OE
J,= 1" : B3
= e o (B3)
OF, O

in which the derivatives can be evaluated analytically. The
specific components of J, are
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= A0)2
a—E = az\ﬁ{%—k (A - BQ)

(FO)Z B 900 + (u0)2 +g_00
FF, 3 3

GE_ ) 4u'u; FOF,  ulu;
o~ ¢ W{T (4-B) {F“F 3 ]} (B3)
ot . FO
8FTi — a2\/37{2(910 + vngO) <u0 +AEFaFa>
i im0 B (F) _900+(”0>2
+(F - vF )L/—F”Fa <F“Fa 3
2(F0>2
~AE g (B6)
and
a8; AEFO
o = (4 + o, )
i0 i OO
g +v'g ( F“F )
_yiF0) { <F0F uouj)
VFF,\f*F, 3
0
2F F ]} (B7)
where
a=¥lotee-ovae), BY)
and
Eg(sc: 382 +120). (B9)

Once the Jacobian is computed, the solver performs lower
upper (LU) decomposition and back substitution in the
Jacobian to find the direction of the Newton step. Then, the
code uses line searches and backtracking methods (see
Sec. 9.7 in ref. [109]) to reduce the number of iterations for
convergence. After obtaining (E, F'), we impose a floor
value of radiation energy density E,,, = 10™°E,,, and set
the radiation fluxes to zero if E < E,, to reliably evolve in
the regions with low radiation energy. Knowing the values
of the primitive variables, we then recompute the conserved
variables and impose the radiation contributions to the total
stress-energy tensor in the BSSN equations.

APPENDIX C: FINITE-TEMPERATURE EOS

To treat neutrinos, it is necessary to evolve NSs with
finite-temperature matter. However, in our simulations, we
adopt an SLy nuclear EOS to model the cold component
and employ an approximate analytic expression for the hot
component. Notice that our simplified, analytic method of
computing the temperature and the opacity during the NS
evolution can be straightforwardly extended to realistic,
tabulated, thermal EOSs.

1. Thermal energy density and pressure
Our simplified, analytic hot nuclear EOS assumes that
the total nucleon energy density and pressure consists of
two parts,

E=Ecoua + Emn (C1)

P = Peog + P, (C2)
where P4 and &£,q are the cold pressure. On the other
hand, the energy density and the thermal component are
given by the sum of the nucleon and thermal radiation
components

gth = Enuc + Erad’ (C3)

Py = Pruc + Prag- (C4)
The nucleon part of the thermal energy density is based
on a semidegenerate, ideal neutron gas expression that
limits to a Maxwell-Boltzmann gas in the nondegenerate
limit [162]

3 ) 2(37%) Bmyye
— = T 1 4‘1 n-2/3
E e 2nkB mm{ T I8(he)? kgT (C5)

where my,. is the nucleon mass, n = py/my, is the
nucleon number density, kp is Boltzmann’s constant, and
T is the temperature of the fluid. This expression accom-
modates both the low-temperature semidegenerate and the
high-temperature Maxwell-Boltzmann limits. The thermal
nucleon part of the pressure is given by

Pnuc = (]/ - 1)gnucv (C6)
with y = 5/3, as the nucleons are essentially nonrelativ-
istic. We note that in most NSNS merger and postmerger
scenarios the second term in the brackets in Eq. (C5) is
greater than or comparable to 1 throughout the matter.
Therefore, for simplicity, we typically can adopt the
simpler expression £, = (3/2)nkgT. The “radiation” part
of the energy density includes photons and relativistic
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electron and positron pairs and follows a Stefan-Boltzmann
relation,I

7 11
grad = gph + Spair = (1 +Z> ClT4 = ZClTLl, (C7)
and
1
Prg = ggrad- (CS)

Combining nucleon and radiation components, the thermal
energy density and pressure, we typically can adopt the
simplification

3 11
gm = —nkBT—I—IaT‘l,

- (c9)

11
Py, = nkgT + —aT*.

3 (C10)

2. Numerical implementation

After the update of rest-mass density p, and the total
specific internal energy e at each iteration, we obtain the
thermal part of the specific internal energy according to

