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Abstract

We examine the long-term evolution of accretion tori around the remnants
of compact object mergers and the explosions of highly magnetized massive
stars to better understand their roles in the creation of optical transients and
the synthesis of r-process elements. We begin by modifying the FLASH4 .5 code
to evolve magnetohydrodynamics with simple neutrino transport and a realis-
tic equation of state in 3D spherical coordinates, and provide verification tests.
With this new framework, we evolve post-merger systems of tori around black
holes and hypermassive neutron stars. We find that magnetic stresses, neutrino
driven winds, and thermal effects eject outflows with a broad range of electron
fractions, velocities and entropies, sufficient to power kilonovae and produce
up to 3rd peak r-process elements. While the ejecta from our simulations can-
not match the masses and velocities inferred from two component kilonova
modelling of GW170817, more detailed multidimensional kilonova models are
needed to see if our outflows are consistent with observations of the blue kilo-
nova. Finally, we detail the modifications to the neutrino scheme and treatment
of gravity in FLASH4.5 necessary to run simulations of magnetorotational su-

pernovae, along with further verification tests.
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Preface

This thesis is an original work by Steven Fahlman. Chapters 2 to 5 of
this thesis were published in the Monthly Notices of the Royal Astronomical
Society as “Steven Fahlman, Rodrigo Fernandez, Long-term 3D MHD simu-
lations of black hole accretion discs formed in neutron star mergers, Monthly
Notices of the Royal Astronomical Society, Volume 513, Issue 2, June 2022,
Pages 2689-2707”. For this thesis, the introduction of “Long-term 3D MHD
simulations of black hole accretion discs formed in neutron star mergers” has
been removed, and a new short introduction was put in its place. The appen-
dices have been moved to Chapters 2, 3, and 4, and Chapter 5 contains the
main body of text. For this paper I developed the code with Rodrigo, and ran
the simulations. The main body of text was written by me, and subjected to
editing by Rodrigo.

Chapters 6 and 7 were accepted by the Monthly Notices of the Royal As-
tronomical Society as “Steven Fahlman, Rodrigo Fernandez, Sharon Morsink,
Secular Outflows from 3D-MHD Hypermassive Neutron Star Accretion Disk
Systems” in August 2023. Again the introduction has been rewritten, and the
appendix has been moved to Chapter 6. For this paper I developed the FLASH
code with Rodrigo, and ran the simulations. Sharon developed the NewtNeut
code for implementing a hypermassive neutron star in Newtonian self-gravity,
with a realistic equation of state. The main body of text was written by me,

and edited by Rodrigo and Sharon.
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Chapter 1

Introduction

The rapid neutron capture process, or r-process, is thought to be an astrophys-
ical nucleosynthesis path responsible for creating about half of the heaviest
elements in the universe. In the r-process, large numbers of neutrons are cap-
tured onto seed nuclei at a rate much faster than that of S-decays. This allows
the seed nuclei to reach the neutron drip line, where it becomes energetically
unfavourable to add more neutrons. The neutron-rich nuclei then become un-
stable to f-decay, increasing the ratio of protons to neutrons and allowing for
additional neutron captures, creating a characteristic chain of elements built
up in the r-process (Burbidge et al., 1957). The conditions for the r-process
to occur depend sensitively on the neutron richness of the material, character-
ized by the electron fraction, the ratio of electrons to baryons in the plasma
(Yo = ny/[np + nnl), as well as the entropy and expansion time scale of the
material (Kasen et al., 2015; Lippuner and Roberts, 2015; Cowan et al., 2021).
The entropies, electron fractions and velocities of ejecta from neutron star (NS)
mergers and rare energetic supernovae are thought to match the conditions for
the r-process to occur, leading to them being proposed as astrophysical sites

for the production of r-process elements. (Li and Paczynski, 1998; Coté et al.,



2018; Cowan et al., 2021; Siegel, 2022).

The originally envisioned site for r-process element production in NS merg-
ers was in “dynamical ejecta” from tidal forces and shocks from the contact
interface between the two stars (Li and Paczyriski, 1998; Eichler et al., 1989).
The dynamical ejecta has been shown though numerical simulations to unbind
> 1072 M, worth of ejecta traveling at < 0.3c¢ on timescales of ms, and the
majority of this ejecta channel has an electron fraction below the cutoff neces-
sary for lanthanide creation through the r-process (See e.g., Radice et al. 2020;
Perego et al. 2020; Rosswog and Korobkin 2022; Janka and Bauswein 2022 for

recent reviews).

However, depending on the NS binary properties, the post-merger system
is thought to be comparable to or dominate the dynamical ejecta, (Wu et al.,
2016; Radice et al., 2018; Margalit and Metzger, 2019; Kriiger and Foucart,
2020; Fujibayashi et al., 2020c; Nedora et al., 2021), with simulations finding
ejecta masses of ~ 1072 M, on a timescale of > 1s out of initially bound
material that coalesced into an accretion torus. This is often referred to as
“secular ejecta”; or “disk winds” (See e.g. Ferndndez and Metzger 2016; Siegel
2019; Radice et al. 2020; Shibata and Hotokezaka 2019; Shibata et al. 2020 for

recent reviews).

If the remnant in the post-merger system is a black hole (BH), a significant
portion of the matter in the accretion disk is ejected as the torus evaporates on
a timescale of seconds primarily via neutrino irradiation and magnetic stresses.
Simulations of post-merger BH-tori have shown neutrino self-absorption and
emission to be modestly important in driving mass outflows, as well as setting
the electron fraction of the disk outflows through the weak interactions (e.g.,

Shibata and Sekiguchi 2012; Fernandez and Metzger 2013; Perego et al. 2014;



Just et al. 2015). The dominant channel of secular mass ejection in the accre-
tion torus is turbulence induced by the magnetorotational instability (Balbus
and Hawley, 1991, 1992, MRI), often referred to as “thermal” ejecta. Resolving
mass ejection from the MRI requires resolving the wavelength of most unstable
mode of the MRI (e.g., Hawley and Balbus 1991; Duez et al. 2006) for second
long timescales, in 3D to avoid suppressing the MRI dynamo (Cowling, 1933).
To reduce this high computational expense, studies have utilized various dif-
ferent effective viscosities to mimic the effects of angular momentum transport
via the MRI (e.g., Shakura and Sunyaev 1973; Stone et al. 1999; Radice 2020;
Just et al. 2023). Simulations including viscous angular momentum transport
and neutrino effects in BH disks have reached a broad consensus that the disk
can eject ~ 1072 My, of ejecta with v < 0.05¢ and Y, ~ 0.2 — 0.3 for tori with
M; 2 3 x 1072 (Ferndndez and Metzger, 2013; Perego et al., 2014; Just et al.,
2015; Foucart et al., 2020; Fernandez et al., 2020; Fujibayashi et al., 2020a;
Nedora et al., 2021; Just et al., 2022, 2023). However, recent MHD studies
have shown that viscous simulations represent an effective lower limit on the
mass and velocity of the ejecta from the post-merger system. Including mag-
netic fields self-consistently tends to eject a factor of two more total ejecta in
BH disk setups from initial magnetized winds in addition to the thermal out-
flows (e.g., Hossein Nouri et al. 2018; Siegel and Metzger 2018; Fernandez et al.
2019b; Christie et al. 2019; Miller et al. 2019; Hayashi et al. 2022; Just et al.
2022; Fahlman and Fernandez 2022; Curtis et al. 2023b).

Alternatively, if the total mass of the merging NSs does not exceed ~ 1.5
times the maximum mass of a cold, non-rotating NS for a given equation of state
(EOS), the merger can form a hypermassive NS (HMNS) supported against

gravitational collapse by differential rotation and thermal pressure (Baumgarte



et al., 2000; Kaplan et al., 2014; Hanauske et al., 2017; Tosif and Stergioulas,
2022; Radice and Bernuzzi, 2023). Due to redistribution of angular momentum
through magnetic winding and the MRI, as well as the loss of thermal support
via neutrino emission, the HMNS will eventually collapse to a BH on a timescale
of ~ 1—-100ms. Simulations of post-merger HMNS-disk systems have shown the
HMNS can power neutrino-driven and mechanically-driven winds in axisym-
metric viscous simulations (e.g., Lippuner et al. 2017; Fahlman and Fernéndez
2018; Shibata et al. 2021a; Fujibayashi et al. 2023; Just et al. 2023) and addi-
tional magnetized winds in full 3D (GR)MHD (Kiuchi et al., 2012; Siegel et al.,
2014; Ciolfi and Kalinani, 2020; Mésta et al., 2020; de Haas et al., 2022; Ki-
uchi et al., 2022; Combi and Siegel, 2023; Curtis et al., 2023a). These outflows
tend to be fast, with magnetized neutrino-driven winds reaching velocities of
v 2 0.25¢. The additional neutrino irradiation from the HMNS will further
raise the electron fraction of the disk, and the post-merger ejecta can therefore
have a broad distribution of electron fractions, 0.1 < Y, < 0.5, depending on
the lifetime of the HMNS and the timescale of the mass ejection mechanisms as
compared to the timescale of weak interactions. After the HMNS collapses, the
system then resembles those of BH tori, which will continue to eject material
mostly in slower thermal outflows. The secular outflows are still thought to
produce r-process elements, although the exact abundances are dependent on
the binary system (e.g., Nedora et al. 2021; de Haas et al. 2022; Fahlman and

Fernandez 2022; Curtis et al. 2023b; Fujibayashi et al. 2023).

The outflow from the NS merger produces an observable electromagnetic
(EM) counterpart powered by the radioactive decay of the elements synthesized
in the ejecta, known as a kilonova. Generally, ejecta with a higher fraction of

lanthanides (Y, < 0.25) tends to have a large opacity caused by bound-bound



and bound-free line absorption in the large quantity of open d-shells of the
lanthanide and /or actinides (Kasen et al., 2013; Tanaka and Hotokezaka, 2013;
Fontes et al., 2015). This results in a light curve that peaks on a timescale
of days to weeks in the infrared, colloquially referred to as the “red” kilonova.
Alternatively, high electron fraction (Y, 2 0.25) ejecta has a much lower opacity
due to the lack of lanthanide/actinides, causing a peak in the UV /optical on
the timescale of hours to days, called the “blue” kilonova (Barnes and Kasen,

2013; Kasen et al., 2017; Metzger, 2017a; Villar et al., 2017b).

The first NS-NS merger with both gravitational waves and a detectable EM
counterpart, GW170817, was observed to have both a red and blue kilonova
(Chornock et al., 2017; Cowperthwaite et al., 2017; Drout et al., 2017; Tanaka
et al., 2017; Tanvir et al., 2017), which has been naively fit with two-component
kilonova models. These models infer outflows corresponding to a mass of 0.02—
0.05 My in red ejecta with velocity v ~ 0.15¢ and blue ejecta with ~ 0.02 M,
moving at v 2 0.20c (e.g., Villar et al. 2017a,b; Kawaguchi et al. 2018; Metzger
2017b), requiring both a dynamical and secular component to explain the large
mass (2 0.04M) in the outflows. These inferred outflows from the kilonova
broadly matched predictions from simulation and analytical theory. However,
the inference of a fast blue component was in contention with MHD simulations
of BH-accretion disk systems left from NS mergers, assuming a prompt collapse
of the remnant. In general, it was found that the disk wind in BH-tori systems
is not able to drive enough mass in high electron fraction ejecta with relativistic
velocities, leading many to point to the HMNS phase of the merger as necessary
component for powering the blue kilonova (e.g., Metzger et al. 2018; Fahlman
and Fernandez 2018; Ciolfi and Kalinani 2020; Nedora et al. 2021; Curtis et al.

2023a; Combi and Siegel 2023). 3D MHD simulations of HMNS-accretion disk



systems show that the outflows tend to be bluer and faster, but due in part
to the small amount of long-term simulations, there is not yet a consensus on
whether or not these are able match the kilonova of GW170817 (Kiuchi et al.,
2022; Curtis et al., 2023a; Combi and Siegel, 2023). However, more recent
multidimensional kilonova models that include more detailed physics show that
the high electron fraction disk winds powering the blue component may only
be required to be massive (0.05 M), but slow (v ~ 0.05¢) depending on many
factors in the kilonova model (e.g., Kawaguchi et al. 2022; Ristic et al. 2023;
Bulla 2023). Self-consistent end-to-end NS merger simulations with state-of-
the-art microphysics and kilonova models are a promising, but computationally
expensive, way to resolve these issues (Lopez Armengol et al., 2022; Just et al.,

2023; Fujibayashi et al., 2023; Kawaguchi et al., 2023).

