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et al. 2021; Werneck et al. 2023; Rosswog & Korobkin 2024).

Beyond all of these reasons to study them closely, strong ra-

dio and X-ray emission has been observed for a number of

years following GW170817 (Troja et al. 2017; Hallinan et al.

2017; Alexander et al. 2017, 2018; Mooley et al. 2018a,b;

Margutti et al. 2018; Margutti & Chornock 2021; Balasubra-

manian et al. 2021).

Although calculations of neutron star merger dynamics all

agree that the great majority of the neutron stars’ mass is re-

tained within the black hole or long-lived neutron star rem-

nant, and a small fraction of the mass outside the remnant is

propelled outward at mildly relativistic speeds (Davies et al.

1994; Rosswog & Davies 2002a,b; Hotokezaka et al. 2013;

Bauswein et al. 2013; Kiuchi et al. 2014; Fernández et al.

2015; Sekiguchi et al. 2016; Foucart et al. 2016; Lehner et al.

2016; Radice et al. 2016; Ruiz et al. 2016; Dietrich et al.

2017; Fujibayashi et al. 2018; Radice et al. 2018b; Ruiz et al.

2021; Vincent et al. 2020; Ciolfi & Kalinani 2020; Sarin

& Lasky 2021; Murguia-Berthier et al. 2021; Nedora et al.

2021; Most & Quataert 2023; Zenati et al. 2023; Combi &

Siegel 2023; Camilletti et al. 2024), a large fraction of all

the observable properties—the γ-ray burst, the nucleosynthe-

sis, and at least part of the kilonova, as well as possibly the

long-term radio and X-ray emissions—have their origins in

the mass left in bound orbits close to the remnant. Because

there is no particular reason to assume that this material is

distributed with a radial profile corresponding to a state of in-

flow equilibrium, its subsequent evolution depends strongly

on this initial state. Nonetheless, despite the importance of

this bound debris to so many aspects of these events, little is

known about the dynamics that transport it from the neutron

stars, establishing its initial state. It is the goal of this paper

to elucidate this process.

In Zenati et al. (2023) we showed how the material escap-

ing from neutron star merger remnants is selected, demon-

strating, among other things, that it originates from a wide

range of radii within the original neutron stars. This effort

was significantly aided by the use of simulation data describ-

ing both the motion of tracer particles and snapshots of fluid

properties. In the present work, we will extend this tech-

nique.

In particular, we will follow the history of the two quan-

tities characterizing orbits in stationary axisymmetric space-

times (the conserved specific energy ut and the conserved

angular momentum uφ) in order to identify the mechanisms

resulting in their values at the time the debris disk is formed.1

When the merger remnant is first formed, the surrounding

spacetime is neither time-steady nor axisymmetric; during

that period, gravity can exert torques and change the energy

of orbits. Additionally, hydrodynamic forces, i.e., pressure

gradients, can also influence the matter’s motion. Much of

1 The thermal state of the matter determines the disk’s vertical thickness, but
we ignore it here because thermal equilibrium is established much faster
than inflow equilibrium, so the effects of the initial mass profile are much
longer-lasting than the effects of the initial thermal profile.

this paper will be about the competition between these two

mechanisms. A few milliseconds after the black hole formed,

the magnetic field grew rapidly in strength (as seen, e.g., in

Kiuchi et al. (2018)), reaching a pressure ∼0.1 times the gas

pressure in many places; we leave analysis of its role at this

and later times for further work.

2. CALCULATION

2.1. Overview

2.2. Physics treated and equations solved

We select a merger scenario in which both neutron stars

have a baryonic (gravitational) mass of 1.550M⊙ (1.348M⊙)

and follow a circular orbit with an initial separation of 45 km
(for further details, see Table 1). To trace their evolution, we

employ IllinoisGRMHD to solve the equations of MHD,

∇µ (nbu
µ) = 0 , (1)

∇µ (neu
µ) = R , (2)

∇µT
µν = Quν , (3)

∇µ
∗Fµν = 0 , (4)

corresponding to the conservation of the baryon number,

conservation of Lepton number, conservation of energy-

momentum, and the two homogeneous Maxwell’s equations,

respectively. In coordination with the solution of these equa-

tions, the BSSN evolution thorn Baikal solves the Einstein

Field Equations.

In these equations, nb (ne) represents the baryon (lepton)

number density and uµ the fluid four-velocity. The net rate of

change in the lepton number, R, is the difference between the

creation rates of electron anti-neutrinos and neutrinos. The

cooling rate, Q, quantifies the rate at which neutrinos (and

anti-neutrinos) carry energy away from the gas. It is deter-

mined using a local emission model combined with a leakage

rate formalism (see Murguia-Berthier et al. (2021) and Wer-

neck et al. (2023) for details about the calculation of R and

Q).

The energy-momentum tensor is assumed to be that of a

perfect fluid plus an EM contribution,

Tµν =
(

ρh+ b2
)

uµuν +

(

P +
b2

2

)

gµν − bµbν , (5)

where ρ = mbnb is the baryon density, mb is the mean

baryon mass, ∗Fµν = (1/2)ϵ̃µνρσFρσ is the dual of the Fara-

day tensor Fµν , and ϵ̃µνρσ is the Levi-Civita tensor. The

parameter h = 1 + ϵ+ P/ρ is the specific enthalpy, ϵ is the

specific internal energy, and P is the fluid pressure, which

is given through a tabulated form of the SFHo EOS for hot

degenerate matter (O’Connor & Ott 2010).2 The magnetic

field is given by bµ = (4π)−1/2Bµ
(u), the rescaled magnetic

2 The SFHo EOS table was downloaded from http://stellarcollapse.org.
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4-vector in the fluid frame, where

B0
(u) = uiB

i/α , (6)

Bi
(u) =

(

Bi/α+B0
(u)u

i
)

/u0 . (7)

Here Bi is the magnetic field in the frame normal to the hy-

persurface, b2 ≡ bµbµ is the magnetic energy density, gµν
is the spacetime metric, and α is the lapse function. The

lapse, the shift vector, and the metric are all defined on spa-

tial hypersurfaces of constant coordinate time t. Ideal MHD

(uµF
µ = 0) is assumed throughout.