€th = € — €cold (C11)
and the thermal energy density as
Ein = PoEun- (C12)

The cold part of the specific internal energy and pressure

for SLy can be modeled by a four-piece piecewise poly-
tropic EOS:

i il

Pcold =KPpPg (C13)

j i =1
e = Peoid _ K'Py
cold po(li=1) Ti=1°

(C14)

Here, k; and I'; are the corresponding polytropic constant
and the polytropic exponent of the rest-mass density in the
range po ;-1 < po < po.i» respectively [90]. Once the ther-
mal energy density is computed, we use Egs. (C9) and
(C10) to compute the temperature and the thermal pressure.

We use the HARM 2D primitive solver to compute the
MHD variables [163,164]. It finds roots of a two-dimen-
sional system with variables

'Note that electron-positron pairs become relativistic and the
7aT*/4 is appropriate only when kzT > 2m,c* ~ 1 MeV. How-
ever, in NSNS mergers, the temperature is typical 210 MeV, and
hence we always keep this term.

v? = o0,

(C15)

and

W=w

e po(l+ €+ P/po)

: Cl16
=2 (C16)

In this setup, the total pressure P needs to be expressed as
functions of v? and W, while the derivatives dP /dW and
dP/dv* are needed for the Jacobian. Let us begin with the
temperature-dependent thermal pressure and energy den-
sity. Simple algebraic manipulations of Egs. (C9) and (C10)
yield

Po€th = 3Pth —1.5nT = S(P - Pcold - OST) (C17)

Next, using Eq. (C16), we obtain

P = 025 [W(l - U2) —po(l ‘I— ecold) + 3PC01d + 157’1T}
(C18)
From Eq. (C18), we calculate the derivatives
dp
— =0.25(1 = ?), Cl1
Sy = 025(1=17) (€19)
and
dpP Pcold de
—=025[(-1- ;-1 —
dvz |:< €cold T ( i ) Do ) d’Uz
d(nT)
1.5 - Wi. C20
152w (c20)
in which the derivative d(nT)/dv? is given by
dnT) _ T dpy  po dT
dv:  m,dv:  m,dv?
T d dT d
=P Lo (Z29P0) (o
m, dv-  m, \dpydv

The first term in Eq. (C21) can be computed directly. To
find the second term, we begin setting the radiation
constant a = 1 in the thermal pressure (Eq. (C10), and
by taking a derivative with respect to the temperature, we
have

dby 11 Po
=T+ =, C22
aTr 3 * m, (C22)

Next, we express dPy,/dT using P and P4 as

dPy  dPydpy (d_P _ M) dpo (C23)

dT — dpy dT \dp, dp, ) dT’
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FIG. 12. Ratio s.,4/kp (log scale) as a function of p and T. The
boxes show the parameter space typical for the NSNS remnant,
accretion disk, and ejecta.

and

dePdeP( 1 dw)

dpy — dWdpy — dW \1 - dp,
d P
- 025 {W(ﬁ)} ) (C24)
dpy

where we used Eq. (C19) for dP/dW. Expanding this
equation, we obtain

dp A€oy +
3 <—> =1+po [M] + €cold T €th- (C25)
dpo dpo

On the other hand, taking the derivative of the thermal
energy density (Eq. (C9) with respect to temperature and
using Eq. (C12), we find

dey 1 d dT
en _ ~ <11T3 + 1.5p—°—ﬂem> a
m

C26
dpo  po ( )

Inserting the above expression in Eq. (C25), we find

dP de
32 ) = cold
<dﬂo> * ,00< dpo 7 Ceota

T
n (11T3 4 1.5’)—0) ar.
my, de

(C27)

The last term in this equation can be computed using
dP/dpg in Eq. (C23) and equating it with Eq. (C22),

dpy L5

dT 1+ eqq + (1 —3I;) Fa”

(C28)

which allow us to compute the second term in Eq. (C21).
Finally, we use Eq. (C20) to get

P T
P _ 025 (—W +1.5-Ldpo °> , (C29)
m

dv? 2 dv?

which completes the derivative terms in the Jacobian of the
finite-temperature HARM 2D solver.