While NS mergers remain a confirmed site of r-process nucleosynthesis from
our observations of GW170817, the amount of heavy elements that they con-
tribute to galactic abundances is still an open question. In particular, observa-
tions of the abundances of Eu and Fe in the milky way halo show an enrichment
in r-process elements in young (low metallicity) stars, as well as a large scatter
that is indicative of rare, high yield events. The early time enrichment is in
tension with the delay time required for NS mergers to take place, but the
requirement of a rare, high yield site is inconsistent with the standard neutrino
driven core collapse supernovae (CCSNe) paradigm. (e.g., Qian 2000; Argast
et al. 2004; Hotokezaka et al. 2018; Coté et al. 2018; Kajino et al. 2019; Cowan
et al. 2021; Siegel 2022). To circumvent these issues, rare subsets of CCSNe,
such magnetorotational SNe (MRSNe) are possible candidates to explain the
escape of sufficient low electron fraction material from the proto-NS. In the

MRSN paradigm, one of the dominant energy contributions to the explosion



comes from magnetic fields, requiring the progenitors to be fast rotating and
magnetized. These seed magnetic stresses then drive or aid in the explosion,
and have the potential to launch high velocity jets from the surface of the proto-
NS that can escape the neutrino weak interactions, making them neutron rich
enough for the r-process to occur (Winteler et al., 2012; Nishimura et al., 2017;
Mésta et al., 2018; Reichert et al., 2021).

This thesis is organized as follows. Chapters 2 and 3 of this thesis will
introduce the modifications to the FLASH4.5 code, building upon the work of
Fahlman (2019) to extend the MHD solver to work on non-uniform grids in
3D spherical coordinates, and provide verification tests. Chapter 4 focuses on
improvements to the neutrino leakage/absorption scheme for use with more
massive tori around BHs. Chapter 5 utilizes the previously described setup to
simulate long term accretion disks around BHs and their ejecta in 3D MHD.
We detail changes to the EOS and neutrino leakage scheme necessary for the
inclusion of the HMNS in our simulations in Chapter 6, and Chapter 7 con-
tains long term 3D MHD simulations of HMNS-accretion disk systems. Finally,
Chapter 8 details our changes to the gravity solver and neutrino source terms
in FLASH4 .5 for performing simulations of MRSNe, and in Chapter 9 we sum-

marize our results.



Chapter 2

Magnetohydrodynamics on a

Three Dimensional Curvilinear

Mesh

Previous work has shown than using viscous parameterization of magnetic field
effects is not reliable in recreating a kilonova, due to the difference in out-
flow properties (mass, velocity, composition) from magnetic stresses, primar-
ily at early times (Fahlman and Ferndndez, 2018; Siegel and Metzger, 2018;
Ferndndez et al., 2019b, 2020; Nedora et al., 2021). Simulations in 3D MHD
with appropriate microphysics are therefore required to robustly confirm the
theoretical predictions of kilonovae. We can also use this advancement to imple-
ment a HMNS instead of a reflecting boundary condition, which has associated

uncertainties difficult to quantify.

It is the best practice to use a coordinate system that reflects symmetries
present in the system. In the case of a NS merger, spherical coordinates are

the natural choice to describe a spherical star, and for finite volume codes like



FLASH4 .5, they limit the amount of angular momentum loss from numerical
diffusion which occurs at a more rapid rate when the fluxes are diagonal to
the cell face. The radial coordinate allows for simple implementation of a
logarithmic grid, which is used to focus the resolution of a large domain on
the most complex areas near the initial torus. In this way we can avoid the
large overhead required by adaptive mesh refinement simulations while also
limiting the computational power expended in less important outer regions of
the domain. This reasoning can also be applied to other astrophysical systems,
like mergers of white dwarfs and NSs, CCSNe, and BH accretion (See e.g.,
White et al., 2016; Ferndndez, 2015; Fernandez et al., 2019a; Obergaulinger

and Aloy, 2020)

We can also take advantage of the polar symmetries to implement a grid
which is uniformly spaced in cos#, such that the majority of polar cells are
concentrated towards the midplane. This type of grid focusing has been used
successfully in NS merger setups to reduce the timestep constraints that come
with spherical coordinates, while once again gaining more resolution in impor-

tant regions of the flow (Ferndndez et al., 2019b; Miller et al., 2019).

However, the use of a spherical mesh is not always advantageous due to
the large timestep constraints along the polar axes. In the case of BH accre-
tion, the large amount of magnetic flux leads to the formation of a jet in the
polar regions, which without the effects of GR quickly becomes superluminal.
Switching to a cylindrical mesh requires us to excise the entire cylinder below
the radius corresponding to the BH horizon, which contains the inner polar
regions, removing the potential for jet formation (which would be untrustwor-
thy, given a lack of GR effects). At large radii, this will remove a small solid

angle from the grid so it should not affect the outflows drastically (See e.g.,



Fujibayashi et al. 2017, 2018 for a cylindrical structured grid in GR).

In this section we expand the work done in Fahlman (2019), where we
modified the default dimensionally unsplit solver (Lee, 2013) to perform hy-
drodynamics in 3D spherical coordinates. Now we modify the unsplit solver
to solve the MHD Euler equations in each direction simultaneously by includ-
ing contributions at each face from transverse and diagonal fluxes. To ensure
the divergence-free evolution of magnetic fields, FLASH4.5 solves the induc-
tion equation via the constrained transport (CT) method of Evans and Hawley
(1988) on a uniform staggered mesh. We modify the default CT method to
work in non-uniform 3D spherical coordinates. Furthermore, we provide the
necessary modifications to make 3D cylindrical coordinates evolve correctly,
building upon the work of Tzeferacos et al. (2012), and using much of the same

methodology as outlined in our modifications for 3D spherical coordinates.

2.1 Governing Equations of Magnetohydrody-

namics

The ideal MHD equations are those of mass, momentum and energy conserva-

tion. These can be written (without source terms) as

op =

a5 +V.-|pv] =0, (2.1)
3%’:)+6.[p(v®v)—(B®B)]+vpzo, (22)
8<gtE) +V - [v(pE + P) - B(v-B)] =0, (2.3)
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where p is the density, v is the vector velocity, F is the total energy, B is the

vector magnetic fields and P is defined as the sum of gas and magnetic pressure

P = Py + Prag, (2.4)
1
Puag = 3 (B : B). (2.5)

These are supplemented by the induction equation

dB =

where for compactness we define the tensor
J=(veB-B®av). (2.7)

Interestingly, in FLASH the induction equation is actually implemented as

B -
— V- (Bev-veB)=0, (2.8)

which does not affect the evolution of variables since the tensor J is anti-
symmetric, and it is implemented self consistently. However, this does cause
considerable headache! when implementing source terms, because the fluxes
used in constructing the magnetic parts of source terms are now the explicit
negative of what the documentation dictates. For the rest of this thesis, we
will use the form of the induction equation in (2.8), so that we are consistent

with the implementation in FLASH and the available literature on FLASH.

The conservation equations are written in terms of a vector of conserved

!Personal symptoms were a ~3 month migraine prior to this revelation
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variables, U, a tensor of associated fluxes, F, and a vector of source terms, S,

ou -
E—FV'}——S. (2.9)

Writing out the associated fluxes in the radial, polar and azimuthal direction
as F, GG, and H respectively, we obtain

ou 1 I(r’F) 1 0(sindG) 1 OH

ot * 2 or + rsinf 00 * rsind 0 5. (2.10)
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The explicit form of this system is, as written to be consistent with (Lee, 2013)

p PUr
pU pv? + P — B?
PV POV — BrBé)
v v, Vy — BB
U= PYs ’ F — PUrUg @ ,
B, 0
Bg 'UTBQ — U@BT = —E¢
B¢ 'UTB(z, - U¢Br = Eg
pE v.(pE + P) — B,(v-B)
Plo PUs
pugv, — By B, pUyU, — By B,
pvg + P — Bg pLevy — By By
VeUy — BoB ’U2—|-P—B2
V9B, — v, By = Ey VB, — v, By = —Fy
0 'U¢B9 — UQB¢ = Er
U@B¢ — U¢Bg = —Er 0
vo(pE + P) — By(v - B) ve(pE + P) — By(v - B)

(2.11)

In conservative mesh-based codes like FLASH, the conserved variables are
evolved by discretizing (2.10) in both time and space. This means that we
evolve each variable by taking a volume average over the cell, and then ad-
vance the volume-averaged variable using the corresponding fluxes at the faces.
Using the indices {1, j, k} to enumerate cells in the radial, polar, and azimuthal
directions, respectively, using half integer indices to denote values at cell faces

(+3), and using the index n to denote time step, the conservative system of

13



equations can be written concisely as

At
Un+1 =U" — 7 ((Ai+1/2Fi+1/2 — Ai_l/QFZ‘_l/Q)

- (Aj+1/2Gj+1/2 - Aj—1/2Gj—1/2)

— (Apg12Hpq1/2 — Ak1/2Hk1/2)) + At(S), (2.12)

where Ay iy 1 is the area of the cell face perpendicular to the denoted di-
rection, V' is volume of the cell, (S) is the volume-averaged source term, and

At = "1 — " is the timestep. We have used Gauss’s Law,

//Vﬁ-FdV:y][éF-dA, (2.13)

to relate volume-averaged conserved variables (U) to the face-centered fluxes.
To make the conservative variable update consistent with curvilinear coordi-
nates, we compute the discretized cell face areas and volumes for arbitrarily

spaced spherical cells (Fahlman, 2019).

2.2 Geometric Source Terms in Spherical Co-

ordinates

The geometric source terms arise from taking covariant derivatives of second
rank tensors, referred to as a tensor divergence. These take the physical form
of fictitious forces, and only arise in vector quantities. The scalar energy and
density equations therefore do not have source terms. For a tensor, 7', in spher-

ical coordinates the divergence is written as (see Fahlman 2019, or Mignone

14



et al. 2005 for a separate derivation)

vV-T=|v,r|. (2.14)

where we can define the divergences in each individual direction as

([ 10(r°T™) 1 O(sin0T%) 1 orer
Vel = <r_2 or  rsm0 00 rsind 06

06 4 Téd
L) (2.15)
r
1 9(r?Tm?) 1 O(sindT?) 1 or%
T=(=
Ve ('rQ or * 7 sin @ 00 * rsing 0¢ *
Tor T

— ——cot 9), (2.16)

r r

1 9(r2Tr?) 1 O(sin0T%) 1 o1
T= |-
Ve <7“2 or * rsin 0 00 + rsinf 0¢ *
Td)'r T¢9

+ —cot 0). (2.17)
r r
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Explicitly applying the divergences (2.15)-(2.17) to the dyads in the momentum

and induction equation (5.2 and 2.8) yields the source term vector in (2.9),

0
p(vg +v3) — By — B
r
purvy = B, By ot 0(pv; — B3)
r r

_pUTU(;g — BTB¢ _ cot Q(pvqwg — B¢Bg)

S = . . . (2.18)
0
(Byv, — B,vg)
e
(Byv, — Byug) N (Byvg — Bgug) cot 0
r T
0

For use in (2.12), these have to be volume averaged. In the absence of the

framework to do this numerically in FLASH, we do this analytically, via

(S) = % ///v S(r, 0)dV. (2.19)

for use in the discretized conservative update equation (2.12). Since conserva-
tive mesh schemes store hydrodynamic variables as volume averages, we make
the approximation of taking them out of the integral in equation (2.19). The

remaining terms contain either a =1 or cot # dependence, which are integrated

16



analytically to get the volume-averaged source term vector

0
p(vg +v3) — Bj — B
Asinf
—pvrty = Br By + 1 (pv} — BY)
Asinf
apg2 | ~PUrve = BrBs — o (pvgve — By Bo)
— 2.20
) =i (220)
0
(BOU’/‘ - Brvﬁ)
Asinf
Byv, — B, B,vg — B
(Bgv Vg) + Roosg (Bsvo — Bov)
0
We define the finite differences across the cell used above as
Ar? = Tz'2+1/2 - Tz'271/2a (2.21)
Ar® = 7‘?+1/2 - T?—1/27 (2:22)
Acost = cosj 1/ — cosl_qs, (2.23)
Asinf = sin 9j+1/2 — sin 0]'_1/2. (224)

These are the source terms which are used in the update of the conserved

variables (equation 2.12).
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2.3 Fluxes and Primitive Variables in Spheri-

cal Coordinates

Before the conservative update (equation 2.12) can be performed, the fluxes at
the face must be known. Here we provide only the information needed to adjust
the reconstruction of fluxes for spherical coordinates. The discretization and
methods used in FLASH to extend variables to the face and construct appropriate
Riemann states can be found in Lee (2013). By default, FLASH employs a
piecewise linear MUSCL-Hancock method (Colella, 1985) to reconstruct the

so-called cell-centered primitive variables,
V= (;07 Uraveav¢7BT7B97B¢7PgaS>T7 (225)

instead of the conserved variables, to the faces (See Fahlman 2019 for a compre-
hensive overview of the reconstruction process in FLASH). The corresponding
primitive system of equations is derived using the chain rule to expand the

divergence in the conservative system, yielding

0 -

a—§+v-Vp+p(V-v):O, (2.26)
ov - 1

RS RS (2.27)
B

aa—t—Vx(va):O (2.28)

oP -

E“FV'VP—F’)/P(V-V):O. (2.29)
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The primitive system is utilized because it has a quasi-linear form, which is

written out as

% % AN )