The update algorithm for IllinoisGRMHD is intrinsi-

cally conservative. In its formulation, the conserved energy

density is

τ = α
√
γ
(

αT 00 − ρu0
)

, (8)

where γ is the determinant of the ADM 3-metric. Similarly,

the conserved spatial momentum density is

Si = α
√
γ
[(

ρh+ b2
)

u0ui − b0bi
]

. (9)

The corresponding source terms are

α
√
γ
[

(

T 00βiβj + 2T 0iβj + T ij
)

Kij

−
(

T 00βi + T 0i
)

∂iα
]

.
(10)

for the conserved energy and

(1/2)α
√
γTµν∂igµν (11)

for the conserved 3-momentum. Here βi is the ADM shift

vector, and Kij is the extrinsic curvature, −Lnγij/2, where

Ln is the Lie derivative along the time-like normal to the

spatial sub-space and γij is the spatial metric.

In addition to solving these equations, we also follow the

locations and velocities of a large number of tracer parti-

cles. The initial positions of the tracer particles are selected

by randomly choosing points p = (x, y, z) within a radius

Rseed = 75 km from the system center of mass and accept-

ing the particle if
ρ(x, y, z)

max ρ
> ζ , (12)

where ζ ∈ [0, 1] is a random number. The process is repeated

iteratively until all Nparticles = 50, 000 have been seeded.

The fact that the neutron stars are extremely compact and

have central densities many orders of magnitude larger than

that of the surrounding gas ensures that the vast majority of

the tracer particles are seeded within each neutron star.

Once the positions pn = (xn, yn, zn) of the particles are

known, where n = 0, 1, . . . , Nparticles − 1, we update them

in time using

dpin
dt

= vi(pn) , (13)

where vi(pn) is the fluid three-velocity vi = ui/u0 inter-

polated to the particle’s position pn. The tracer particle po-

sitions are updated every 16 local time steps, and the three

velocities are obtained using fourth-order Lagrange interpo-

lation. We will use relativistic units throughout this paper.

Length is then measured in terms of the gravitational radius

rg ≡ GM
c2 , the units of specific angular momentum uφ are

rg c, and the units of specific energy ut are c2.

2.3. Numerical setup

We performed our simulation using IllinoisGRMHD,

which is part of the Einstein Toolkit (Loffler et al.

2012; Haas et al. 2022),3 applying it to a Cartesian

grid with adaptive mesh refinement (AMR) provided by

Carpet (Schnetter et al. 2004). Initially, the grid consists

of eight refinement levels, differing by factors of two, such

that the resolution at the finest refinement level is ≈185m.

Once the minimum value of the lapse function drops below

0.1, indicating that black hole formation is imminent, two ad-

ditional refinement levels are added, bringing the resolution

of the finest refinement level to ≈46m.

At the outer boundary, located at ≈5670 km, we apply ra-

diation boundary conditions to the metric quantities using

Newrad (Alcubierre et al. 2003; Loffler et al. 2012) and a

simple copy boundary condition for the MHD fields.

The spacetime is evolved using Baikal (Haas et al.

2022), while the MHD fields are evolved using a newly de-

veloped version of IllinoisGRMHD (Werneck et al. 2023)

that supports finite-temperature, microphysical EOSs, and

neutrino physics via a leakage scheme. In addition to the

MHD fields, we evolve the entropy by assuming that it is con-

served (see e.g., Noble et al. 2009, for a similar strategy), an

approximation that, while poor at shocks, allows us to use the

entropy as a backup variable during primitive recovery (see

Werneck et al. 2023, for more details).

Initial spacetime data for our equal-mass binary are con-

structed using LORENE (Gourgoulhon et al. 2001; Feo et al.

2017; Gourgoulhon et al. Accessed in 2022). The stars’ in-

ternal structure is, as usual, computed from a solution of the

TOV equation assuming our equation of state (SFHo). Each

neutron star is also seeded with a strong poloidal magnetic

field (see e.g., Appendix A of Etienne et al. 2015) such that

max
(

Pmag/P
)

= max
(

b2/2P
)

= 10−4, corresponding to

max
√
b2 = 5.05× 1015 G.

Where polar coordinates are more easily interpretable, we

define such a system through the simple coordinate transfor-

mation r2 = (x2 + y2 + z2), cos θ = z/r, tanϕ = y/x, and

the xy-plane is identical to the initial binary orbital plane. In

these coordinates, the polar component of angular momen-

tum is uφ ≡ xuy−yux, which becomes a conserved quantity

when the spacetime is axisymmetric.

2.4. Diagnostics of tracer particle dynamics

IllinoisGRMHD records the spatial positions and the

contravariant and covariant 4-velocities for all the tracer

particles every 1.23 × 10−3 ms, writing them to a file ev-

ery 9.856 × 10−3 ms. Because the probability density for

3 See https://github.com/zachetienne/nrpytutorial.
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Parameter Value

Initial data

EoS SFHo

NS baryonic mass 1.550M⊙

NS gravitational mass 1.348M⊙

NS radius R∗ 9.3 km

Initial separation 45 km

max
√

bµbµ 5.05× 10
15

G

Number of tracer particles 50000

Post-merger

χ = a/M 0.795

BH irreducible mass, Mirr 2.444M⊙

BH mass, MBH 2.726M⊙

⟨Ye⟩ 0.122

Table 1. Simulation parameters for an equal-mass, magnetized bi-

nary neutron star merger performed with IllinoisGRMHD us-

ing a microphysical, finite-temperature EOS and a neutrino leakage

scheme. Here, χ is the BH dimensionless spin parameter and ⟨Ye⟩

is the mass-weighted mean Ye at r = 60 km and t ≈ 17ms.

their initial conditions is proportional to density, they can

be thought of as, on average, representing equal amounts of

mass.

Of the 50,000 total tracer particles, only 2416 can be found

outside the black hole immediately after its horizon forms,

and only 287 survive all the way to t = 30 ms, ≈ 13 ms

after creation of the black hole. We call these 287 ”survivor

particles”.

When we plot dynamical properties of the tracer particles,

we do so at one of the particle output times. The coordi-

nates used by IllinoisGRMHD are 3+1 ADM Cartesian;

they are translated into spherical coordinates by the coordi-

nate transformation r = (x2 + y2 + z2)1/2, cos θ = z/r,

tanϕ = y/x with appropriate quadrant distinctions.

When we consider the forces acting on these tracer parti-

cles at a certain time, we need to situate the tracer particles

relative to the “fluid” data produced by IllinoisGRMHD.

This data comprises maps of its several grid functions: the

metric elements, the rest-mass density, the pressure, the fluid

coordinate velocities, etc. However, interpolation of the 3D

AMR grid used by IllinoisGRMHD into a uniform grid is

available only on three planes: x-y, x-z, and y-z. We are for-

tunate, given this constraint, that the great majority of the par-

ticles (≳ 80%) have displacements from the plane less than

the merged neutron star’s mass scale height. We therefore

project their positions into the x-y plane and use the inter-

polated fluid data in that plane. This procedure incurs errors

at the tens of percent level, so results resting on it have an

uncertainty ∼ 10%. Because the distinctions we make are

based on much larger contrasts, this is an acceptable error

level.