3. Sound speed

The sound speed of the fluid ¢, can be obtained using the
derivative of P with respect to p, at constant entropy
c? = (dP/dp,)/h|,, where h is the specific enthalpy. Using
the relations in Egs. (C4), (C6), and (C8), we have

1 /dP dP dP
C% _ ( cold nuc rad> ) (C30)
h \ dpo dpo ~ dpo /)
where
P P
d cold _ Fi cold , (C31)
dpo Po
dPnuc _ aPnuc aPnuc dTr (C32)
dp Ipo oT dpy|
and
dPrad _ aPradd_T (C33)
dpy  OT dpos

The term (dT/dpy)|, is calculated by using the isentropic
condition, where the total entropy per baryon $,; = Spuc +
Sad 1S constant, or ds = dSyue + dSpaqg = 0. From
Egs. (C9) and (C10), we obtain

5 1 mBkT 3/2
SN PO (Y0 R

and
(C35)

which gives

dsnuc + dsrad

Simplifying the above, we obtain
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dT P R AN T
o ( A{(.Ed > — =0y —, (C37)
dpols  \63+3) po Po

where Og = (2Srad/kB + 2)/(6srad/k3 + 3) Applylng

relation (C37) to (C32) and (C33), the sound speed reads

1[.Puyg 2 4
Csz' = % |:Fi pold + §8nuc<1 + 552) + §6s2€rad] . (C38)

In most regions of the NSNS remnant, the ratio s,,q4/kp
remains small. As shown in Fig. 12, s,,4/kp stays <1073
for the NSNS remnant and <1072 in the accretion disk,
even though it may reach ~0.2 in the ejecta. Hence, for
most regions, o, — 2/3, which reduces Eq. (C38) to

1 Poa 10 8
g h |:ri pold + Esnuc + §6s2€rad:| . (C39)

In our numerical implementation, we approximate the
sound speed by

1[. Py 8
Cz.code - E |:Fi pold + § (gnuc + grad):| s (C4O)

for efficiency. We note that this approximation of the
isentropic sound is valid when the &, is smaller than
the other two terms in Eq. (12). However, even if g, is
larger, the above expression underestimates the sound
speed by at most ~20%, which is smaller than the
overestimation of computing the characteristic speed c*
for the HLL Riemann solver using the approximated
general GRMHD dispersion relation. According to
Ref. [165], compared to the original, full dispersion
relation, (Eq. (27) of Ref. [163]), the simplified expression
adopted in our code overestimates the maximum character-
istic speed by a factor <?2. Note that this approximate
dispersion relation has been widely used in various codes
including Whisky-MHD [166], GRHydro [167], and HARM
3D [168].

APPENDIX D: NEUTRINO SOURCE TERMS

The calculation of the radiation four-force density G*
requires three key quantities [see Eq. (14)]: (1) the neutrino
emissivity #, (2) the absorption opacity k, and (3) the
scattering opacity k. Following Ref. [50], we first compute
the absorption opacity of electron neutrinos due to two
charged-current interactions, which are the absorption of v,
onto neutrons according to Eq. (A11) in Ref. [86] (hence-
forth “RJS”) and the absorption of 7, onto protons
according to Eq. (A12) in RJS. The inverse processes of
the two interactions are responsible for the emission of
electron-type neutrinos. In the optically thick limit, we
apply the energy-integrated Kirchhoff law [50]

o0 7
NKir / k,B,(g,))de, ~ g./\/',/KaaT“, (D1)
0

where the specific intensity B, is the Fermi-Dirac intensity
and the absorption opacity k, is an energy-averaged (e.g.,
Rosseland mean) opacity. In the optically thin limit,
Egs. (B1) and (B2) in RIS give the free emission rates
of the two charged-current interactions, from which we
obtain the emissivity in the free-streaming regime #y,.
Hence, the total emissivity from the charged-current
interaction is given by the interpolation between #y;, and
ng with the same method used to interpolate the radiation
stress tensor