VYo omY  mtY L 9.
MG T Mgy T M s T o (2.30)

ot or
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where the matrices M., My, M, can be written as (see Lee and Deane 2009 for

a full derivation)

w o p 00 0 0 0 0
0 v, 0 0 ~B,/p By/p  By/p 1/p
0 0 Uy 0 —By/p —B,./p 0 0
ML - 0 0 0 w —By/p 0 —-B./p 0 (2.31)
0 0 0 0 0 0 0 0
0 By —B., 0 —g Uy 0 0
0 By 0 =B, —Vg 0 Uy 0
0 vP 0 0 (y—1)(v-B) 0 0 Uy
w 0 p 0 0 0 0 0
0 0 0 —By/p B./p 0 0
0 0 w 0 BJfp —By/p By/p  1/p
M, — 0 0 0 0 —By/p —B,/p 0 (2.32)
0 —By B 0 Vg —Uy 0 0
0 0 0 0 0 0 0 0
0 0 By -By 0 —vg v 0
0 0 ~P 0 0 (v —1)(v-B) 0 Vg
w 0 0 p 0 0 0 0
0 vy 0 0 =By/p 0O -B,/p 0
0 0 vy 0 0 —By/p —DBy/p 0
M, - 0 0 0 w 0 —=By/p —=BJp 1/p
0 —By, 0 B, v 0 — Uy 0
0 0 =-B, By 0 Vs —vp 0
0 0 0 0 0 0 0 0
0 0 0 P 0 0 (y=1(v-B) v

20 (2.33)



Explicitly expanding all the spatial and temporal derivatives of the conservative

equations (2.1, 2.2, 2.3, 2.8) in spherical coordinates results in a source term

vector for the primitive system of variables given by

(QUT + vy cot 9)
_p _—
,

(v5 +vg) = (B + B3)/p
r
_vwg — BBy /p N cot 0(v3 — B3 /p)
r r
_vvg — By By/p  cotB(vyvg — ByBy/p)

r r
cot O(Byv, — B,vy)
r
(BHUT - BTUG)
r
(Byvr — Brvg)
r

) (QUT + vy cot 9)

s r

, (2.34)

where ¢s = P/p is the local sound speed. These are the source terms imple-

mented in the reconstruction of cell centered variables to the faces.

2.4 Constrained Transport

Magnetic fields require an update method different from conserved quantities,

as the induction equation does not explicitly require that the solenoidal con-

straint,
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is satisfied. To satisfy this constraint, fields are taken to be averaged over cell

faces, and the induction equation is written as

%—]?-dA:#—VxE-dA. (2.36)

Applying Stokes’” Theorem and using the definition of the magnetic fields as

area averages, we get that

OB
E.A_—§£E.de. (2.37)

We can further discretize the line integral as a sum, and we arrive at the

Newtonian form of CT (Evans and Hawley, 1988)

B-A:—HZE-M. (2.38)

To perform the summation, we need the electric fields around each edge of the
cell. These are found by Taylor expanding the face centered electric fields,
which are obtained from the fluxes of conserved magnetic variables (equa-

tion 2.11) in the reconstruction step, and using Ohm’s law in ideal MHD
E=-v xB. (2.39)

Each flux contains 2 electric fields, one in each transverse direction. At each
edge there will be 4 independent fluxes that can be used to find the electric
field at that point (Figure 2.1 shows two of the fluxes) Conventionally, all
4 contributions are included, which can be numerically unstable (e.g., Téth
2000; Mignone and Del Zanna 2020). Fortunately, FLASH includes an option

to only use the upwind fluxes (flux vectors which have a positive mass flux) to
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Figure 2.1: Left: Schematic representation of the method to obtain the electric
field at cell edges for the CT method (equation 2.38). The electric fields at
cell faces are obtained using Ohm’s law in ideal MHD (equation 2.39) from
the magnetic fluxes at the face (solid black circles). The electric fields are
then Taylor-expanded to the cell edge using finite derivatives (equations [2.41]-
[2.42]). The expanded values are then averaged using upwinding for numerical
stability (open circle, see text). Two additional symmetric expansions to the
same edge have been left out for visual clarity. Right: Schematic description
of the reconstruction of the face-centered radial magnetic field by adding up
the total contribution from electric fields along each of the cell edges (equa-
tion 2.38).
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construct the electric fields (e.g., White et al. 2016). We find that this upwinded
method is necessary to preserve numerical stability when using FLASH to evolve
a magnetized torus in 3D spherical coordinates, despite not being a default
option. This is also found by Kuroda et al. (2020), who note that in the regions
of their core-collapse supernova setup where matter is supersonically advecting
(analogous to the torus), the upwind method is necessary for stability. While no
additional work is needed to implement the upwinding in spherical coordinates,
the Taylor expansion for expanding the face fluxes to cell edges must be updated
to account for non-uniform grid spacing. The Taylor expansion uses second-
order finite differences to determine the approximate value at face edges. For
example, the expansion in an arbitrary i** direction is

OF ,10°E

E@i%,j,k = Eijr £ Agiﬂ:%% + (A@i%) 2902 (2.40)

where Af;; /5 corresponds to the distance from the center of the cell to the ith
face. Writing the spatial derivatives as cell-centered finite differences, where
A/lL is the distance from the center of the cell 7 to the cell centers above and

below (i £+ 1), yields

OE  E(l+Aly)—E(l—AL)

o0 Al + AL (241)
E(l+ ALy —EW)  E(l) —E(—AL)

?E Al B Al

arr Al_+ AL (242)

For uniform spacing, Al = Al_ = A/, and the first and second order deriva-
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tive finite differences simplify to

OE  E({+ Al)— E({ — AL)

o0~ 2A1 (2.43)
O’E  E(l+ Al)—2E(()+ E({ — Al)
o QAL | (2:44)

Since the public version of FLASH only supports a uniform grid, the equations
in the code (2.43-2.44) must be modified so that the more general case (2.41-
2.42) is used for non-uniform grid spacing. Once the electric field construction
is complete, the magnetic fields are updated every half timestep with equation

(2.38) by adding up electric fields around the cell faces (Figure 2.1).

2.5 Cylindrical Mesh

Cylindrical coordinates in 2D are implemented as a Cartesian Grid in FLASH.
The one thing which changes is the addition of source terms (See Tzeferacos
et al. (2012) for the full implementation details). To extend cylindrical coor-
dinates to include the ¢ direction, minor changes must be made to the code.
However, most of these changes are covered in our implementation of spherical
coordinates in a very general manner (e.g., calling for face areas determined
at runtime by the selected geometry). Dimensionally correct cell lengths must
also be passed to the MHD reconstruction and CT routines (e.g., passing RA¢
for the third coordinate. We provide no explicit tests of the functionality for
3D cylindrical coordinates, but have used it to evolve a 3D cylindrical torus as

consistency check without noting any numerical artifacts.
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Chapter 3

Tests of MHD in FLASH4.5

In order to demonstrate the accuracy of our extension of the unsplit MHD
module to non-uniform 3D spherical coordinates, we present the results of
two strong MHD tests: a magnetized blast wave and a magnetized accretion
torus. Although neither of these tests has an analytic solution, we compare
our results numerically to those obtained with the well-tested cartesian and
cylindrical MHD implementations in FLASH4.5. In all of our spherical setups,
we use a grid that is evenly spaced in cos6 in the polar direction to increase
our timestep in the polar regions. All tests use an HLLD Riemann solver and

the piecewise linear reconstruction method.

3.1 Magnetized Blast Results

The magnetized blast wave is an extension of the classic hydrodynamic Sedov
blast wave to MHD (e.g., Komissarov 1999). An initially overpressurized re-

gion P ~ 500ergcm™ encompassing a few cells at the inner boundary (r <

0.125cm) is allowed to expand into a uniform lower pressure P = 1ergcm™

3

medium. The domain is initialized with uniform density p = 1gem™, as well
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Figure 3.1: Density slice at 17ms in zz-plane of the 3D MHD blast wave in
Cartesian (left) and spherical (right) coordinates. A slice along the z-direction
is shown in Figure 3.2.

as a uniform magnetic field in the cartesian z—direction. Due to magnetic
tension, expansion of the blast wave is inhibited in the direction parallel to the
z-axis, resulting in an asymmetric explosion. We use a dynamically important
initial magnetic field strength, By = 10G, to test the code in highly magne-
tized regions. We perform the blast in both 3D cartesian and 3D spherical

coordinates.

Both simulations produce the same overall expansion of the blast-wave, as
shown in Figure 3.1. The only large quantitative difference occurs at the origin,
where the reflecting inner radial boundary condition causes small differences
in magnetic field evolution. In the cartesian explosion, the field is continuous
across £ = 0 and not reflecting. In Athena++, Skinner and Ostriker (2010)
perform an off-center explosion to remove this difference, but we choose not
to do so here due to the large resolution requirements. Also, an off-center
explosion does not take advantage of the symmetry of the coordinate system.

The cartesian test also shows visible edges, which can be attributed to the
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shock being steeper in the spherical geometry.

We numerically compare a slice along the Cartesian z—direction in Figure
3.2. The two differences described previously are also noticeable in these plots,
especially in the magnetic field at the inner boundary. However, both codes
track the shock position identically, and the only noticeable differences appear

at sharp gradients.

3.2 Magnetized Torus Results

We perform two torus tests. The first is carried out in 2.5D in both cylindri-
cal and spherical coordinates, and employs a standard and normal evolution
(SANE) initial magnetic field configuration. Results can be compared to mul-
tiple previous implementations (Hawley, 2000; Mignone et al., 2007; Tzeferacos
et al., 2012). The second test is the extension to 3D spherical coordinates of
the same SANE torus.

We set up the tori as in Fahlman (2019), using the gravitational potential
of (Paczynsky and Wiita, 1980) and setting the gravitating mass, M = 1. We
normalize units such that G = ¢ = 1. We choose the same parameters as model
GT1 from Hawley (2000), which creates a thin, constant angular momentum
torus with a maximum density of 10 and an orbital timescale of ~ 50 at the
initial circularization radius rg.. = 4.7, and a minimum radius of » = 3. The

initial vector potential follows the density distribution,

1
A, = max(p — 5 Pmaxs 0), (3.1)

which creates poloidal field loops threaded well within the torus. Initially, the

field is normalized to () = 100, so the field is dynamically unimportant and
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Figure 3.2: Density slices along the z—direction (z = 0, y = 0) in the 3D MHD
blast wave test, with geometries and times as labeled (see also Figure 3.1).
Notable differences appear in the magnetic pressure throughout the entire evo-
lution due to the difference in boundary conditions between the two simulations.
Other differences can be attributed to the geometry and resolution.
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Figure 3.3: Density snapshot of the 2.5D axisymmetric torus test after one
orbit at the initial density peak radius. The density field in cylindrical (left)
and spherical (right) coordinates is normalized to code units, with a maximum
value of 10. Noticeable differences appear in regions near the origin, where the
flow is slightly more resolved in spherical coordinates.
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Figure 3.4: Comparison of the grid setup in cylindrical and spherical coordi-
nates for the 2.5D torus test runs. Every 10" grid line is plotted for visual
clarity. The spherical grid is more resolved towards the inner radial part of the
midplane, but at comparable resolutions in the rest of the torus. The outer po-
lar regions are less resolved to reduce constraints on the simulation time step.
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Figure 3.5: Results from the 2.5D axisymmetric torus tests, evolved for 3 orbits
at the initial radius of maximum density 7. The left column shows the height-
averaged density, angular momentum, and magnetic pressure (all in code units)
in the cylindrical simulation, while the right column shows the same quantities
for the spherical case but angle-averaged instead. Lines of increasing thickness
show the torus evolution from its initial to final state at each orbit (nem).
Numerical differences between the angle- and height-averaging appear even at
the Oth orbit, but the general trends are not affected.
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Figure 3.6: Comparison between the 2.5D axisymmetric and 3D torus test in
spherical coordinates, showing the same angle-averaged quantities as in Fig-
ure 3.5 at various times. Both runs follow the expected evolution: the 3D
torus sustains a more powerful MRI for a longer time due to the additional
azimuthal turbulence, with the evolution being otherwise identical during the
first ~2 orbits. Differences in spatial resolution manifest as smoother profiles
in the 3D runs, which has coarser cell sizes.

does not disturb the equilibrium condition. The tori are then evolved for a

total of ~ 3 orbits at 7circ.

We compare the evolution of hydrodynamic variables in the 2.5D runs quan-
titatively and qualitatively in Figures (3.3-3.5). One notable difference between
the two axisymmetric runs is the resolution and the inner boundary. In cylin-
drical coordinates, the entire inner z—boundary is set to be absorbing, while
in spherical coordinates the inner radial boundary is set to be absorbing, and
the polar boundaries are reflecting. This affects the dynamics near the inner
edges of the torus, which is noticeable in the magnetic fields. The resolution

in the two runs is comparable, but not exactly the same as necessitated by
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the difference in grid structures. The spherical run resolves the torus bet-
ter, with Ar = 0.028 and the highest angular resolution in the midplane,
Teire Min(Af) = 0.024, resulting in nearly square cells at that location, com-
pared to the constant cylindrical resolution of Arc, = 0.035 and Az = 0.035.