In particular, we define the gravitational torque density by

∂tjgravρ = α
√
γTµν (x∂y − y∂x) gµν , (14)

where α is the lapse function and γ is the determinant of

the spatial 3-metric. We also make the approximation that

the dominant term in Tµν∂igµν is the one corresponding to

µ = ν = 0 because ut ≳ 1 is generally several times larger

than ui. The gravitational torque per unit rest mass is then

∂tjgrav = (x∂y − y∂x) gtt, (15)

while the torque per unit rest mass associated with pressure

forces is

∂tjhydro = (y∂xP − x∂yP ) /ρ. (16)

In both cases, we approximate the relevant inertia by ρ on the

grounds that the quantities multiplying it in the stress-energy

tensor, h and u0, are different from unity by at most ∼10%.

The source term for the energy-like primitive variable in

IllinoisGRMHD (see eqn. 10) is rather complex. In order

to represent its principal features, we study a proxy, ∂gtt/∂t,
for the rate of change of energy per unit rest-mass. This is ef-

fectively present within the source term through the relation

gtt = −α2 + γijβ
iβj . The rate of energy change, per unit

mass, due to hydrodynamic forces is −(ux∂xP +uy∂yP )/ρ.

Just as for the torque, we evaluate these quantities at the po-

sition of each tracer particle projected into the binary orbital

plane.

2.5. Physical interpretation of coordinate-dependent

quantities

The origin of the coordinate system created by

IllinoisGRMHD is set to the center-of-mass of the binary

at t = 0, but the slicing of the spacetime changes throughout

the calculation due to the gauge evolution. Formally, the

relationship between these coordinates and, for example, the

Cartesian analog of a Boyer-Lindquist system correspond-

ing to the black hole created, is therefore difficult to define.

However, in practice this is less of a problem than it might

seem. We have measured the relative velocity between the

origin and the black hole, and it indicates a steady coordinate

drift in which the black hole has a velocity relative to the ori-

gin ≃ −7× 10−4cŷ. Departures from axisymmetry do exist

(see Fig. 8), but their illustration in this figure also demon-

strates that these departures have a fractional magnitude less

than ∼ 1% everywhere outside r ∼ 5rg .

The most pertinent question regarding gauge choices is

whether they obscure the interpretation of the quantities ut

and uφ. Time-steadiness of the spacetime guarantees that ut

is conserved; axisymmetry of the spacetime guarantees that

uφ is conserved. These quantities can be interpreted as the

values of energy and angular momentum as r → ∞ provided

the spacetime approaches Minkowski at large r. To verify

that this condition is satisfied, we have measured the value of

the conformal factor necessary to translate a Schwarzschild

spacetime to the gauge of our spacetime at large distance

from the black hole: at such distances it agrees with the con-

formal factor of the analytic “trumpet” solution (Baumgarte

& Naculich 2007) to within a fraction of a percent.
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3. RESULTS

3.1. Overview

As has been demonstrated by many previous simulations

of neutron star mergers (Balasubramanian et al. 2021; Ho-

tokezaka et al. 2018; Hajela et al. 2022), even before the two

stars touch, tidal gravity accelerates small amounts of mass

to speeds ≳0.4c; this gas is generally referred to as the “fast

ejecta”. Once the stars are in contact, pressure forces along

the contact surface squeeze matter outward, roughly paral-

lel to the orbital axis. However, only a small fraction of

the matter expelled from the merged star’s interior escapes

the remnant, whether it results in a long-lived neutron star

or a black hole (Most et al. 2021; Hajela et al. 2022; Zenati

et al. 2023; Combi & Siegel 2023). In fact, in the simulation

we analyze here, most of the matter that evades the quick

collapse to a black hole (only ∼4ms after the neutron stars

touch, at simulation time 16.7ms) is nonetheless captured

within a few more milliseconds; only ≈0.016M⊙ remains in

orbit for a longer duration. It is this matter that is the focus

of our study, as it forms the debris disk responsible for all

the observable phenomena other than gravitational waves: γ-

ray bursts, the optical/IR kilonova, persistent X-ray and radio

emissions, and heavy-element nucleosynthesis.

The dynamical properties of the debris are encapsulated in

two quantities that both become conserved for test-particle

motion when the remnant’s final state is reached (in the sim-

ulation we report, a Kerr spacetime containing a black hole

with spin parameter a/M = 0.795). These are the orbital en-

ergy in rest-mass units ut and the angular momentum compo-

nent parallel to the spin axis uφ. With our metric signature,

the gravitational binding energy of a particle is 1 + ut. As

we will see, ut is the critical determinant of whether a parti-

cle remains outside the black hole and enters the debris disk,

while uφ (for surviving particles) determines the scale of the

particle’s orbit.

Figure 1 shows four snapshots of the distribution of our

tracer particles in uφ × ut phase space. In very coarse terms,

the entire population of particles follows a similar path. In the

first 1 – 2 milliseconds after the two stars touch (≈ 13.3ms
Zenati et al. (2023)) the particles having low angular momen-

tum (uφ ≲ 1.5) become more deeply bound, particularly for

those with |uφ| ≪ 1. The sense of evolution reverses sharply

≈1.5ms before the event horizon forms; from then until the

creation of the black hole, most of the particles increase in

angular momentum and decrease in binding energy. After

the black hole is formed, the energy of the remaining parti-

cles changes relatively little, but their distribution in angular

momentum is considerably broadened.

Despite the general trends affecting all the neutron stars’

mass, there are clear distinctions between the debris particles

and those captured by the black hole from the start. At the

beginning of the merger, the binding energies of the entire

population of particles range from ≈0.5 to ≈0.1, and their

angular momenta range from ≈0 to ≈3, but with a strong lin-

ear correlation between the two, indicating that higher angu-

lar momentum is associated with less binding energy. At this

stage, although there is overlap between the phase space lo-

cations of particles that join the debris disk and those quickly

captured into the black hole, there is a strong statistical sep-

aration: a large majority of the debris particles have higher

angular momentum and are more weakly bound than nearly

all the particles destined to be quickly captured by the black

hole. By the time the black hole forms, the distinction be-

tween escaping particles and captured particles is primarily

one of binding energy: all escaping particles have a bind-

ing energy ≲0.05, while nearly all captured particles have a

binding energy ≳0.05.