3(2) — 1
’7:)((2) Ngs +

31 —;((C)} -

(D2)

where y and { are defined in Appendix A. We then consider
the free emission of three pair processes, including electron
pair annihilation, plasmon decay, and nucleon-nucleon
bremsstrahlung. RJS gives the emission rate due to pair
annihilation and plasmon decay for electron-type neutrinos
in their Eqs. (B8) and (B11) and those for heavy-lepton
neutrinos in their Eqs. (B10) and (B12). The emission rate
for nucleon-nucleon bremsstrahlung is given in Ref. [87].
Note that the expression of the emissivity for the two
heavy-lepton species and their antineutrinos (n,, 7, v,, and
U,) are the same, so we can merge the four types of particles
as v, and evolve them together as a single variable. Next,
the inverse of the pair processes contributes to the absorp-
tion opacities and is again computed using Kirchhoff’s law.
Note that, for heavy lepton neutrinos, A/, = 4 as a result of
lumping two species (plus antineutrino) together, while
N, =1 for v, and 7,. Lastly, we consider the scattering
opacities for all species given by Eq. (A6) in RJS.

The calculation of the terms above requires the knowl-
edge of neutrino temperature, nucleon number density,
neutrino chemical potential, and net electron fraction, as
well as terms such as the Pauli blocking factor. We evolve
the nucleon density, while the temperature is computed as
in Appendix C. In the following, we summarize our
treatment to obtain the other ingredients.

1. Chemical potentials

For the chemical potential of neutrinos, which are used in
computing the blocking factors, we adopt the expressions
in Ref. [86],

ceq

Hy, = U, [1 - CXp(—Ty(‘)] +,M,9€ exp(_fvﬂ)’ (D3)

where 7, is the optical depth, which is estimated as the
minimum of the line integrals of total opacity along the
three Cartesian directions, and yy ! = p, + p p—Ha— Qs
the chemical potential of electron neutrinos in chemical
equilibrium. Here, Q = 1.2935 MeV 2 x 107 erg is the
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rest-mass energy difference between a neutron and a
proton, and ,uge is the chemical potential in low-density,
transparent matter, which, by simplicity, we set to zero. For
Hes Hp» and p,, we use Eq. (11.2.4) in Ref. [169].

2. Pauli blocking factors

We need to compute the Pauli blocking factor that
appears in the absorption and scattering opacities and
emissivity in various neutrino processes. They are obtained
as integrals over momentum of the Fermi distribution
function for the relevant nucleons and electrons involved
in the reactions. We adopt expressions for Yy, Y, Y,
Y,,and Y, obtained in Ref. [170] for equilibrium mixtures.
These quantities are defined as follows:

(1) Ynn defines the phase space fractions of free
neutrons (when N = n) or protons (when N = p),
due to the Pauli blocking effects in nucleon scatter-
ing reaction [see Eq. (24)].

(i) Y,, defines the phase space fraction of free nucleons
due to the absorption by neutrons [the inverse
reaction of Eq. (19)].

(iii) Y,, Y,, and Y, define the number fraction of
neutron, proton, and electron. For completely dis-
sociated matter, the nucleon fractions are
Y,=1-Y,and Y, =Y,.

APPENDIX E: SHEAR VISCOSITY COMPARISON

As suggested by Ref. [44], the diffusion of neutrinos
trapped inside a HMNS can induce momentum transport,
acting like an effective shear viscosity on length scales
longer than the neutrino mean free path. In addition, if the
neutrino mean free path is longer than the MRI wavelength,
neutrinos induce a drag on the velocity field due to the
Doppler effect between the fluid motion and the back-
ground radiation field [171,172]. According to Ref. [127],
the effective viscosity and drag from neutrinos may then
have a significant impact on the MRI inside a HMNS if
magnetic fields are weaker than 10'* G. However, high-
resolution simulations of NSNS mergers have shown that
seed magnetic fields can be boosted from ~10'' G to
~10'® G within the first ~5 ms following merger (see, e.g.,
Refs. [15,104,128]). Therefore, the viscous effect on MRI
due to neutrinos may be neglected. To assess the effect of
neutrino momentum transport in our simulations, we
compute the effective neutrino viscosity using the approxi-
mate analytical expression as in [173]

Vneutrino = 3-8 X 10%

X r_y Po B gem 57!
1MeV) \2.8x10"gem™ '