The two grids are shown in Figure 3.4 for reference.

The axisymmetric runs follow the same qualitative evolution in cylindrical
and spherical coordinates: the azimuthal magnetic field grows due to winding,
and the magnetic pressure causes the torus to expand and accrete. The radial
angular momentum profile flattens as matter approaches the ISCO, and the
magnetic field grows largest in the central regions and then accretes, frozen in
with the mass flow. The first large divergences between the two simulations be-
gin to appear in the magnetic field after ~ 1 orbit at 7, when the accretion
stream reaches the inner boundary. Feedback from the reflecting boundary
changes the expansion of the torus into the ambient between the two cases.
Furthermore, additional turbulent structures manifest in the spherical torus,
noticeable as less smooth profiles in Figure 3.5. We attribute this in part to
the differences in spatial resolution, and also note that Mignone et al. (2007)
see similar effects in their PLUTO code tests with spherical and cylindrical co-

ordinates and the exact same setup (see their Figure 8).

The 3D SANE torus follows the same evolution as the axisymmetric spher-
ical case for the first few orbits, as shown in Figure 3.6. Notable differences
begin to appear after ~3 orbits at 7., as the MRI begins to die down in the
axisymmetric run. In 3D, the MRI creates stronger magnetic fields and is sus-
tained for longer through the additional turbulence in the azimuthal direction
(Hawley, 2000). The profiles in the 3D run appear smoother, as we run it with

a lower resolution than in the 2D case due to computational limitations. To

33



make up for this difference in resolution, we use a logarithmic grid in radius
in the 3D model, so that the region containing the torus is still resolved well.
This corresponds to resolutions in the radial, polar, and azimuthal directions

being Arcire ~ 0.040, 7 min(Af) = 0.10, and A¢ = 0.03.
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Chapter 4

Neutrino Transport

In compact object mergers, neutrino interactions are essential processes to take
into account. They provide additional energy to the system, which can either
dominantly drive outflows in the case of a long-lived remnant or subdominantly
contribute to the energy budget of outflows for prompt collapse (Dessart et al.,
2009; Fernandez and Metzger, 2013; Metzger and Fernandez, 2014; Perego et al.,
2014; Just et al., 2015; Lippuner et al., 2017; Fahlman and Fernandez, 2018).
Importantly, they change the composition of mass outflows, mainly through

the weak interactions,

p+e ——n+vr., (4.1)

n+et +—p+r. (4.2)

A common approach to modeling neutrinos is the so-called “leakage-scheme”
of Ruffert et al. (1996), which approximates neutrino losses at minimal compu-
tational cost by using analytic approximations to Boltzmann transport. These
sorts of schemes have been shown to be robust in capturing the main effects of

neutrinos on the dynamics and composition of post-merger tori around compact
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objects, especially BHs where they are subdominant energy sources, (Foucart
et al., 2019; Fernandez and Metzger, 2013; Fernandez et al., 2019b; Siegel et al.,
2019). However, significant differences appear when compared quantitatively
to more advanced Monte-Carlo or two-moment (M1) schemes (Richers et al.,
2015; Foucart et al., 2015; Perego et al., 2016; Ardevol-Pulpillo et al., 2019;
Radice et al., 2022). For this reason it is necessary to make impovements to
the previous leakage-scheme implemented in FLASH (Ferndndez and Metzger,

2013; Metzger and Ferndndez, 2014), while retaining computational efficiency.

4.1 Leakage Overview

The key components of a leakage scheme are the two source terms that describe
the effective neutrino energy and number loss rate per unit volume for each

neutrino species,

iff = QV»L'XVZ'7E7 (43)

Ry = Ry Xui s (4.4)

where i represents a species (v, or 7, in our scheme), the subscripts £ and
N refer to energy and number, respectively. ) and R are the energy and
number production rates per unit volume, respectively, which are obtained from
analytic expressions (Ruffert et al., 1996). The scaling factors x,, g and x,, n
interpolate between the free-streaming and optically thick (diffusive) regimes

for neutrinos in both energy and number,

tdifﬁiE N} —1
Xvi{EN} = (1 + —tfés’s ’ ) : (4.5)
V'Lv{EvN}
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where tgjﬁ

and t}jss are the diffusion and loss timescales for each species, re-
spectively. The source terms for equations (5.3)-(5.4) are then obtained as

follows

Qnet = iﬁf + Qze;:f + Qabs (46)

Tpet = %(R,‘ierR;f)JrFabs, (4.7)

where Qaps and T'yps are the contributions from neutrino absorption (treated
separately) and m,, is the neutron mass. The diffusion and loss timescales
in equation (4.5) are central to the accuracy of the scheme, and thus we will

discuss them in more detail.

4.1.1 Loss timescale

Once the direct energy and number production rates in (4.3-4.4) are found, the

loss times are obtained as

tloss _ %

= 4.8
v, E Ez/i ( )
R,
loss Vi
= — 4 . 9
Vi, N NVZ_ ) ( )

where I, and N,, are the neutrino energy density and number density, respec-
tively. These quantities are obtained using analytic fits to Fermi integrals from

Takahashi et al. (1978).
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4.1.2 Diffusion timescale

The diffusion timescale is approximately given by

2
tdllcf ~ Sﬁyiv{EvN}d .
Via{E7N} C

(4.10)

where k,, (g Ny 1s the energy or number opacity for species 4, and d is a char-
acteristic diffusion distance. A more accurate expression involves calculation
of the optical depth in various directions, which many leakage schemes incor-
porate (e.g., Rosswog and Liebenddrfer 2003), but which is a global calcula-
tion that is computationally expensive. Our previous leakage implementation
(Ferndndez and Metzger, 2013; Metzger and Ferndndez, 2014) approximates d
as the pressure scale height assuming hydrostatic equilibrium in the cylindrical

z-direction, which is the preferential direction for neutrinos to escape the torus,

P P
d~ = . 4.11
(%2)  plcosty] -

r

This is a local calculation which yields a neutrino optical depth correct to

within a factor of ~ 2.

Recently, Ardevol-Pulpillo et al. (2019) have developed a novel method for
determining the diffusion timescale which is local (computationally efficient)
and accurate. In this method, the diffusion timescale is determined from the

diffusion equation using a flux limiter

O{E, N}, .
% = -V F,5n (4.12)

where F, g ny is the neutrino energy of number flux, respectively. In flux-

limited diffusion (FLD, see e.g., Wilson et al., 1975; Levermore and Pomraning,
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1981; Kolb et al., 2013), the flux is given by

C

5 Mt V{E, N}y (4.13)

Fo en) =—

where A,, g ny is a flux limiter that interpolates between pure diffusion (A,, (g8} =
1) and free-streaming (F,, (g.n} = c{Ey,, Ny, }). The diffusion times can be de-

termined analogously to the loss timescales:

diff o {Ev N}Vi
Ny = 75 B (4.14)
ot

Expanding out the time derivative using the diffusion equations (4.13) and

energy /number transport (4.12) yields

~ E,N},
R {5 N}, . (4.15)
Vo (G Az V{E, N}y,

We follow Ardevol-Pulpillo et al. (2019) in using the flux limiter of Wilson et al.

(1975) for each species,

1 V{ENL\
N e . : 4.16
i{E:N} ( * 3/%14 {E7 N}Vz ) ( )

In contrast to Ardevol-Pulpillo et al. (2019) who integrate quantities over the
neutrino distribution, we use energy-averaged (over a Fermi-Dirac distribution)
opacities, energy densities, and number densities in equation (4.15), computing

only the spatial gradient.
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4.2 Implementation in FLASH4.5

We extend the leakage and light bulb absorption scheme of Ferndndez and
Metzger (2013) and Metzger and Fernandez (2014) by computing the diffusion
time with equation (4.15) and implement it in FLASH4.5. Neutrino energy
and number gradients are obtained using second order finite differences in each
spatial direction. The flux limiters are calculated for each species as in (4.16).
The flux limiters are then combined with the gradients, energy/number den-
sities, and opacities to form the fluxes in 4.13. The fluxes are then linearly
interpolated to the cell faces, such that we can take a numerical divergence
using Gauss’s theorem (2.13) and the face areas of a given cell, analogous to

the unsplit update in §2.1.

4.2.1 Comparison with 2D hydrodynamic simulations

We test the effect of the new diffusion time on the long-term disk evolution
by running a 2D axisymmetric hydrodynamic simulation of an accretion torus
using the previous leakage scheme and the new one. A full description of
the methodology is available in Fernandez and Metzger (2013); Metzger and
Fernandez (2014), here we briefly describe the initial setup. The compact ob-
ject is a BH with mass 30, and the orbiting equilibrium torus is chosen to be
optically thin with a mass of 0.03M. The entropy, electron fraction, and torus
distortion parameter are chosen to be 8 kg /baryon, 0.1, and 1.911, respectively.
This yields a well-studied initial condition compatible with dynamical merger
simulations (Fernandez and Metzger, 2013; Metzger and Fernandez, 2014; Rich-
ers et al., 2015; Lippuner et al., 2017). Angular momentum transport is handled
with the viscous stress parameterization of Shakura and Sunyaev (1973), with

« set to 0.05. The tori are evolved for 1 second.
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Figure 4.1: Outflow mass histogram as a function of electron fraction after 1s
of evolution from two axisymmetric hydrodynamic BH disk setups that employ
the old and new implementation of diffusion time in the neutrino leakage scheme
(equations 4.10-4.11 and 4.15 from Ardevol-Pulpillo et al. 2019, respectively).
The average electron fraction of the outflow increases by 5%, and the outflow
quantity decreases by about 50% in the new scheme, as the diffusion time
correspondingly decreases by an order of magnitude. This difference in outflow
properties comes from the high velocity neutrino-driven, early time outflows,
which retain less energy deposited by neutrinos, since cooling is more efficient.
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Figure 4.2: Comparison of neutrino source terms (7op: energy rate per unit
mass in cgs, Bottom: number rate per baryon) obtained using a leakage scheme
with the diffusion time prescription from Ardevol-Pulpillo et al. (2019) and light
bulb absorption (Left: FLASH New), Center: SedonuGR Monte-Carlo transport,
and the leakage scheme plus light bulb absorption previously implemented in
Metzger and Ferndndez (2014) (Right: FLASH Old). The background fluid
quantities correspond to a snapshot of the FLASH New simulation at 0.6 ms
The new leakage scheme no longer artificially suppresses the source terms in
the midplane of the torus, coming closer to the results of SedonuGR. Contours
of 10°gecm™ in density are shown as thick dashed lines, corresponding to the
density cutoff at which SedonuGR no longer performs neutrino calculations.

The average mass-flux-weighted electron fraction of the outflow increases by
5% when using the new diffusion time formulation, as shown in the histogram
of torus outflows in Figure 4.1. This result corresponds to a decrease in diffu-
sion time by a factor of ~ 10 in the high-density regions of the torus. Neutrinos
are still preferentially trapped near the midplane, but the new methodology no
longer overestimates this effect for the optically thin torus. The new method
yields about 50% less mass outflows, predominately due to the same effect: the
energy deposited into early time outflows is cooled more efficiently, unbind-
ing less material. The major difference occurs in the neutrino-driven outflow
ejected from the back of the torus, with electron fraction Y, ~ 0.25. We caution
that this difference will likely not extend to the late-time, radiatively inefficient

evolution, as the energy and density of late time outflows appear identical, and
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Figure 4.3: Comparison of neutrino source terms in the updated leakage
scheme (FLASH New), SedonuGR, and the leakage scheme previously imple-
mented (FLASH Old). Like in Figure 4.2 the top rows show rate of change
of internal energy, but this time taking a slice through the density maximum
in the z-direction (left), and a slice through the equatorial plane (right) of the
0.03M torus at 0.6ms. The bottom panels are identical slices but for the
rate of change of lepton number. The leakage schemes follow approximately
the correct curve, as previously shown (Richers et al., 2015), but once again
the new scheme is closer to the MC method of SedonuGR, particularly when it
comes to the source terms in the torus midplane.

43



SedonuGR

T = e

50.0 100.0 150.0 200.0 250.0 300.0 350.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0
Ry (km) Rey (km)

Figure 4.4: Same as Figure 4.2, but for a 0.1M torus evolved with 2D-MHD
at ~ 30 ms using the updated leakage scheme and comparing with SedonuGR.
There are no previous MHD results to compare with. Overall, SedonuGR and
the new leakage scheme show similar trends in both heating/cooling and change
in lepton number. SedonuGR does not discriminate between ambient and torus
material, while our scheme does not perform neutrino calculations on ambient
matter. This appears as purple areas in the poloidal regions of the FLASH
simulations.

affects mainly the initial winds.

4.2.2 Comparison with SedonuGR in Hydro

We compare the emission and absorption of neutrinos to the time independent
Monte-Carlo neutrino transport code SedonuGR (Richers et al., 2015, 2017).
We are interested in the rate of change of lepton number, which governs the
change in electron fraction, and the rate of change of internal energy, which
governs changes in internal energy of the ejecta due to neutrinos. Following
Richers et al. (2015), we load a fluid snapshot from the FLASH4.5 simulation
using the new method in SedonuGR. We use the Helmholtz EOS in SedonuGR
for consistency.