The significant role in binary neutron star phenomenology

played by the small fraction of the mass in the debris disk

makes examining the evolution of uφ and ut for the small

subset of particles (287 out of the initial 50,000) that remain

outside the black hole for more than a few milliseconds after

collapse particularly worthwhile. The evolution of this sub-

set is portrayed in Figure 2. Consistent with what is shown

in Figure 1, on average, these particles gain ≈2–3rgc in uφ

when the neutron stars have merged but not yet collapsed.

During this same period, most, but not all, first sharply in-

crease in binding energy and then even more sharply de-

crease (a minority decrease in binding energy without first

increasing). After the black hole forms, the mean values

of both the angular momentum and the binding energy re-

main nearly constant, but the angular momentum distribution

widens steadily, including the emergence of a noticeable mi-

nority of particles on retrograde orbits.

In the remainder of this paper, we will focus on identi-

fying the forces driving the evolution of ut and uφ for the

surviving mass, the mass destined to join the debris disk.

Departures from axisymmetry in the spacetime can alter uφ.

Time-dependence in the spacetime (which may or may not

relate to its degree of axisymmetry) can lead to changes in

ut. Beyond these gravitational mechanisms, ordinary hydro-

dynamic forces, i.e., pressure gradients, can affect both uφ

and ut. We will distinguish which parts of the phase space

evolution are accomplished by each of these mechanisms.

To begin, we illustrate, at a very coarse-grained level, their

relative influence on uφ in Figure 3. In this figure, the ab-

solute value of the gravitational torque integrated over the

orbital plane is compared to the similarly integrated absolute

value of hydrodynamic torque as a function of time.

Until approximately 0.3ms after the black hole horizon

forms, both gravitational and hydrodynamic forces partici-

pate, but the integrated absolute magnitude of the gravita-

tional torque is roughly an order of magnitude greater than

that of the torque produced by hydrodynamic forces. This

sort of comparison underlies several remarks in the literature

suggesting that gravitational forces dominate the dynamics of

mass ejected from the merging neutron stars (Lovelace et al.

2008; Bauswein et al. 2012; Radice et al. 2020; Shibata &

Hotokezaka 2019; Shibata et al. 2023). As gravitational wave

emission during black hole ringdown rapidly symmetrizes

the black hole spacetime, the gravitational torque swiftly de-

clines over the ∼0.3ms following the black hole’s formation.

At later times, gravitational forces are negligible, and hydro-
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Figure 1. The tracer particles’ phase space distribution at t = 14.1ms (orange; shortly after the neutron stars first touch), 15.1ms (blue;

while the merged neutron star is collapsing), 16.7ms (olive; when the event horizon forms with total survivor particles 2416), and at late time

(purple). For particles that remain outside the black hole (triangles), “late time” refers to the end of the simulation at t = 30ms for particles

that are captured (dots), it is the moment at which they pass through the event horizon. Note that with our metric signature, ut = −1 (dash

dark gray line) indicates total energy exactly equal to the rest mass, and ut < −1 indicates the particle is gravitationally unbound. For the sake

of image clarity, we plot a randomly selected subsample comprising approximately 28% of the tracer particles.

dynamics governs the evolution of the gas’s angular momen-

tum. It is important to note, however, that these conclusions

about integrated forces do not necessarily apply locally, and

integrating the magnitude of the force hides the impact of

sign changes; as we will demonstrate in the next subsection,

this last caveat is significant.

On the basis of this sharp change in the character of the

dominant forces very shortly after black hole formation, we

divide our account of debris dynamics into two epochs, pre-

and post-collapse.

3.2. Pre-collapse

3.2.1. Angular momentum

The three rows of images in Figure 5 illustrate the distribu-

tion within the orbital plane of the two sources of torque—

azimuthal gravitational force arising from non-axisymmetry

in the spacetime and azimuthal pressure force—during the

period just before collapse to a black hole (at this stage in

the debris evolution, the magnetic field remains too weak to

exert significant stress). Given the comparison between the

mass-weighted integrals of their absolute values (as shown in

Fig. 3), it’s not surprising that the gravitational torque is, in

most areas, the dominant one. However, this is not the case

everywhere.

One important locational distinction is that the merged

neutron star occupies roughly the region inside the central

density contour. Essentially all the volume at which the grav-

itational torque reaches its maximum lies within this bound-

ary. Consequently, although gravitational torque clearly

dominates inside the merged neutron stars, it is not so clearly

dominant in the debris that will ultimately become the or-

biting disk. Also, mergers of binary neutron stars and black

hole–neutron star binaries claim how dominant the gravita-

tional torque is (Foucart et al. 2013, 2019; Shibata & Ho-

tokezaka 2019; Most et al. 2021).

Another is that the gravitational torque varies with loca-

tion much more smoothly than the hydrodynamic torque.

The magnitude of the gravitational torque is close to axisym-

metric, with the pattern broken only by four narrow chan-

nels of weak torque. By contrast, there is a very sharply-

defined m = 2 spiral wave pattern in the pressure gradi-

ent; at wave crests, the hydrodynamic torque is compara-

ble to the maximum due to gravity. Moreover, whereas the

peak hydrodynamic torque can be found primarily at the spi-

ral wave crests, which extend to radii ≳ 20rg , the greatest

gravitational torque is restricted to a compact region inside

≲ 10rg . In addition, as the bottom right panel demonstrates,

the gravitational torque fades during the last ∼1ms before

collapse; although the hydrodynamic torque weakens some-

what shortly before collapse, the contrast with its strength

∼1–2ms earlier is smaller.

However, the most important contrast in the two torques’

spatial distribution has to do with their signs. The hy-

drodynamic torque is, in all but a very few places, pro-

grade. In sharp contrast, the sign of the gravitational torque

switches from quadrant to quadrant (where the magnitude

passes through zero), exhibiting strong inversion symmetry

concerning the origin until very shortly before the system

collapses to a black hole. The existence of these sign changes

raises the possibility that the net rate of change in the angular

momentum due to gravitational torques might be consider-

ably less than the integral of the torque’s absolute value.
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Figure 2. Evolution of uφ (A: upper panel) and ut (B: lower panel) for the 287 survivor particles, including both bound and unbound particles.

The vertical dashed line marks the moment the black hole forms.

To evaluate the effect of varying signs of torque on the

matter that will eventually enter the orbiting debris disk, we

compute the mean gravitational torque acting on the entire

survivor subset of the tracer particles at several sample times.

We find that the net gravitational torque on the entire popu-

lation of surviving tracer particles is smaller than the integral

of its absolute value by an order of magnitude.