(ED)

which considers six species of nondegenerate neutrinos
in local thermodynamic equilibrium and takes neutrino

scattering as the dominant source of opacity. For the
effective magnetic turbulent viscosity induced by MHD
turbulence, we adopt the shear viscosity of an “a-disk”
model [133,134],

2P

UMHD = gﬂ_o agsQ7!, (E2)

where agg is the Shakura-Sunyaev stress parameter (see
Sec. III E) and Q is the characteristic angular frequency of
the HMNS. Figure 13 displays vieumine and vyup as
functions of radius along the x-axis Mag + Rad-Full by
solid and dashed curves, respectively. Note that vyyp is
computed using an averaged value of agg ~ 0.1. The gray
vertical regions span the approximate radii of the HMNS
surface and disk outer boundary. Top and bottom panels
show their behaviors at t~ 18 ms (or ~0.57yyns; see
Table II) and t~21 ms (just after BH formation),
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FIG. 13. Effective shear viscosity v/py due to neutrinos (solid

curves), MHD turbulence (dashed curves), and nuclear inter-
actions (dotted curves) along the x-axis Mag + Rad-Full during
the HMNS (top panel) and BH + disk (bottom panel) phases. The
gray vertical regions mark the approximate HMNS surface and
disk outer boundary, respectively.
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respectively. We find that vy is a factor of 2 10 larger than
Vpeuwrino  10Side the bulk of the HMNS. Therefore, we
conclude that neutrino effective viscosity due to diffusion
can be ignored whenever the magnetic field strength is
>10'* G, as is the case here. We evaluate the effect of
viscosity on the linear growth of the MRI using the viscous
Elsasser number E, = v3/ (Vneurrino©2) [44,135,136], which
needs to be smaller than 1 for the effective neutrino viscosity
to significantly affect the MRI growth. Using the average
value of Alfvén speed and angular frequency in our cases,
we find that E, > 10* inside the HMNS and E, > 107 in the
disk. We also evaluate the critical field strength below which
neutrino viscous effects become important [44], scaled to
typical parameters inside our HMNS:

Boy=31x103(-——— 20
et <2.8 x 10" gem™

Vneutrino 12 Q 12
G. E3
x <3.8 x 10?2 gem™! s‘l) (104 s7! (E3)

We find B,;; is at least a factor of 100 smaller than the typical
field strength in the HMNS remnant (see Sec. I'V). Similarly,
the growth rate of MRI is hardly affected by the neutrino
drag. As the neutrino drag can only be induced if the
wavelength of the fastest growing MRI mode is shorter than
the neutrino mean free path, there exists an upper limit of the
magnetic field strength which cannot exceed ~10'* G in the
HMNS remnant because Ayy is proportional to the mag-
netic field strength [44,127]. Note that from Ref. [127]
neutrino drag is only important inside the HMNS but not in
the disk, where the drag damping rate is smaller than the
angular frequency. Therefore, we conclude that the effective
viscosity due to MHD turbulence dominates over that
induced by neutrino radiation in our simulations.

We also consider the microscopic shear viscosity of
nucleon matter in the cores of the HMNS, which, for
nonsuperfluid matter, is dominated by neutron-neutron and
neutron-proton scattering mediated by strong interactions
[174]. Note that the temperatures of interest in our
models are mostly greater than the critical temperature 7' ~
10810 K below which dripped neutrons are likely to form
Cooper pairs and undergo phase transitions to superfluid
[175,176]. The shear viscosity due to in-vacuum nucleon-
nucleon scattering in the nonsuperfluid liquid core was first
estimated by Refs. [177,178], and an approximate and
widely used fitting formula is given by Ref. [137]

v,=82x10"

T 2 20 9/4 | |
-5, (B4
X(]MeV) <2.8x1014gcm—3> gem™s™. - (E4)

Another possible contribution to the shear viscosity comes
from the collision of electrons and muons. According to
Ref. [178], the shear viscosity is dominated by neutrons in

nonsuperfluid matter. Therefore, we ignore the effects from
electrons and muons.