At late times, the neutrino scheme for the optically thin torus shows minimal
differences with the full Monte-Carlo results (Richers et al., 2015). The changes

to the neutrino scheme are most evident at very early times, so we choose a time
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Figure 4.5: Same as Figure 4.3, but for a 0.1M, torus evolved with 2D-MHD
and the updated leakage scheme at ~ 30ms. There are no previous MHD
results to compare with, but the overall effects of neutrinos are captured well,
with significant deviations only in small localized regions.
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of ~0.6 ms for the comparison, the result of which is shown in Figure 4.2. Most
of the differences in source terms occur in the regions where absorption becomes
important, which in our approach is handled by an approximate light bulb
implementation (Ferndndez and Metzger, 2013; Metzger and Ferndndez, 2014),
which we did not modify here. Importantly, the new neutrino leakage scheme
no longer suppresses neutrino emission in the midplane of the torus, where the
pressure scale height is comparatively large. This is shown quantitatively with
slices in the equatorial plane and along the z-direction at the torus density

maximum in Figure 4.3.

4.2.3 MHD Comparison with SedonuGR

Since our base torus is more massive than those used in the previous hydro-
dynamic test runs, and MHD evolution differs in comparison to viscous hydro-
dynamics, we also show a comparison of our leakage scheme in 2D-MHD with
results from SedonuGR (Figure 4.4). Equatorial and vertical slices through the
density maximum of a torus identical to our base model are shown in Figure 4.5
at 30 ms, when the neutrinos are important for setting the electron fraction of
the outflows. Importantly, the source term modifying the electron fraction

remains of the same order of magnitude across most of the torus.
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Chapter 5

Long-term 3D MHD Simulations
of Black Hole Accretion Disks

formed in Neutron Star Mergers

As noted in Chapter 1, disk winds from BH accretion disks can be the most
massive component in kilonova models. While many studies have utilized a
viscous parameterization of MRI driven outflows, it has been shown that these
do not capture all the outflows from BH-accretion disks, in particular fast
magnetized winds that are launched in the first ~ 100 ms. At the time of writing
this chapter, there were not many long term (~ 1s) 3D MHD simulations of
BH-accretion tori, and they implemented varying microphysics. This included
differing neutrino schemes for leakage and/or absorption, utilizing either full
GR or pseudo-Newtonian potentials, and running for times ranging from <
0.1 — 10s with different initial conditions. These had not yet converged on the
typical masses, velocities, and composition of ejecta from the system. (Hossein

Nouri et al., 2018; Siegel and Metzger, 2018; Fernandez et al., 2019b; Christie
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et al., 2019; Miller et al., 2019; Hayashi et al., 2022; Just et al., 2022).

In this chapter, we use the MHD and neutrino implementations described
in the previous chapters to explore the role of magnetic field geometry, disk
compactness, nuclear recombination, and neutrino absorption on mass ejection
in MHD simulations that have identical microphysics. We perform simulations
for initial conditions relevant to GW170817, as well as to systems that could
feasibly result from a NS-BH merger. The main limitation of our approach is
the absence of relativistic jets, thus our focus is on the sub-relativistic outflows
that are launched far enough away from the BH that relativistic effects are less
important. These contain most of the ejected mass, and are therefore most
relevant to the kilonova emission and r-process nucleosynthesis.

The structure of this chapter is the following. Section §5.1 presents a de-
scription of the numerical methods employed and models evolved. In §5.2 the
results of our simulations are presented, analyzed, and compared to previous
work. We conclude and summarize in §5.3. The previous chapters describe
the implementation and testing of the MHD (§2, §3) and neutrino leakage (§4)

modules employed.

5.1 Methods

5.1.1 Numerical MHD

Our simulations employ a customized version of FLASH4.5 (Fryxell et al., 2000;
Dubey et al., 2009), in which we have modified the unsplit MHD solver of Lee
(2013) to work in 3D curvilinear coordinates with non-uniform spacing (see
Chapter 2 for details). We use this code to numerically solve the Newto-

nian equations of mass, momentum, energy, and lepton number conservation
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in MHD supplemented by the induction equation. Additional source terms in-
clude the pseudo-Newtonian gravitational potential of a BH and the emission

and absorption of neutrinos:

d

St VIVl =0 51)
8<§t"> + V- [p(vev)— (B@B)|+ VP = —pVd, (5.2)
a(gf) + V- -[V(pE+P) —B(v-B)] = —pv- VP, + Quet (5.3)

oY,

It +v- VYE - Fne‘c (54)

%—]?—FV-(V@B—B@V):O’ (5:5)

where p is the density, v is the velocity, B is the magnetic field (including a
normalization factor \/E) , Y, is the electron fraction, F is the total specific
energy of the fluid

E:%(v-v+B-B>+eim, (5.6)

with ey, the specific internal energy, and P is the sum of gas and magnetic

pressure

P = Py + Paag, (5.7)
1
Pug = 3B B, (5.8)

The induction equation (5.5) is discretized using the Constrained Transport
(CT) method (Evans and Hawley, 1988) and conserved quantities are evolved
using the HLLD Riemann solver (Miyoshi and Kusano, 2005) with a piecewise
linear MUSCL-Hancock reconstruction method (Colella, 1985). The gravity of
the BH is modeled with the pseudo-Newtonian potential 5 of Artemova et al.

(1996), ignoring the self-gravity of the disk (see also Fernandez et al. 2015). The
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equation of state (EOS) is that of Timmes and Swesty (2000), with abundances
of protons, neutrons and a-particles in nuclear statistical equilibrium (NSE) so
that Pyas = Paas(p, €t Ye), and accounting for the nuclear binding energy of

a-particles as in Ferndndez and Metzger (2013).

We implement the framework for neutrino leakage emission and annular
light bulb absorption described in Ferndndez and Metzger (2013) and Metzger
and Fernandez (2014). The scheme includes emission and absorption of elec-
tron neutrinos and antineutrinos due to charged-current weak interactions on
nucleons, and with improvements in the calculation of the neutrino diffusion
timescale in high-density regions following the prescription of Ardevol-Pulpillo
et al. (2019). A detailed description of the implementation and verification tests
(comparing to the Monte Carlo scheme of Richers et al. 2015) are presented in

Chapter 4.

The leakage and absorption scheme outputs scalar source terms for the net
rate of change of energy per unit volume (),¢, and net rate of change per baryon
of lepton number I'¢;, which are respectively applied to F and Y, (equations 5.3
and 5.4) in operator-split way. We neglect the contribution of neutrinos to the

momentum equation.

Finite-volume codes fail when densities in the simulation become too low.
We impose a radial- and time-dependent density floor, designed to prevent
unreasonably low simulation timesteps in highly magnetized regions (e.g., near
the inner radial boundary and extending out a few km along the the rotation
axis) while also not affecting the dynamics of outflow. It has a functional form

approximately following that in Ferndndez et al. (2019b)

-3 -15
r max|t, 0.1s]
Ploor = psml(QOkm) ( 0.1s ) ) (59)
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where pgn = 2x 10* g em ™ and r is the spherical radius. The time dependence
is modelled after empirically determining the rate of change of the maximum
torus density in 2D runs of the baseline model. When the density undershoots
the floor value, it is topped up to the floor level with material tagged as ambient,
such that we can keep track of it and discard it when assessing outflows and
accretion. Keeping the density above the floor is generally enough to prevent
the internal energy (and gas pressure) at levels that do not crash the code.
Nevertheless, we also impose explicit floors for these quantities, following the
3

same form as in equation (5.9), but with normalizations P,,,; = 2x 10 ergcm™

and egm = 2 x 10" ergg™?! for gas pressure and internal energy, respectively.

5.1.2 Computational Domain and Initial Conditions

Equations (5.1)-(5.5) are solved in spherical polar coordinates (r, 0, ¢) centered
at the BH and with the z-axis aligned with the disk and BH angular momen-
tum. The computational domain extends from an inner radius, 7;,, located
halfway between the innermost stable circular orbit (ISCO) and the BH hori-
zon, both dependent on the BH mass and spin, to an outermost radius rqyu
located at 10*ry,. The polar and azimuthal angular ranges are [5°,175°] and
[0, 180°], respectively, corresponding to a half-sphere with a 5° cutout around
the z-axis. The radial grid is discretized with 512 logarithmically-spaced cells
satisfying Ar/r ~ 0.018, the meridional grid has 128 cells equally spaced in
cos @, corresponding to Af ~ 0.92° at the equator, and the azimuthal grid is
uniformly discretized with 64 cells.

The boundary conditions are set to outflow at the polar cutout and at both
radial limits, and to periodic at the ¢ boundaries. The cutout around the po-

lar axis is used to mitigate the stringent time step constraints arising from the
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small size of ¢ cells next to the z axis. We do not expect our polar boundary
conditions to affect our analysis, as the sub-relativistic outflow is well sepa-
rated from the jet by a centrifugal barrier (Hawley and Krolik, 2006). Any
outflow along the polar axes without the use of full GR is unreliable anyway, as
many of the proposed mechanisms for jet formation involve general relativis-
tic energy extraction from the BH spin energy (e.g., the Lense-Thirring and
Blandford-Znajek effects: Bardeen and Petterson 1975; Blandford and Znajek
1977). These processes also involve the formation of a baryon-free funnel along
the rotation axis, which means outflow along the polar axes contains minimal
mass. Evolution tests using reflecting, transmitting (with no azimuthal sym-
metry), and outflow polar boundary conditions showed little to no difference

over short times after initialization (~0.5 orbits).

The initial condition for all of our models is an equilibrium torus with
constant specific angular momentum, entropy, and composition, consistent with
the pseudo-Newtonian potential for the BH (Ferndndez and Metzger, 2013;
Fernandez et al., 2015). The input parameters are the BH mass, torus mass,
radius of density peak, entropy (i.e. thermal content or vertical extent), and
Y.. In all cases, the latter two parameters are set to s = 8 kp/baryon and
Y. = 0.1, respectively, with other parameters changing between models (§5.1.3).

Initial maximum tori densities py. are typically ~ 10 — 101 gem™3,

Recent studies have shown that tori formed in NS mergers have a dou-
bly peaked distribution of sp and Y, (Nedora et al., 2021; Most et al., 2021),
however, the use of more realistic initial conditions for these quantities has
little impact on the resulting outflows (e.g., Fujibayashi et al. 2020c), and is
expected to be smaller than differences due to our approximate handling of

neutrino interactions and gravity.
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Models that start with a poloidal field are initialized from an azimuthal
magnetic vector potential which traces the density contours, such that A, o
max(p — po, 0), where pg is defined as 0.009pax, ensuring the field is embedded
well within the torus (e.g., Hawley 2000). This yields an initially poloidal field
topology, commonly known as “standard and normal evolution” (SANE) in the
literature. The normalization is chosen such that the maximum magnetic field
strength (~ 4 x 10 G) is dynamically unimportant, with an average gas to

magnetic pressure ratio of

[ PpsdV

(B) = T P dV

=100 (5.10)

with min(3) ~ 5 at the inner edges and max() ~ 10° at the initial density
maximum. We also evolve a model that starts with a toroidal field, which is
initialized by imposing a constant Bg = 4 x 10'* G wherever p > py. The mag-
netic field strength and mass density set the Alfvén velocities in the meridional

and azimuthal directions,

a _ Bovd)

v - )
0,9 \/ﬁ

which in turn determine the respective wavelengths of the most unstable MRI

(5.11)

modes (e.g., Balbus and Hawley 1992; Duez et al. 2006),

MRl 27|05 4]

0,0 ~ QZ 5 (512)

where €2, is the cylindrical angular velocity. All of our simulations resolve the
relevant MRI modes with least 10 cells within the torus. Resolution tests with
2D models indicate that our mass ejection results have an uncertainty of ~ 10%

due to spatial resolution (§5.2.3).
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Model My M, R, B a-rec  v-abs dim
(Mg) (Mg) (km) geom

base 2.65  0.10 50 pol yes yes 3

bhns 8.00  0.03 60

base-tor 2.65 0.10 50 tor

base-2D 2.65 0.10 50 pol yes yes 2.5

base-norec pol no

base-noirr yes no

Table 5.1: List of simulation parameters. Columns from left to right show
model name, BH mass, initial torus mass, initial radius of maximum torus
density, initial magnetic field geometry (pol: poloidal, tor: toroidal), inclusion
of the nuclear recombination energy of « particles in the EOS; use of neutrino
absorption to evolve E and Y,, and simulation dimensionality. All BHs are
assumed to have a dimensionless spin parameter 0.8.

5.1.3 Models

Table 5.1 shows all the models we evolve and the parameters used. Our base
model employs the most likely BH mass (M, = 2.65M, dimensionless spin
0.8), initial torus mass (M; = 0.1M,), and initial radius of density peak (R, =
50km) for GW170817 (e.g., Abbott et al. 2017; Shibata et al. 2017; Fahlman
and Ferndndez 2018), using a poloidal field geometry. Model bhns uses a typical
parameter combination expected from a BH-NS merger (M, = 8 M, with spin
0.8; My = 0.03My; Ry, = 60km), also with a poloidal initial field, to probe the

effect of a higher disk compactness (e.g., Ferndndez et al. 2020).