As a standard of comparison, we compute the population

means of the hydrodynamic torque for the same set of sur-

vivor particles ( Fig. 3). In the period before black hole col-
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Figure 3. Total gravitational and hydrodynamic torques per rest-mass (in units of c2) as a function of time from shortly after the neutron

stars touch to ≈4ms after the black hole is formed. Curves show the absolute value of the gravitational torque (blue dashed line) and the

hydrodynamic torque (solid brown line) integrated over the entire volume. Sums of the signed gravitational and hydrodynamic torques acting

on the survivor tracer particles are shown by blue triangles and brown stars, respectively. All of these signed values are positive. The inset

shows the longer-term behavior of the integrated magnitude of ∂tjhydro. The vertical dashed line marks the moment the black hole forms.

.

Figure 4. Total gravitational and hydrodynamic rates of energy change per rest-mass (in units of c3/rg) from shortly after the neutron stars

touch to ≈1ms after the black hole is formed. As in Fig.3, curves are integrated absolute values, triangles and stars are the summed signed

values. Positive signs are shown with simple points; circles around points denote negative sign. Although not shown in this plot, the absolute

magnitude of Ėhydro at later times evolves similarly to ∂tjhydro. The vertical dashed line marks the moment the black hole forms.
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lapse, the ratio between the net gravitational and hydrody-

namic torques is considerably smaller than the ratio of their

absolute magnitudes, ranging from ≈0.5 to ≈4 rather than

having a consistent value ≈10 (both net torques are consis-

tently positive). This “Eulerian” result can also be under-

stood in a “Lagrangian” sense by considering the time de-

pendence of the torque on individual fluid elements. Viewed

this way, the gravitational torque cancellation is due to the ro-

tation of the merged neutron star. Whereas it rotates at close

to the break-up rate, i.e., with a period ≈0.5ms, the angular

speed of the orbiting debris is an order of magnitude slower.

Consequently, over the ∼1ms duration of strong gravita-

tional torques, a fluid element sees the sign of the torque

exerted on it flip four times per orbit, for a total of ∼5–10

times. Exactly this sort of behavior can be seen in Figure 6, in

which the angular momentum of the tracer particles changes

in a roughly sinusoidal fashion, but with superposed shorter

timescale fluctuations and an overall increasing trend.

The combination of all these effects—the locally strong,

but alternating sign, gravitational torque, and the locally

much weaker but consistently prograde sign of the hydrody-

namic torque—accounts for the small net increase in angular

momentum of the debris mass during this period. Although

gravitational torque remains the single largest contributor, its

strong internal cancellation makes the pressure torque nearly

as large a contributor to the net change in angular momen-

tum.

3.2.2. Energy

The source term for the energy-like primitive variable in

IllinoisGRMHD (see eqn. 10) is rather complex. In order

to represent its principal features, we study a proxy, ∂gtt/∂t,
for the rate of change of energy per unit rest-mass. This is

effectively present within the source term through the rela-

tion gtt = −α2 + γijβ
iβj . The rate of energy change due to

hydrodynamic forces is −(ux∂xP + uy∂yP )/ρ.

Unlike the situation for torque, in terms of absolute value,

the hydrodynamic portion is the dominant contributor to en-

ergy change throughout the merger: it is ∼3–10 times larger

than the time-varying gravity portion before black hole col-

lapse (see both Figure. 2b and Fig. 7). Because the gravi-

tational work, like the gravitational torque, changes sign be-

tween quadrants, the contrast between the net energy change

due to pressure forces and that due to gravity is even larger

than the contrast in absolute value, typically ∼100.

Also unlike the torque, the signs of both the hydrodynamic

and the gravitational net energy change are functions of time;

the overall net follows the sign of Ėhydro because its mag-

nitude is so much larger. It is mostly, but not exclusively,

negative from ≈14ms to ≈15.5ms (see Figure. 4), but—

for the surviving particles— consistently strongly positive

for the last ≈1ms before black hole collapse. For the par-

ticles swiftly captured by the black hole, the magnitude of Ė
is similar but much more mixed in sign.

Interestingly, as can be seen in both Figure 4 and Figure 7,

the absolute magnitude of neither Ėhydro nor Ėgrav changes

appreciably from the moment of stellar contact to the time

of black hole collapse. Because Ėgrav has a highly symmet-

ric spatial distribution, and the spatial distribution of Ėhydro,

while less symmetric, still exhibits rough parity in total vol-

ume between positive and negative portions, any net sign in

Ė is due to a positional correlation between the survivor par-

ticles and the spatial pattern of Ė. Put another way, the parti-

cles that survive are the ones that, integrated over time, have

spent the most time in regions where Ė is both positive and

relatively large in magnitude.

3.3. Post-collapse

3.3.1. Angular momentum

As shown in Figure 8, both the gravitational torque and the

pressure torque change qualitatively after the black hole is

created. The black hole should relax to a pure Kerr spacetime

on a timescale of a few tens of GM/c3, i.e., a few tens of a

millisecond in this case; it is then, by definition, exactly ax-

isymmetric with respect to its spin axis, and therefore exactly

preserves orbiting material’s angular momentum component

parallel to the spin (Echeverria 1989; Berti et al. 2015, 2018;

Sarin & Lasky 2021). However, as can be seen in this figure,

a small amount of nominal gravitational torque (∼10−2c2)

remains post-collapse. We surmise that this is a gauge ef-

fect.4

The coordinates associated with the numerical relativity

solution are time-dependent in the sense that a coordinate ba-

sis (i.e., one in which the spatial metric is diagonal) rotates

and also expands radially; put another way, the shift vectors

correspond to an expanding rotating flow whose rotation rate

is larger than that of the ZAMO frame for the Kerr spacetime

(Smarr 1973; Frolov & Frolov 2014; Braeck 2023). Numer-

ical effects may create an apparent asymmetry in the shift

vectors compensated by symmetry in the coordinate defini-

tions so that physical axisymmetry is preserved.

More importantly, the hydrodynamic torque is much larger,

and both its spatial distribution and its overall magnitude

change with time past the collapse. Although spiral waves

are present both before and after collapse, they become much

less distinct and symmetric as the black hole forms and in

the milliseconds following (the beginning of this process can

be seen in the 16.55ms image in Figure. 5). After black

hole collapse, the region in which the torque is >10−3c2

becomes much larger, filling nearly the whole orbital plane

within ≈10rg . Simultaneously, the integrated absolute mag-

nitude of ∂tjhydro grows (see inset in Fig. 3). Approximately

3ms post-collapse, the hydrodynamic torque reaches a max-

imum at roughly ∼10 times the level seen at the time of the

collapse. Beginning a few ms later, the magnitude of the hy-

drodynamic torque diminishes as some of the debris (∼30%)

4 It is unlikely to be due to mass remaining on the grid because even at
17.4 ms, the mass on the grid is only ≈ 1.5% of the total mass, and to create
this level of torque with a quadrupolar spatial distribution, the quadrupole
moment of the mass would need to be order-unity. However, the density
contours in Fig. 8 show no sign of such a large quadrupole moment.
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Figure 6. Evolution of uφ for 10 randomly selected survivor particles between 13 to 17 ms, including both bound and unbound particles. The

vertical dashed line marks the moment the black hole forms.

falls into the black hole, while the remainder expands out-

ward.