In Fig. 13, the dotted curves represent the viscosity due
to the nucleon processes above using Eq. (E4). Near the
core of the HMNS, the microscopic shear viscosity is
comparable to v,. Nevertheless, at radius greater than 5 km,
it quickly diminishes and becomes negligibly small com-
pared to vyyp and v,. Therefore, in our simulations, the
shear viscosity due to nucleon scattering is minuscule and
can be ignored as well. We again note that although the
bulk viscosity has larger magnitude, the nucleon shear
viscosity is most important during the inspiral and does not
redistribute angular momentum in the remnant. It is the
shear viscosity, which helps drive the HMNS to collapse
and drives disk accretion onto the remnant BH. To con-
clude, the viscous effects due to neutrino diffusion, drag,
and nucleon-nucleon scattering are small compared to the
MHD turbulence in our systems.

APPENDIX F: CODE TEST—HEATED
OPPENHEIMER-SNYDER COLLAPSE

1. General description

Here, we summarize results from one important test of
our radiative transport scheme in a strong gravitational
field. Other tests, including those involving shocks, have
been previously performed in Ref. [80] and reproduced
here. The collapse of a general relativistic, homogeneous,
and pressureless sphere is given by the analytic
Oppenheimer-Snyder (OS) solution [179]. We consider a
thermal radiation perturbation to OS collapse in Ref. [180],
in which the radiation is treated in the relativistic, thermal
diffusion approximation for an optically thick radiation
field that remains dynamically unimportant to the space-
time and collapsing dust sphere and where LTE is main-
tained throughout the collapse. The solution for the interior
radiation field and outgoing flux as a function of radius and
time were determined analytically in this case (see also
Exercise 5.20 in Ref. [181]). In Ref. [182], we solved the
full Boltzmann radiative transfer equation coupled to the
radiation moment equations numerically to obtain the exact
interior radiation intensity and flux for both optically thick
and thin cases. The two methods showed close agreement
in the optically thick limit. In Ref. [80], we again performed
numerical simulations of “Heated OS collapse,” now with
the radiative transfer module in our Illinois GRMHD code,
constrained to the optically thick limit. Again, the results
closely matched the analytic solution. Recently, we carried
out a similar treatment using a two-moment radiation
transport scheme in the reference-metric formalism, again
for an optically thick radiation field [84] in spherical
symmetry. To test the reliability of our M1 implementation
here, we again simulate heated OS collapse. For the first
time, we not only treat the radiation field in the optically
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thick interior but also the outgoing field in the vacuum
exterior, which is optically thin.

In our test, we set the initial areal radius Ry, = 10M, from
which the initial rest-mass density pg i, = 2.39 x 107*M 2.
We set Py = 10‘6p0,ini to make matter pressure dynami-
cally unimportant and Ey;,; = 107>p i to make radiation
pressure unimportant, to recover heated OS collapse. We
also set v/ . = F! . = 0. The temperature of the sphere is
initially set by the LTE condition E = aT*. We choose the
gray absorption opacity by setting the initial optical depth
¢ = Rk“py = 25 and set the scattering opacity «° to zero.
During collapse, the interior remains optically thick as the
density increases with R—>. We construct the initial metric
based on the analytical OS solution, which matches a
closed-Friedmann interior to the Schwarzschild exterior
[183]. To be consistent with previous work, we adopt the
hyperbolic driver conditions for the lapse and shift func-
tions (see Eqs. (17) and (18) in Ref. [80]) with the same
choice of freely specifiable constants a,, a,, as, by, and b,.
Our grid consists of four nested refinement boxes centered
in the sphere, with adjacent levels differing in size and
resolution by factors of 2. The outer boundary is at
Xmax = 60M and dx = 0.12M on the coarsest level. We
note that the sphere is initially resolved by ~2167 grid
points across the diameter on the four levels. We endow the
initial exterior regions with a low-density atmosphere
with pg am = 10“2p0,ini. To track both the interior and
exterior evolution, we lift the “zero-temperature approxi-
mation” (E = 0) imposed by Refs. [84,180] at the stellar
boundary and instead impose an outgoing radial radiation
boundary condition in the near vacuum at the outer edge of
our grid.