Three additional simulations test the influence of key physical effects on the
base model. Model base-tor employs an initial toroidal magnetic field geometry
instead of poloidal. The other two are explored in axisymmetry (2.5 dimen-
sions): Model base-norec sets the nuclear binding energy of a-particles to zero,
and model base-noirr turns off neutrino absorption. These two simulations are
compared to model base-2D, an axisymmetric version of the base model. All

3D models are evolved for at least 3s, or until a time at which there is a clear
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power-law decay with time in the ejected mass at large radius, allowing for an
analytic extrapolation until completion of mass ejection (§5.1.4). To achieve
this phase, the base model needs to be evolved to 4s. The axisymmetric mod-
els are evolved until 1.4s, when accretion onto the BH stops due to a build
up of magnetic pressure: continuing evolution causes feedback which disrupts
the torus. The MRI is expected to dissipate in axisymmetry after ~ 100 orbits
at the initial torus density peak, corresponding to a few 100 ms (e.g., Cowling

1933; Shibata et al. 2007).

5.1.4 Outflow Characterization

The mass flux at a given radius is computed as

M(r) = // r(pvrdAr), (5.13)

where the spherical area A, is given by

A = //r2 sin 0dfd . (5.14)

For outflows, the extraction radius is 7 = 10* km, whereas for accretion onto
the BH we take the radius of the ISCO. We only consider unbound outflows,

which we quantify with a positive Bernoulli parameter at the extraction radius

Dy + €ing + €k + Cmag +

Pas
; > 0. (5.15)

We also require that both outflowing and accreting matter have an atmospheric

mass fraction yaims < 0.2, and subtract off any remaining atmospheric mass so
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that

pP= ptot(l - Xatms)- (516)

The total ejected mass is computed by temporally integrating the outflow mass

flux, such that

Moy — /t //A (pv,d A, )dt. (5.17)
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The mass weighted averages of electron fraction and radial velocity,

v — LHAT(’}\ZEMTW’ 5.15)
<Ur> _ ﬁffAr(p]:;Oz:dAr)du (5'19)

are provided as a summary of our model results in Table 5.2. We further
subdivide outflows based on their electron fraction into “red” (Y, < 0.25) and
“blue” (Y. > 0.25), based on kilonova models which predict a sharp cutoff
between lanthanide-rich and lanthanide-poor matter (e.g., Kasen et al. 2015;

Lippuner and Roberts 2015).

Once the torus reaches a quasi-steady phase following freezeout of weak
interactions, (tss ~ 1.1s), the mass outflow rate enters a phase of power-law
decay, Mout(t > ly) X t=%. We can therefore estimate the completed mass
ejection over timescales of ~ 10s by extrapolating from a power-law fit to the
mass outflow rate (e.g., Margalit and Metzger 2016; Fernandez et al. 2019a),

Mextr = Mout (tss) +

out

—Mou tss ts57 2
M (1) (5.20)

where the integral in equation 7.18 is computed until ¢ = ti. The choice of t
is made based on visual inspection of when the cumulative mass outflows begin
to plateau. Varying this choice in response to episodic mass ejection events
results in an uncertainty in the exponent of |Ad| < 0.5 corresponding to about

5-15% difference in total MXtr,

out
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Figure 5.1: Density slices in the z — z (¢ = 0) and =z — y (# = 0) plane of
the base (top two rows) and base-tor (bottom two rows) models at t=2ms (0.6
orbits at the initial torus density peak), 20ms (6 orbits), and 2s (600 orbits).
The first two columns correspond to the early accretion and initial wind phase.
Note the change in both colour table and length scale for the final column.
Gray regions are outside the computational domain.
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5.2 Results

5.2.1 Overview of Torus Evolution in MHD

Our base and bhns runs, with a poloidal field embedded in the torus, show very
similar evolution to previous runs in (GR)MHD. Within a few orbits, accretion
onto the central object begins as magnetic pressure in the torus builds up
via winding and onset of the MRI, disrupting hydrostatic equilibrium. In the
base-tor run, accretion onto the torus begins as turbulence driven within the
torus by the toroidal MRI generates poloidal field. Both runs then begin mass
ejection as the poloidal MRI grows (Figure 5.1).

In contrast to hydrodynamic models, mass ejection begins on a timescale
of ~ms, forming “wings” of ejected material away from the midplane and ro-
tation axis. More isotropic, thermally-driven ejecta takes over at ~1s, as neu-
trino emission has subsided and the disk enters an advective state. As material
moves outward, it cools and releases the binding energy stored in a-particles,
increasing the internal energy of the fluid. Neutrino absorption, although sub-
dominant energetically, is important in driving the evolution of Y,. By ~1s,
the torus has reached an equilibrium value of Y., and the cumulative mass

outflow begins to plateau.

5.2.2 Mass Ejection in 3D Models

Table 5.2 shows the total unbound mass ejected by the end of each simulation
(equation 7.18), and the extrapolation of of the mass outflow rate to infinity in
time (equation 5.20), for all of our 3D models. The base and base-tor models
eject ~ 28% and ~ 42% of the initial torus mass during the simulation, re-

spectively, with the extrapolated mass ejected at late times being ~ 40% and
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= 50%. The bhns model ejects the least mass owing to the high compactness,
with ~ 5% of the initial torus mass ejected by the end of the simulation. All
3D simulations show average velocities in the range (v,) ~ (0.07 —0.11) ¢, and

average electron fractions (Y) ~ 0.17 — 0.20.

The mass accretion and outflow rates for all 3D models are shown in Fig-
ure 5.2. Each model begins to eject mass at a steeply rising rate, primarily due
to MHD effects, which eventually reaches a plateau. After rising to a peak at
time ~ 1s, the mass ejection rate then begins to decay as a power law with
episodic ejection events. Figure 5.2 also shows that by this time, the cumu-
lative mass ejected begins to plateau. Differences between models manifest
as changes in the initial outflow time: the base-tor and bhns runs begin to
eject matter ~ 0.04s and 0.02s later than the base model, respectively. In
the base-tor case, this delay is caused by the additional time required for the
toroidal MRI to generate poloidal field, which then drives angular momentum
transport. This is illustrated in Figure 5.3, which shows the evolution of the
volume-integrated Maxwell stress for all 3D models. The bhns run has a deeper
gravitational potential at the initial density maximum than the other runs (see
§5.2.2), leading to more total energy input required to begin mass ejection (e.g.,

Fernéndez et al. 2020).

We also find that mass ejection peaks earlier in the base model than in the
other two runs. The base-tor run reaches peak mass ejection around 0.1s later
than the base model at a somewhat larger outflow rate, but then decays with
time following a power law slope of d;,, = 1.45, only ~3% different than the
base model slope dpase = 1.50. This qualitatively similar behaviour between
poloidal and toroidal models is also found by Christie et al. (2019), although

the initial conditions of their simulations lead to different quantitative values
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of 9. Each 3D model has a different quantitative value of d, despite having the
same late-time mass ejection mechanism. This variation can be attributed to
physical differences in the disks and the timing of mass ejection. Each disk
reaches maximum outflow at a phase in its evolution when the remaining disk
mass, wind loss rate, and accretion rate are different relative to the initial disk
mass and timescale of angular momentum transport in the disk. The initial
time of mass ejection is also related to the range of electron fractions in the
outflow. All runs produce a broad range of Y, in the ejecta, with a lower limit

Y. 2 0.05 (See §5.2.3).

Morphology

Kilonova emission is dependent on the ejecta morphology (e.g., Kasen et al.
2017; Kawaguchi et al. 2020, 2021; Korobkin et al. 2021; Heinzel et al. 2021),
which can vary depending on the type of binary and mass ejection mechanism.
The morphology of the disk outflow ejecta for the base and base-tor models is
shown in the rightmost panel of Figure 5.1, showing a characteristic “hourglass”
shape found in previous GRMHD simulations (e.g., Fernandez et al. 2019b;
Christie et al. 2019). This feature is robust across all our 3D models, as can
be seen from the angular mass outflow histograms in Figure 5.4. Model base-
tor ejects 50% less mass with v 2 0.25¢ and within ~ 7/4 of the rotation
axis than model base, and no ejecta in this velocity range is produced within
~ 7/4 of the equatorial plane. In contrast, models base and bhns have a much
wider distribution of fast/early ejecta, extending down to within 7/6 of the
rotation axis. This implies that the morphology of the highest velocity ejecta
is dependent on the initial condition of the torus, with the compactness of the

disk having little effect on outflow geometry. This result is supported by the
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Figure 5.2: Top: mass accretion rate at the ISCO for all 3D models, as labeled.
The dashed line shows a reference power-law dependence t 2. Middle: unbound
mass outflow rate at an extraction radius r = 10*km, for all 3D models. Out-
flow rates are extrapolated with a power law (dashed lines), with the fiducial
power law index shown for each curve (equation 5.20). Bottom: evolution of
the cumulative unbound mass ejected (equation 7.18). Dashed lines show the
result of using the same power-law extrapolation of the outflow rate after the
end of the simulation (equation 5.20).
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Figure 5.3: Top: Evolution of the volume-averaged Maxwell stress normalized
by the volume-averaged magnetic pressure, am = (BrBg)/(Pmag), a measure
of radial angular momentum transport by magnetic forces (see Hawley 2000;
Hawley and Krolik 2001 for a discussion). Middle: Evolution of the maximal
magnitude of the radial magnetic field. Bottom: Evolution of the maximal
magnitude of the azimuthal magnetic field.
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Figure 5.4: Total unbound mass ejected by our 3D models, as labeled, sorted
into bins based on electron fraction Y,,radial velocity v,, and polar angle 6.
The bin sizes are AY, = 0.05, Av,./c = 0.05, and A cosf = 0.1, where cos =0
is the midplane.

results of (Christie et al., 2019), as well as those of (Siegel and Metzger, 2018)

in their discussion of the initial transient phase.

Compactness

We find that the fraction of the initial disk mass ejected decreases with in-
creasing disk compactness (model bhns), following the same trend as the hy-
drodynamic results of Ferndndez et al. (2020). This shows that the additional
mass ejected by MHD effects relative to pure viscous hydrodynamics also de-
creases with increasing disk compactness. Figure 5.4 shows that the fastest

ejecta (t < 0.1s) becomes a smaller fraction of the total mass ejected, with the
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majority of the disk outflow ensuing after 1s. This change can be attributed to
multiple differences with the base model: the gravitational potential is deeper
by a factor ~ 2 at the density maximum, the ISCO of the BH is closer to
the torus density maximum (see, e.g., Figure 5.2), and the initially lower den-
sity torus emits an order of magnitude less neutrino luminosity and is more
transparent to neutrinos. Nevertheless, the different disk structure results in
a shorter neutrino cooling time at the initial density peak in the bhns model
(1ms) relative to the base model (2ms). Thus, at early times (¢ < 0.1s) when
neutrino cooling is strong, disk material is more bound in the bhns than in the

base case.

We note a sharp drop in mass ejected with Y, ~ 0.3 for the base model,
also found in Ferndndez et al. (2020), which can be attributed to the larger
relative importance of neutrino absorption in more massive tori. For a neutron-
rich disk where neutrino absorption dominates the evolution of Y,, the process
Ve +n — e~ + p occurs more frequently than its inverse, increasing the net
Y. (Siegel and Metzger, 2018; Fernandez et al., 2020; Most et al., 2021).This
trend is also found by Just et al. (2022) with a significantly more advanced
neutrino scheme - a broader distribution in Y, corresponds to more absorption
(see their Figure 13). Similar 2D axisymmetric simulations by Shibata and
Sekiguchi (2012) yield neutrino luminosities that decrease from 10°? erg s™! to

1

105! ergs™! as the BH mass increases by from 3M to 6M,. We find a very

similar trend as we change the compactness.
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5.2.3 Mass Ejection in 2D: Sensitivity to Physics Inputs
Dimensionality

Measuring unbound ejecta by the end of each simulation, the base-2D model
ejects a factor of ~ 2 more mass than the equivalent base run in 3D, despite
running for 1.4 s instead of 3s. The evolution is qualitatively similar for the first
~ 1s, until the axisymmetric torus becomes dominated by magnetic pressure
and is disrupted, at which point we end the simulation. Quantitatively, model
base-2D produces a higher mass outflow rate at all times, in particular more
ejecta with velocities 2 0.25 c. We attribute this enhanced mass ejection to the
lower accretion rate onto the BH in axisymmetry given the suppression of the
MRI, with divergence in the evolution from the 3D case starting at ~ 20 ms.
With less accretion, the larger amount of matter in the torus results in a higher
outflow rate, given that the same outflow driving processes operate in 2D and

in 3D.