Moreover, as shown in the middle panels of Figure 8, the

pressure torque per unit mass frequently goes negative, al-

though it is significantly negative in a smaller volume than

where significantly positive specific torque can be found.

That it is frequently negative is, of course, an expression of

angular momentum conservation because the end of gravita-

tional torque means that there is no longer any angular mo-

mentum source for the orbiting matter. Comparison with

density images (with finer contours than shown in Fig. 8)

demonstrates that regions of large positive specific torque lie

on the leading edges of spiral wave density maxima—where

the specific torque is negative.

Because the hydrodynamic torques can redistribute an-

gular momentum within the gas, but cannot change its to-

tal amount, the total signed hydrodynamic torque can differ

from zero only by the amount of angular momentum leav-

ing the grid (e.g., by accretion onto the black hole). For this

reason, if this were a competely closed system, fluid forces

could change the shape of the angular momentum distribu-

tion, but not its mean value. However, there actually is evo-

lution in both the mean, which moves toward greater values,

and the shape of the distribution, which widens over time (see

Figures. 1 and 9). Particles with small absolute values of an-

gular momentum are quickly lost into the black hole, with the

result that the mode of the distribution moves toward larger

values, reaching ≈ 2.5rgc at t = 30 ms. At the same time,

randomness in the sign of the azimuthal pressure gradients

encountered by fluid elements broadens the distribution; it

also creates the extended tail toward retrograde angular mo-

mentum.

Provided only that the pressure in the gas is small com-

pared to the local gravitational potential, the distribution of

mass with angular momentum maps directly onto the surface

density profile of the disk:

Σ(r) =
1

2πr

dm

dr
=

1

2πr

dm

dj

dj

dr
≈

(

GMBH

16π2r3

)1/2
dm

dj
,

(17)

where the last semi-equality is exact in the Newtonian

limit. Because dm/dj remains fairly narrowly-peaked even

at 30.1ms (half-width at half-maximum ≈1.25 rgc), the ini-

tial surface density profile of the debris is concentrated near

the radial coordinate at which circular orbits have specific an-

gular momentum ≈2.5rgc. In other words, the narrowness of

the angular momentum distribution given to the surviving de-

bris places this debris into a narrow ring. The relatively small

value of the debris’ angular momentum means that this ring

generally lies not far outside the ISCO; in fact, for this par-

ticular simulation, in which a black hole with spin parameter

χ ≈ 0.8 was formed, the angular momentum of an ISCO or-

bit is ≈2.38rgc, so that almost half the debris rapidly spirals

into the black hole.

3.3.2. Energy

Just as the axisymmetry of Kerr spacetime forbids gravita-

tional torque, Kerr spacetime’s time-independence prohibits

gravitational work. The consequences for the distribution

function of ut are therefore analogous to those found for the
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Figure 9. Distribution of particle number per unit ut (left panel) and uφ (right panel) for the particles within the problem volume and outside

the black hole’s ISCO at three times: 16.71ms (the moment of black hole formation; red curve), 18.10ms (green curve), and 30.1ms (blue

curve). The three distributions in each panel are normalized to have the same integral.

distribution function of uφ: energy gained by one fluid ele-

ment comes at the expense of another. Also like the angular

momentum, because this is not a closed system, the distribu-

tion function of the remaining material can evolve. As shown

in different ways in both Figure 2b and Figure 9 (left panel),

the mean orbital energy of the matter on the grid but outside

the ISCO increases slightly after black hole collapse. Little

of this change is accomplished in the first few milliseconds,

but by ∼13ms after the black hole forms, the mode of the

binding energy per unit mass has decreased from ≈0.05c2 to

≈0 (note that our metric signature makes ut ≤ −1 for un-

bound particles and ut > −1 for bound particles).

At the same time, this distribution, unlike the angular mo-

mentum distribution, narrows: whereas it extended from

ut ≈ −1.15 to almost ut ≈ −0.75 when the black hole

formed, it spans only the range from ut ≈ −1.05 to ut ≈
−0.9 ∼13ms later. The reason for this contrast is that parti-

cles at both energy extremes have left the grid: the strongly

unbound material moves outward and has left the problem

volume by the last time we record, while the more deeply

bound matter falls into the black hole.

4. DISCUSSION

4.1. Debris mass

The goal of our program is to identify the mechanisms reg-

ulating the initial state of the orbiting debris disk, the seat of

so much of the phenomenology of binary neutron star merg-

ers. The most basic quantity describing this disk is its total

mass. As we have shown, not very surprisingly, the principal

criterion determining whether neutron star material is left in

the disk or captured is its orbital energy (see Figs. 1 and 9).

The new element uncovered here is that when collapse

to a black hole happens quickly, the orbital energy of mat-

ter changes dramatically in the ∼2ms before the black hole

forms; although there is a range of fluid element energy his-

tories, on average, their energy first decreases, then increases.

To escape the collapse, a fluid element’s binding energy must

be reduced to ≲0.05 in rest-mass units. This is largely ac-

complished by hydrodynamic interactions in the matter be-

ing squeezed out of the merging neutron stars. The surviving

matter is the portion of the matter outside the merged star

with the most net energy gain.

4.2. Debris energy

At the time of black hole collapse, the core of the energy

distribution function is quite symmetrical around its mode at

binding energy ≈0.02. After collapse, although nearly all

debris with binding energy > 0.05 is captured into the new

black hole, the wing of the distribution on the unbound side

remains, stretching out to ∼0.1 rest-mass of kinetic energy at

infinity.

Because achieving a time-independent spacetime means

that gravity cannot alter particle energy, any further evolu-

tion of the distribution function is due to two mechanisms:

pressure gradients doing work and removal of mass as the

black hole captures additional mass.

4.3. Angular momentum

Perhaps the greatest surprise in our analysis is that even

during the few milliseconds before collapse to a black hole

when the spacetime is most dynamic and asymmetric, the

net torque exerted on the fluid elements that survive collapse

is delivered in roughly comparable amounts by gravity and

hydrodynamic forces.