The profiles of rest-mass density, radiation energy
density, and radiation flux as functions of radius at select
moments of our heated OS collapse model are displayed in
Fig. 14. The dotted and solid curves represent the numerical
and analytical solutions, respectively. In the following
sections, we describe our results and assess their reliability
in regions with different optical thickness. We first compare
our results in the optically thick region (stellar interior)
with previous thermal OS collapse simulations using
the Eddington closure schemes (with Eddington factor
1/3), and then we locate the photon trapping radius
at the transition region and explain the behavior of
radiation fields across it. Finally, we describe the free
propagation of the radiation field in the optically thin
exterior.

2. Optically thick region: Diffusion approximation

In Fig. 14, we show the comparisons of our numerical
results computed using 50 Lagrangian fluid tracers for the
rest-mass density p, (top panel), radiation energy density
E (middle panel), and radiation flux scalar magnitude
F=F'F, (bottom panel) with the analytic solutions

10 f ' ' ' {=0.0M, analytic
102 4 t=0.0M, numerical(M1)
t=5.52M, analytic ©
107 t=5.52M, numerical(M1) 4
0 t=22.08M, analytic ¢
107 t=22.08M, analytic (M1)
aesh t=36.84M, analytic & |
= 1=36.84M, numerical(M1)
& 10° t=43.80M, analytic 1
o7l t=43.80M, numerical(M1) —— |
108 1
10-9 4
10710} Lg 4
0 5 10 15 20 25 30 35 40
R/M

) 1=0.0M, analytic
10 t=0.0M, numerical(M1)
t=5.52M, analytic ©
107k t=5.52M, numerical(M1)
t=22.08M, analytic ¢

t=22.08M, analytic (M1)
o 108 t=36.84M, analytic 4
= t=36.84M, numerical(M1)
M 5 t=43.80M, analytic
107 t=43.80M, numerical(M1) —— ]
172
R vvvvvy
IO-I() L 4
STl MAAAS 2 —
10 e M AAAAALAAALAA 4
0 20 2 30 3 40
R/M
10 ' ~ =0.96M, analytic 1
t=0.96M, numerical(M1)
-1/2
]0'[0 | R AAAAAS |
10-I2
=
oMp .
10" _
10718 .
-20 1 1 Il 1 1
10 15 20 25 30 35 0

R/M

FIG. 14. Numerical (dotted curves) and analytical (solid
curves) solutions at various times for the rest-mass density
(top panel), radiation energy density E (middle panel), and
radiation flux F (bottom panel) vs areal radius R for a heated
OS collapse with initial areal radius R, = 10 M. The blue
triangular dotted curve in the stellar exterior at the latest time
represents the curve ~R™1/2,

summarized by Eqs. (D11)—~(D13) in Ref. [80]. Our
numerical solutions lie on top of the analytical ones in
the stellar interior for the rest-mass density and radiation
energy density (top and middle panels in Fig. 14). The
radiation flux matches the analytical solution after the
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initial transient phase (bottom panel in Fig. 14).
Our numerical values also match the results in Ref. [84]
in the stellar interior. Notice that we also recover the
expected difference in F between the numerical and
analytical results during the early phase of collapse, as
reported and explained in Ref. [84] (which refers it as
the “initial transient” phase). The difference originates
from the computation of a (vanishingly) small quantity
by subtracting two nearly equal quantities during
the recovery of primitive variables in the region
with a spatially nonconstant lapse. Nevertheless, at late
stages, when the gauge and radiation characteristics have
reached the stellar center, the numerical result of F
becomes close to the analytical solution from the diffusion
equation, as expected. Therefore, we conclude that the
code reproduces the evolution of heated OS collapse
consistent with previous works in the stellar interior
(optically thick regions). Also, for this limit, our primitive
solver matches the analytical expressions for the primitive
variables (see Eqgs. (65)—(67) in Ref. [80]) using Eddington
closure.

3. Photon-trapping radius

According to Ref. [184], if the matter accretion rate is
greater than My = Lg/c?, where L, is the Eddington limit,
there exists a surface at radius ry,, within which the
radiation is trapped and eventually falls into the BH
with the gas. This photon trapping radius ry,, is defined
by setting the infall speed of the gas equal to the
approximate outward diffusion speed of the radiation
(~c/7). At this radius, the radiation momentum density
changes its direction, from inward inside ry,, to outward
outside.