Spatial Resolution

To quantify uncertainties due to spatial resolution, we run versions of model
base-2D at half and twice the resolution in both the radial and polar directions.
The high-resolution model is evolved until 0.5 s, probing the early, magnetically-
driven phase, and the half-resolution model is evolved until 1s, which includes
the radiatively-inefficient phase of mass ejection. Mass ejection up to 1s is
~ 10% higher in the standard resolution model relative to the low-resolution
model. We thus associate an uncertainty of 10% to our mass ejection numbers
due to spatial resolution. The growth of the toroidal magnetic field is identical
during both the magnetic winding and MRI growth phase in all models until

3 ms, when the maximum value of toroidal magnetic field saturates at 2x 10 G.
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We find a 0.5% difference in the saturation value of |B,| between the standard
and high resolution runs, and a 5% lower saturation value comparing the low to
standard resolution run. Thereafter, the maximum of | B,| undergoes stochastic
fluctuations with amplitude of order unity until a dissipation phase begins at
~ 30ms. The standard and high-resolution models remain consistent within

fluctuations.

Nuclear Recombination

Comparing mass ejection from models base-2d (with recombination) and base-
norec (without recombination), we find that nuclear recombination remains a
subdominant effect until the end of our 2D simulation at 1.4s. Before 0.5s,
energy input from nuclear recombination increases the mass-averaged velocity
of ejecta, resulting in a noticeable decrease in mass ejected at ~ 0.3¢ and
a increase at ~ 0.25c¢ in model base-norec compared to model base. After
2 0.5s, comparatively less mass is ejected in model base-norec due to the
lack of recombination heating. In other words, mass which would have been
ejected in the initial MHD-driven phase is instead ejected slower and at a later
time, indicating that the net effect of nuclear recombination is to make matter
less gravitationally bound and thus easier to eject by magnetic forces at early
times. We find an almost identical distribution in electron fraction, skewed to
a slightly lower average value since less mass is ejected later when the charged

current weak interactions have already raised the Y,.

Neutrino Absorption

Inclusion of neutrino absorption results in additional mass ejection by a factor

of ~ 2 relative to a model without it (base-noirr), and a negligible effect on

68



the mass ejected at ¢ < 0.1s, when magnetic stresses dominate. The energy
input from neutrino absorption causes additional mass to become marginally
unbound, extending the distribution in velocity space to slower outflow. How-
ever, since more mass is ejected, neutrino absorption produces a decrease by
0.05 ¢ in the mass averaged velocity. Turning off neutrino absorption skews the
electron fraction of the ejecta to lower values, with more mass (factor of 2)
being ejected at all times with Y, < 0.1, and 2 orders of magnitude less ejecta

with Y, > 0.4.

5.2.4 Comparison to previous work

The ejected masses and velocities from our 3D models are in broad agreement
with comparable simulations (Siegel and Metzger, 2018; Miller et al., 2019;
Fernandez et al., 2019b; Christie et al., 2019; Just et al., 2022). The base run
is qualitatively closest to the model of Siegel and Metzger (2018), which lacks
neutrino absorption, and to the MHD model of Just et al. (2022), which has a
less massive torus (0.01M). Siegel and Metzger (2018) find that 16% of the
torus is ejected during 381 ms of evolution, and Just et al. (2022) that 20% of
the initial torus mass is ejected during 2.1s. Our base model ejects a higher
fraction of the initial disk mass due to the difference in compactness as well
as a longer simulation time. Relative to the long-term GRMHD simulation of
Ferndndez et al. (2019b), which employed an initial field geometry conducive
to a magnetically-arrested disk (MAD, e.g., Tchekhovskoy et al. 2011), ran for
a longer time (~ 10s), and did not include neutrino absorption, our base run
ejects ~ 20% less mass by the end of the simulation at 3s. Our extrapolated
ejected masses are comparable to that from this longer run, with other differ-

ences explainable by the difference in compactness and initial field geometry.
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The weak poloidal (SANE) model from Christie et al. (2019) is run for the
same amount of time as our base run but with an initially weaker field, and
also ejects ~ 30% of the torus mass during the simulation, despite not including

neutrino absorption.

The toroidal run of Christie et al. (2019) ejects 3% less mass than their
weak poloidal (MAD) run, whereas we find 15% more mass ejection in our
base-tor (toroidal) model relative to our base (poloidal) model. We do find
a lower average velocity (by ~ 0.02¢) in the base-tor model relative to our
base model, same as they do. Christie et al. (2019) find that their toroidal
model begins mass ejection at almost the same time as their weak poloidal
run, and find a more sustained period of mass ejection from ~ 0.01 — 0.05s in
the toroidal model. Comparatively, we find that mass ejection in our base-tor
model begins later and quickly rises to peak at a value higher than that of
the poloidal simulation. This difference in dynamics could be attributed to
a comparatively stronger toroidal magnetic field (8 ~ 0.01 — 2 in the initial
torus) and the effect of neutrino absorption. We do not vary the initial field
strength in our simulations, as a lower field strength would require more cells to
properly resolve the MRI. We can speculate on how lowering the field strength
would change our outflows by comparing to the results of Christie et al. (2019).
They find that lowering the field strength reduces the initial (¢ < 0.5s) out-
flows driven by magnetic stresses, but the late-time thermal outflows are nearly
identical. The effects on our (SANE) field configuration would likely be sim-
ilar, but less prominent, given that their MAD configuration is optimized for

producing magnetic outflows.

The work of Miller et al. (2019) utilizes the same initial conditions as our

base model but with a more advanced neutrino scheme to treat neutrino emis-
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sion and absorption. We find a similar amount of mass ejected by 100 ms of
evolution (~ 2 x 1072M), indicating broad agreement despite the difference

in neutrino schemes.

Utilizing a mean field dynamo to address the suppression of MRI in 2D, Shi-
bata et al. (2021b) run resistive MHD simulations of high compactness toroidal
disks. They find ~ 10 — 20% of the initial disk mass is ejected over = 4s with
an average electron fraction (Y.) ~ 0.25 — 0.35, in broad agreement with our
findings. Notably, they find that mass ejection begins 2 500 ms later than in
our toroidal run, although this delay can be attributed to the high compactness

of their models.

The recent GRMHD simulations of Hayashi et al. (2022) start from the
inspiral of a 1.35M NS and a 5.4 or 8.1 M, BH and evolve the remnant for
up to 2s, including neutrino leakage and absorption. They find qualitatively
similar results when compared to our runs, albeit with much larger tori masses
post-merger (~ 0.2 — 0.3My). The fraction of the torus mass ejected is also
comparable to our bhns runs, as ~ 10% of their tori is ejected in the first 1s,
with a broad distribution in both electron fraction and velocity. Discounting
dynamical ejecta, they find a peak electron fraction Y, ~ 0.25 — 0.35 and post
merger outflow velocities of v < 0.08¢, in good agreement with our results.
They find outflows starting at = 200ms later than our bhns model, however
the initial tori in their simulations are in a deeper potential well, and form with
an initially toroidal field, both of which we find delay outflows in comparison

to our base model.

By analyzing the net specific energy of tracer particles, Siegel and Met-
zger (2018) find that nuclear recombination of a-particles plays a key role in

unbinding matter in the disk outflow (in a simulation that does not include
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neutrino absorption). Our 2D model base-norec which has nuclear recombi-
nation turned off but includes neutrino absorption, ejects only slightly less
mass than our base-2D run indicating that under these circumstances nuclear
recombination is a sub-dominant effect. It remains to be tested whether re-
combination will remain sub-dominant in a fully 3D simulation that includes
neutrino absorption and runs for a long time (> 1s).

Our 2D model without neutrino absorption (base-noirr) ejects a factor ~ 2
less mass than the base-2D model. This difference is significantly larger than
that found in models that employ viscous hydrodynamics, which typically find
that neutrino absorption is dynamically sub-dominant for mass ejection (e.g.,
Fernandez and Metzger 2013; Just et al. 2015). This also inconsistent with the
3D MHD run of Just et al. (2022), who find that turning off neutrino absorption
results in a 2.5% increase in mass ejection relative to the initial torus mass,
although they use a different neutrino leakage scheme and a less massive torus
that is more transparent to neutrinos. Our results are limited by the use of
axisymmetry for these simulations, but suggest that neutrino absorption could
indeed be more significant for the dynamics of mass ejection and motivates

further studies in 3D.

5.3 Summary and Discussion

We have run long-term 3D MHD simulations to explore mass ejection from
BH-tori systems formed in neutron star mergers. The publicly available code
FLASH4.5 has been extended to allow its unsplit MHD solver to work on non-
uniform spherical coordinates in 3D (Chapter 2, 3). All of our models include
a physical EOS, neutrino emission and absorption via a leakage scheme with

disk-lightbulb irradiation (Chapter 4), and treat the gravity of the BH with a
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pseudo-Newtonian potential. Our 3D models employ different initial magnetic
field geometries and disk compactnesses. We have also carried out axisymmetric
models that suppress the nuclear recombination and neutrino absorption source

terms.

The disk outflows from our 3D models exhibit a broad distribution in elec-
tron fraction and ejection polar angle (Figure 5.4), with a typical hourglass
morphology (Figure 5.1). The tori eject matter with a bimodal distribution in
velocity (Figure 5.4) associated with two different mass ejection phases: MHD
stresses power early time (¢ < 0.1s) high velocity (v 2 0.25¢) ejecta, and late-
time (¢ ~s) “thermal” ejection provides the majority of mass outflows centered

around v ~ 0.1 c.

We find that imposing an initially toroidal field configuration ejects ~15%
more of the initial torus mass than the standard SANE poloidal field of similar
maximal field strength (Figure 5.2, Table 5.2). However, the toroidal model
ejects an order of magnitude less ejecta in the first 100 ms of evolution (Fig-
ure 5.4), comprising all of the ejecta travelling at velocities v 2 0.25¢. The
high-velocity ejecta is suppressed by the additional time it takes for dynamo ac-
tion to convert toroidal into large-scale poloidal fields, which then drives radial

angular momentum transport.

Increasing the disk compactness to values expected for typical BH-NS merg-
ers results in significantly less mass ejection relative to our base (NS-NS) model,
beginning at a later time and decaying at a faster rate. Comparing to the vis-
cous hydrodynamic models of Ferndndez et al. (2020), we find the same overall
trend of decreased mass ejection with increasing disk compactness. Model bhns
has the same initial torus and BH configuration as their model b08d03: by 4s,

our 3D MHD simulation has ejected 5.5% of the initial torus mass, while the
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viscous hydrodynamic equivalent has ejected only 1.9% of the initial disk mass
by the same time. The hydrodynamic model goes on to eject 5.0% of the
initial disk mass after 12 s of evolution, with mass ejection peaking at 2.3s
but remaining non-negligible until later times. The extrapolated outflow for
our 3D MHD model bhns predicts 6 — 8% of the initial torus mass, which is
consistent with the previously-found enhancement in mass ejection by MHD
relative to viscous hydrodynamics at smaller compactnesses when evolving both
to ~ 10s (Fernandez et al., 2019b). Our results inform analytic fits to fractions
of the initial disk mass ejected like that of Raaijmakers et al. (2021), which has
the enhancement in mass ejection due to magnetic effects relative to viscous
hydrodynamics as a free parameter. More 3D MHD simulations at different
compactness and with various initial magnetic field geometries are needed to

improve the predictive power of these fits.

Our axisymmetric models that vary the physics show that nuclear recom-
bination is a sub-dominant effect, while neutrino absorption can make a signif-
icant difference in mass ejection. Inclusion of neutrino absorption produces a
shift of the velocity distribution at late times, down by ~ 0.05 ¢, with negligible
effects at early times (¢ < 0.1). In the absence of neutrino absorption, the dis-
tribution of electron fraction shifts to include additional material with Y, < 0.1
and exclude Y, > 0.4. Nuclear recombination deposits additional energy into
the already unbound outflows at ¢t ~ 0.1s, resulting in ejecta with moderately
higher velocities, but its absence only decreases the total ejecta mass by 1%.
Inclusion of r-process heating by the formation of heavier nuclei can further
speed up the ejecta at late times (Klion et al., 2022). Proper characterization
of the effect of neutrino absorption and nuclear recombination on the mass ejec-

tion dynamics and composition must be done with full 3D simulations, which
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unfortunately still remain expensive computationally.

Our base and base-tor models have initial conditions consistent with the
post-merger system of the observed NS-NS merger GW170817. We find that
although these 3D models can eject lanthanide-free material (Y, > 0.25) with
velocities inferred from kilonova modelling, v 2 0.25 ¢, there is insufficient mass
in the outflows to match observations (e.g., Kasen et al. 2017; Villar et al.
2017a) with the disk outflow alone. The inclusion of a finite-lived remnant in
our base model is a promising way to produce more lanthanide-free ejecta at

the required velocities (e.g., Fahlman and Fernandez 2018).