The key factor promoting the relative strength of pressure

forces is that the torques due to pressure are almost entirely

prograde, whereas the total retrograde torque due to gravity is

almost as large as the total prograde torque. The preponder-

ance of prograde hydrodynamic torque follows directly from

the rotation of the newly—merged neutron star. As shown

in the top-left and middle-left panels of Figure. 5 (at times

≈1–2ms before black hole collapse), tidal forces stretch the

merged star’s diameter along a particular axis in its frame.

The same density data is shown in Figure 10, but contrasted

with the specific angular momentum rather than torque. Be-

cause the merged pair of neutron stars rotate effectively as a

solid body, the specific angular momentum increases in pro-

portion to the square of the distance from the rotation axis.

When uφ ≳ 3, its rotational kinetic energy is large enough to

unbind it from the star (see Fig. 10; because the merged star’s
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to compression like an ideal gas,

dm/dj ∝ α−4/5j−1/5(RT /RR)
4/5. (18)

Here RT and RR embody the low-j cut-off and their ratio

is generally close to unity (Krolik 1999). The angular mo-

mentum distribution with which the disk around a freshly-

made neutron star merger is furnished is very different: in

rough terms, it is a narrow Gaussian peaking at a few rgc (in

the example studied here, ≈2.5rgc) then a slowly-declining

power-law.

We therefore conclude that debris disks around neutron

star mergers are very far from a state of inflow equilibrium.

Predictions of their subsequent evolution beginning from an

equilibrium state (see e.g, Fernández et al. 2015; Radice et al.

2016; Just et al. 2015; Siegel & Metzger 2017; Miller et al.

2019) are therefore very unlikely to reflect such disks’ actual

evolution. That this should be so is hardly a surprise. There

is nothing in the structure of neutron stars or the dynamics of

their merger that has any connection to the processes, such as

magnetic stresses arising from orbital shear-correlated MHD

turbulence, governing their local rates of mass flow.

In addition, because the gross surface density profile of a

disk evolves on the same timescale as it accretes, it immedi-

ately follows that by the time the disk might relax toward an

equilibrium state, it has also become depleted by accretion

onto the black hole (or massive neutron star). Post-merger

disks are therefore intrinsically transient.

A further distinctly non-equilibrium feature of these disks

is that these disks are born with a magnetic field that has

yet to be amplified by the magnetorotational instability to its

fully saturated intensity. Because the disk begins with its

mass confined to a rather narrow annulus, one might then ask

how the magnetic field develops at larger radii as the disk

spreads out. As the gas moves outward, does it carry fully-

developed turbulent magnetic field, or does the matter move

outward and then wait for the magnetorotational instability to

grow? We speculate that the first option is most likely on the

ground that the surface density radial diffusion time is much

longer than the time for the turbulence to reach saturation

locally (∼10 orbits).5

4.5. Generality of these conclusions

Because our investigation is based entirely on a single

simulation, one might reasonably ask whether our conclu-

sions are sensitive to either parameters (e.g., the neutron star

masses) or choices about poorly-understood physics (e.g., the

nuclear equation of state). We cannot confidently answer this

question at a quantitative level regarding the relative contri-

butions of the different forces. Nonetheless, there are several

plausibility arguments supporting our conclusions’ qualita-

tive generality.

5 Fluid elements in an accretion disk have a characteristic radial diffusion
rate ∼ (h/r)2Ω⟨BrBφ⟩/(4πP ), where h is the vertical scale height, Ω
is the local orbital frequency, and Br,φ represents the radial and azimuthal
components of the magnetic field. Because the field is turbulent, the net
stress at a given location is the time-average of BrBφ/4π.

The importance of hydrodynamic torques relative to grav-

itational torques pre-collapse rests on a very general prop-

erty: the quadrupolar character of the torque-inducing grav-

itational field. A rotationally symmetric torque distribution

with alternating signs of the torque is an immediate conse-

quence, and mutual cancellation directly follows.

That hydrodynamic forces dominate post-collapse evolu-

tion must certainly be general. Once the merged neutron star

collapses to a black hole, its gravity must be both axisymmet-

ric and time-steady, removing any possibility of gravitational

change in the debris’ angular momentum or energy. Even if

the remnant neutron star is stable, it, too, quickly relaxes to

an axisymmetric time-steady state. The only mechanism by

which it could affect debris disk dynamics is through inter-

action with its magnetic field.

The narrowness of the angular momentum distribution fol-

lows from the existence of a characteristic value of the angu-

lar momentum, the value in the outer surface of the rotating

merged neutron star. The particular value of this quantity is

tied to the break-up specific angular momentum of the neu-

tron star, ∝ (M1 + M2)
1/2R

1/2
ns η, where η is the symmet-

ric mass-ratio M1M2/(M1 + M2)
2. Here the neutron star

radius Rns is taken to be independent of neutron star mass

because it is a rather slowly-varying function of that quantity

(see e.g, Lasota et al. 1996; Koranda et al. 1997; Douchin &

Haensel 2001; Read et al. 2009; Bauswein et al. 2012; Fryer

et al. 2015; Özel & Freire 2016; Margalit & Metzger 2017;

Wei et al. 2019; Lattimer 2019; Konstantinou & Morsink

2022). Because neutron star masses have a comparatively

narrow range, the mean specific angular momentum of the

debris therefore varies over only a factor ∼O(1). An exten-

sive study of this quantity for many choices of total mass,

mass ratio, and equation of state, including cases leading to

a long-lived neutron star as well as rapid collapse to a black

hole arrived at exactly this result: that ⟨uφ⟩ in the debris is

always found between ≈2.5–4rgc (Camilletti et al. 2024).

5. SUMMARY

We began this paper with a question: what determines the

initial structure of the debris disk, the machine responsible

for nucleosynthesis and many of the EM signals associated

with neutron star mergers? There are numerous elements

contributing to the answer to this question. The principal

ones we have found include:

The mechanisms that produce the energy and angular mo-

mentum of the debris disk’s matter act during two distinct

periods. The first extends from the moment the neutron stars

touch until the end of the dynamic spacetime, i.e., until a

black hole forms and its spacetime relaxes to Kerr, or a long-

lived neutron star similarly settles into a secularly evolving

equilibrium. The mean values of orbital energy and angular

momentum, ut and uφ, are determined during this period.

The second begins from the time the remnant, whether a

black hole or a massive neutron star, relaxes to a nearly time-

steady and axisymmetric state. During this epoch, both the

total angular momentum and the total energy of the debris

outside the remnant are constant except as a result of debris
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leaving the region, whether by accretion onto the remnant or

by becoming unbound and escaping the system. However,

irregular pressure forces can exchange angular momentum

and energy between fluid parcels, broadening their distribu-

tions, although the extent of the broadening can be curtailed

by mass leaving the disk.