To approximate ry,, in our OS collapse model, we
compute the optical depth by integrating x“p, along the x-
axis. The top panel of Fig. 15 shows the stellar dust
velocity, the diffusion speed of the radiation, c¢/z, and the
radiation momentum density along the x-axis at ¢ =
36.84M (corresponding to the maroon curve in Fig. 14).
From the plot, the intersection between the diffusion speed
and the gas velocity is at around x = 3.2 M, which agrees
with the location at which the radiation momentum density
S* turns over. As shown in the bottom panel, S* becomes
negative at radius smaller than 3.2 M, indicating the
radiation field is trapped and falls inward following the
collapse of the star. We define the position x = 3.2M,
labeled by the magenta vertical line in Fig. 15, as the radius
of photon trapping of the model. It is expected that the
radius would move inward with time and eventually freeze
at 2M at BH formation. The consistency between trapping
radius and flux direction turnover provides another useful
check on our code.

10?
10°}
1071}
1072
103
10
107
10
107

Sa
0 2 4 6 8 10 12
x/M
FIG. 15.  Top panel: photon-trapping radius during OS collapse

(magenta) where the radiation momentum density S, flips
direction (blue). This radius can be also identified by equating
the radius at which the gas velocity (green) equals the approxi-
mate radiation diffusion speed (cyan). Bottom panel: the change
of sign (direction) of S,. Results are shown at ¢ = 36.84M, when
the areal surface of the star is at R ~ 3.7M.

4. Decay of radiation flux at large radius

With the M1 closure scheme of radiation, we are able to
study radiation transport in the optically thin exterior region
of the system. In the exterior, free propagation of radiation
at the speed of light is expected. As shown in the middle
and bottom panels of Fig. 14, the distance between the
initial stellar surface at Ry = 10M and the radius marking
the outermost nonzero E and F profiles approximates the
time of evolution, indicating free propagation at the speed
of light. At large radius, the magnitude of energy density
equals that of the radiation flux £ = F. This is confirmed in
the two panels as well, where both E and F slowly fall
together for radius R > 30M roughly as R~'/2, as indicated
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in Fig. 14. Note that as the star is collapsing the radiation
source is not steady; therefore, the flux does not decay as
R7? as it would for a constant source.

One of the most important quantitative results is the
exponential attenuation of the luminosity measured by a
distant observer in the late stage of collapse, after the stellar
surface has reached its gravitational radius at R = 2M
[183,185,186]:

Loy ~exp <— Mﬁ) . (F1)

The light is dominated by photons deposited in the unstable
photon circular orbit at R = 3M. They leak out at an
exponential decay rate. To check our code, we perform a
collapse model with the initial areal radius R;,; = 4M and
follow the collapse up to t = 57M. This is approximately
four times the collapse time, which is defined the time at
which the stellar surface passes through an areal radius of
R = 2M for the first time. We fit our data for the flux F at
R =23M from t = 22M to t = 56 with the exponential
expression

F — exp(-t/ty), (F2)
where ¢, is constant. We find that ¢,/M :5.151”8.'11?.

Comparing with Eq. (F1), the fitted decay rate of the
asymptotic flux data has less than 1% deviation from the

Flq at R=23M

10'10L . L o

~exp(—t/5.148)

- = ~exp(—t/3V3)
¥Xx Numerical Values
E
£ :
10-12» '
1073 | <
‘ , . i : ‘ e
25 30 35 40 45 50 55
T/M

FIG. 16. The asymptotic scalar flux (black crosses), its best-fit
line (blue), and the analytic curve Eq. (F1) (red) at R = 23M at
the late stage of collapse for the stellar model with the initial areal
radius R;,; = 4M.

theoretic result, i.e., t;/M = 3v/3 ~5.20. The correspond-
ing plot is shown in Fig. 16. We conclude that the
exponential decay of the asymptotic flux at large radius
is correctly identified by our M1 code, showing its
reliability in optically thin regions as well.
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