During the first period, although the absolute magnitude of

torques due to non-axisymmetric gravity dominates hydro-

dynamic forces by roughly an order of magnitude, the geo-

metric symmetry of sign changes in the gravitational torque

substantially diminish its net effect, leaving its influence on

bound debris angular momentum roughly comparable to that

of pressure forces. The hydrodynamic torques transfer angu-

lar momentum from the merged neutron star to the surround-

ing gas because the gas escaping from the merged neutron

star’s interior has less angular momentum than the rotating

outer layers of the merged neutron star, which drive shocks

through the surrounding gas.

In this period, the net effect of hydrodynamic forces on the

energy of the fluid is roughly two orders of magnitude greater

than that of gravity. In the simulation analyzed here, for the

first 2–3ms after contact the material tends to lose energy,

while in the last ∼1ms before collapse to a black hole, it

gains energy. The matter that enters the debris disk is, not

surprisingly, the matter having the greatest energy.

During the second period, gravity cannot change the fluid’s

total amount of either angular momentum or energy, but

shocks and other events in the material can exchange both

quantities, altering the distribution functions of both quanti-

ties.

The end-result is that the mass of the debris disk is initially

strongly concentrated in radius because its angular momen-

tum distribution is very narrow. The mean specific angular

momentum of the orbiting matter is close to that of the outer

regions of the rotating merged neutron star before it relaxes to

axisymmetry. When the fluid’s mean angular momentum has

this value, if a black hole forms, the great majority of the disk

is found close to its ISCO; if the remnant is a massive neu-

tron star, the disk’s material is just outside the star’s surface.

In both cases, its radial profile of surface density is far from

equilibrium and must evolve substantially once the material

develops internal stresses (presumably magnetic) capable of

transporting angular momentum radially.
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Özel, F., & Freire, P. 2016, ARA&A, 54, 401,

doi: 10.1146/annurev-astro-081915-023322

Pian, E. 2023, Universe, 9, 105, doi: 10.3390/universe9020105

Radice, D., Bernuzzi, S., & Perego, A. 2020, Annual Review of

Nuclear and Particle Science, 70, 95,

doi: 10.1146/annurev-nucl-013120-114541

Radice, D., Galeazzi, F., Lippuner, J., et al. 2016, MNRAS, 460,

3255, doi: 10.1093/mnras/stw1227

Radice, D., Perego, A., Zappa, F., & Bernuzzi, S. 2018a, ApJL,

852, L29, doi: 10.3847/2041-8213/aaa402

—. 2018b, ApJL, 852, L29, doi: 10.3847/2041-8213/aaa402

Read, J. S., Lackey, B. D., Owen, B. J., & Friedman, J. L. 2009,

PhRvD, 79, 124032, doi: 10.1103/PhysRevD.79.124032

Roberts, L. F., Kasen, D., Lee, W. H., & Ramirez-Ruiz, E. 2011,

ApJL, 736, L21, doi: 10.1088/2041-8205/736/1/L21

Rosswog, S., & Davies, M. B. 2002a, MNRAS, 334, 481,

doi: 10.1046/j.1365-8711.2002.05409.x

—. 2002b, MNRAS, 334, 481,

doi: 10.1046/j.1365-8711.2002.05409.x

Rosswog, S., & Korobkin, O. 2024, Annalen der Physik, 536,

2200306, doi: 10.1002/andp.202200306

Rosswog, S., & Ramirez-Ruiz, E. 2002, MNRAS, 336, L7,

doi: 10.1046/j.1365-8711.2002.05898.x

Ruiz, M., Lang, R. N., Paschalidis, V., & Shapiro, S. L. 2016,

ApJL, 824, L6, doi: 10.3847/2041-8205/824/1/L6

Ruiz, M., Shapiro, S. L., & Tsokaros, A. 2021, Frontiers in

Astronomy and Space Sciences, 8, 39,

doi: 10.3389/fspas.2021.656907

Sarin, N., & Lasky, P. D. 2021, General Relativity and Gravitation,

53, 59, doi: 10.1007/s10714-021-02831-1

Schnetter, E., Hawley, S. H., & Hawke, I. 2004, Class. Quant.

Grav., 21, 1465, doi: 10.1088/0264-9381/21/6/014

Sekiguchi, Y., Kiuchi, K., Kyutoku, K., Shibata, M., & Taniguchi,

K. 2016, PhRvD, 93, 124046,

doi: 10.1103/PhysRevD.93.124046

Shibata, M., Fujibayashi, S., Hayashi, K., Kiuchi, K., & Wanajo, S.

2023, IAU Symposium, 362, 190,

doi: 10.1017/S1743921322001351

Shibata, M., & Hotokezaka, K. 2019, Annual Review of Nuclear

and Particle Science, 69, 41,

doi: 10.1146/annurev-nucl-101918-023625

Siegel, D. M., & Metzger, B. D. 2017, PhRvL, 119, 231102,

doi: 10.1103/PhysRevLett.119.231102

Smarr, L. 1973, PhRvD, 7, 289, doi: 10.1103/PhysRevD.7.289

Troja, E., Piro, L., van Eerten, H., et al. 2017, Nature, 551, 71,

doi: 10.1038/nature24290



20

Villar, V. A., Guillochon, J., Berger, E., et al. 2017, ApJL, 851,

L21, doi: 10.3847/2041-8213/aa9c84

Vincent, T., Foucart, F., Duez, M. D., et al. 2020, PhRvD, 101,

044053, doi: 10.1103/PhysRevD.101.044053

Wei, J. B., Figura, A., Burgio, G. F., Chen, H., & Schulze, H. J.

2019, Journal of Physics G Nuclear Physics, 46, 034001,

doi: 10.1088/1361-6471/aaf95c

Werneck, L. R., Etienne, Z. B., Murguia-Berthier, A., et al. 2023,

PhRvD, 107, 044037, doi: 10.1103/PhysRevD.107.044037

Zenati, Y., Krolik, J. H., Werneck, L. R., et al. 2023, ApJ, 958, 161,

doi: 10.3847/1538-4357/acf714


	Introduction
	Calculation
	Overview
	Physics treated and equations solved
	Numerical setup
	Diagnostics of tracer particle dynamics 
	Physical interpretation of coordinate-dependent quantities

	Results
	Overview
	Pre-collapse
	Angular momentum
	Energy

	Post-collapse
	Angular momentum
	Energy


	Discussion
	Debris mass
	Debris energy
	Angular momentum
	Long-term effects of the debris angular momentum distribution
	Generality of these conclusions

	Summary