The main limitations of our work are the approximations made for mod-
elling neutrino radiation transport on the necessary timescales. Prior research
into the effectiveness of neutrino schemes have shown that the differences be-
tween two-moment (M1) and Monte Carlo (MC) schemes can result in a ~ 20%
uncertainty in neutrino luminosity, translating to a difference of 10% in out-
flow electron fraction (Foucart et al., 2020). Comparison between M1 and the
leakage scheme of Ardevol-Pulpillo et al. (2019) (which our scheme is based on,
see Chapter 4) shows a further 10% uncertainty in neutrino luminosities, and
a comparison of leakage+MO0 to M1 schemes shows that leakage schemes tend
to decrease the average Y., but with a minimal effect on nucleosynthetic yields
(Radice et al., 2022). The exclusion of relativistic effects implies that we can-
not accurately model jet formation, but the effects of these approximations on
mass ejection and composition are likely minimal, since the relevant processes
operate far from the BH. The leading order special relativistic corrections to
the MHD equations are ~ v/c for v < ¢, hence we estimate uncertainties as-
sociated with our fastest ejecta to be at least of the same order (e.g., 50% for

matter with v,./c = 0.5, etc.). The bulk of mass ejection has v, /c < 0.1, and
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thus uncertainties due to Newtonian physics should be on the order of 10%,

comparable to those due to spatial resolution.
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Chapter 6

HMNS Evolution

As discussed, a promising way to induce large quantities of high velocity, high
electron fraction outflows is the inclusion of a finite lived remnant in our sim-
ulations. In most NS mergers, this remnant is a HMNS, expected to live for a
timescale of ~ 10—100 ms post-merger, and driving additional outflows through
magnetized and neutrino-driven winds before collapsing to a BH. To include
a HMNS in our simulations, we require an initial thermodynamic profile, self-
gravity, an EOS which can deal with densities near nuclear saturation, and
an additional source of neutrinos from the HMNS in our leakage/absorption
scheme. Here, we describe our implementation of the EOS and neutrino source

terms.

6.1 Equation of State

We generate our EOS for use in FLASH4 .5 using the SROEQS generator (Schnei-
der et al., 2017), which generates hot equations of state assuming an NSE

prescription for subnuclear density material (< 10'g ecm™3) | and was further

modified by Schneider et al. (2019) to include the APR EOS. This involves
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separating the matter into representative constituent species and minimizing
the Helmholtz free energy of the combined gas. Material near or above nuclear
densities (= 10''g cm™3) uses a single nucleus approximation (SNA) for nuclei,
where the properties of all present nuclei are represented by a single particle.
To determine the energy of the gas, interactions between the nuclei are handled
with either a Skyrme (Lattimer and Swesty, 1991) or APR (Akmal et al., 1998)
prescription. The high and low density regimes are then stitched together with
a derivative-preserving merge prescription, creating a seamless EOS across a

large parameter space.

FLASH4 .5 requires all material to have a positive internal energy, but the
nuclear binding energies of the material in NSE causes the total internal energy
to be negative. Therefore, we leave the portion of the code handling nuclear
densities unchanged, but modify the NSE part of the code to output the binding
energy of material at a point in thermodynamic space (p,T,Y.). This binding
energy is then added on to the energy during the FLASH4.5 MHD evolution so
that differences in binding energy are still taken into account, but the internal
energy of the fluid is never negative. We generate tables which span a space of
107% — 10'°g cm ™2 with 655 points in density, 10* — 103K with 256 points in
temperature, and 0.005—0.660 with 66 points in electron fraction. Additionally,
the SNA portion of the code fails for numerical reasons at temperatures T <
10°K. To work around this, the merged code is separated in density space
around nuclear density (~ 10''g cm™3), and the table temperature minimum

is set to be 106K above the separation density, and 10* K below.

To use the tabulated EOS in FLASH4 .5, we modify the implementation used
by Couch and Ott (2013), included with the release of FLASH4 .5, which is used

for similar equations of state in CCSNe simulations (O’Connor and Ott, 2010).
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In addition to modernization of the routines, the iterative Newton-Raphson
solver is modified to be more robust against failure by adding a temperature
change limiter, as well as adding the capability to handle the binding ener-
gies of nuclei. At each point in the evolution, the EOS iteratively solves for
the temperature given a consistent Y, p, and Fy from the MHD solver. It
then outputs the mass fraction of each species, and changes the internal en-
ergy accounting for the binding energies. The binding energy of elements are
conglomerated into 3 species for use in simulations, a-particles, “light” ele-
ments, and “heavy” elements. Light elements consist of any elements with
Z < 6 excluding a-particles, whereas “heavy” elements represent everything
else (Z > 6). The average value of the heavy element mass and binding energy
is then taken to be the sole representative “heavy” element which is evolved in
FLASH4.5. As well, the code outputs a spatially varying adiabatic I'; and ~,
for use in the unsplit evolution, which determine the sound speed and relates

pressure to the energy, respectively.

6.2 Neutrino Implementation

In this section we detail the implementation of additions to our neutrino scheme
to include the effects of HMNS irradiation in the domain, in particular the ef-
fects of neutrino heating on the torus. Full details of the rest of the scheme
are outlined in Chapter 4, Metzger and Ferndandez (2014) and Lippuner et al.
(2017). The end goal of the implementation is a scheme accurate to within
an order of magnitude with limited computation costs. It is well known that
neutrino leakage schemes tend to under predict the lepton number change and
energies in merger simulations (e.g., Foucart et al. 2020; Radice et al. 2022;

Curtis et al. 2023a), and as such we do not attempt to create a totally quanti-
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tatively accurate scheme.

We extend the previous implementation of the neutrino heating from a
HMNS for heating fluid elements outside the neutrinosphere, which requires
the location of the neutrinosphere, as well as the temperature and luminosity

of the neutrino emission.

The explicit heating and cooling terms are given in the appendices of
Fernandez and Metzger (2013) and Metzger and Ferndndez (2014). What re-
quires modification is the total neutrino luminosity input from the HMNS,
which is then normalized by the blackbody radiation of the neutrinos at the

neutrinosphere, and a radial component to account for the flux hitting the cell,

L, = Lu, (6.1)
e 47TR72157V1'0-SBT4 ‘ ‘

ns,v;

In previous simulations, the neutrino luminosity L,,, neutrinosphere tempera-
ture, T},5,,, and neutrinosphere radius R, , were user defined parameters, and
we now make them self-consistent. We find the total luminosity of the HMNS
by summing up the individual emissivities of each cell within the HMNS. The
neutrinosphere radius is not assumed to be spherically symmetric, and is al-
lowed to change with 6 and ¢. It is determined as the first location radially

outwards at which the optical depth is less than or equal to 2/3,

B, (0,0) = R(1, < 2/3). (6.2)

The radial optical depth for each species is calculated along each direction
using the numerical summation 7,, = Y k,, (r)dr, where we utilize the analytic
expressions for x from Ruffert et al. (1996), which include the effects of energy

averaged scattering and absorption processes onto neutrons and protons. The
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Figure 6.1: Integrated line of sight optical depths used in determining the
reduction in self-irradiation heating from torus emission. The torus is taken to
be a lightbulb which emits from two points slightly above and below the the
midplane at a radius Ry, to each point in the domain, P(r,0)
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neutrino temperature is then determined from the average neutrino energy in

the neutrinosphere

(Enswn) = > QS (Rns)/ > RI(Rns), (6.3)

(Toe) = {enn) o

(6.4)

where Q,ef and R,‘jf,f are the effective energy and lepton number change for each
neutrino species, the explicit forms for which are defined in Fernandez et al.
(2019b), eq (3) and (4). The factors of the Fermi integrals, F,,(0) come from

expanding the explicit forms of Q& and Ref.

The neutrino radiation is then further attenuated by a factor of e 2™, where
T,, 1s the radially integrated optical depth along the line of sight from the cell
to the HMNS.

Within the neutrinosphere, the irradiation is identical, except that it re-
lies on the spherically symmetric enclosed luminosity and temperature at each
radial cell. These enclosed quantities are then used in equations (6.1-6.4) to
calculate the normalized luminosity and the temperature used in the heating
and lepton number change rates. In practice, however, the luminosity within
the HMNS is dampened to negligible rates by the exponential of the massive
opacities (7,, ~ 10%), which drops steeply across one single cell at the HMNS

neutrinosphere with our current resolution.

Additionally, we improve the lightbulb scheme for emission from the torus
by integrating 7,, for absorption from neutrinos emitted by the torus. While
this is a subdominant effect compared to both cooling from the torus and
irradiation from the HMNS, the previous scheme detailed in Chapter 4 has

problems with high density tori after they experience shocks from the HMNS
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oscillation. These shocks can artificially increase 7,, in the outer regions of the
torus, as the previous scheme used the value of 7,, at the density maximum for
the luminosity reduction in the entire torus.

We develop a simple new scheme which relies on integration of 7,, in the
radial and polar directions. First, we determine the 4 optical depths shown in
Figure 6.1. The first is along the radial line of site from the emission maximum
to each point (1), the radial optical depth along the equator to the radius at
which the point lies (73), the angular optical depth from the torus equator to
the emission maximum (73) and to the point (74). The optical depth is then

taken to be the maximum of the two possible path lengths

T = max(\/ﬁ2 +72), \/7'22 + 72). (6.5)

to avoid issues with points around the HMNS where one of the path can have
unphysically small optical depths. This is similar to other neutrino leakage
schemes (e.g., Ruffert et al. 1996; Neilsen et al. 2014; Siegel and Metzger 2018;
Werneck et al. 2023).

We compare snapshots of the net energy and lepton number change source
terms from our scheme to the time stationary Monte-Carlo (MC) neutrino
transport code SedonuGR (Richers et al., 2015, 2017) in Figure 6.2 and Fig-
ure 6.3. SedonuGR utilizes an MC algorithm accounting for emission, absorp-
tion, and scattering of neutrinos for a given fluid background and EOS to return
the local energy and lepton number change rates for a fluid parcel. MC schemes
are among the most accurate in the literature (e.g., Richers et al. 2015; Ryan
et al. 2015; Richers et al. 2017; Miller et al. 2019; Foucart et al. 2020), so the
source terms returned by SedonuGR are a good benchmark that we can compare

our more approximate leakage/lightbulb scheme to. Snapshots from 2D slices
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of our spherical domain at ¢t = 0,1 and 30 ms are taken as comparison points.
The effects of neutrinos start to become negligible due to decreased emission
and increased transparency as the torus dissipates, and for this reason, we focus
our comparison at earlier timesteps, with earlier agreement being much more
impactful.

The neutrino scheme recreates the overall energy and lepton number change
rates to within a factor of a few, following a similar spatial distribution. As the
scheme progresses, cooling of material is overestimated by an order of magni-
tude, especially in the midplane of the torus and close to the HMNS. We show
this both with 2D colormaps, as well as a numerical comparison of the schemes
by taking a radial slice through the domain at the equator, and a vertical slice
at the density maximum of the torus. While it is difficult to extrapolate the
effects of the discrepancies on our outflows, we can speculate that increased
cooling near the midplane of the HMNS may result in less neutron rich mate-
rial being ejected by magnetically driven outflows, which is also found by Curtis
et al. (2023a) in their leakage scheme comparison. However, the majority of
matter affected is also likely to be accreted upon HMNS collapse, as its small
angular momentum causes it to circularize at a radius smaller than the ISCO

upon collapse to BH.
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Figure 6.2: Comparison of neutrino source terms for a 0.1 torus and 2.65M
HMNS at ¢t = 1,10,30 ms in FLASH4.5 (Left) to SedonuGR (Right). The top 6
panels compare rate of energy change per unit mass, and the bottom 6 panels
show rate of lepton number change per baryon. The background fluid snapshot
are taken as 2D slices at ¢ = 0 from the FLASH4.5 domain at the specified
time, with the 10°¢ cm™ white contours delimiting the approximate edge of
the torus, where the neutrino source terms are set to 0. The lightbulb/leakage
scheme tends to underestimate the heating and lepton change at all times,
leading to less energetic, lower Y, neutrino driven outflows than in an MC
scheme.
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Figure 6.3: Comparison of neutrino source terms for a 0.1 torus and 2.65M
HMNS at ¢ = 1,10,30 ms in Top: Rate of energy change per unit mass, and
Bottom: Rate of lepton number change per baryon. The absolute values of
the source terms for ¢ = 1,30 ms have been offset by a constant (£2) for each
time for visual clarity. The background fluid snapshots are from the FLASH4 .5
domain at the specified time.
(through the torus density maximum). Right: Radial slices at ¢ = 0 and
6 = 90 (through the equator). The neutrino source terms from FLASH4.5 are
shown as solid lines, while the source terms from SedonuGR are dashed lines.
Changing color and line thickness denote different time snapshots.
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Chapter 7

Secular Outflows from 3D MHD

Hypermassive Neutron Star

Accretion Disk Systems

Simulations of BH torus systems suggest that winds from the disk can eject
sufficient mass to power the red kilonova, but are lacking enough mass in high
electron fraction ( Y, 2 0.25), high velocity (v 2 0.25¢) outflows to create the
blue kilonova. Several studies point to the formation of a short lived hyper-
massive NS (HMNS) as a resolution to the lack of this ejecta (e.g., Metzger
et al. 2018; Fahlman and Fernandez 2022; Combi and Siegel 2023; Curtis et al.

2023a).

At the time of writing this chapter, there are few long term simulations of
3D MHD HMNS systems, (e.g., Kiuchi et al. 2012; Siegel et al. 2014; Ciolfi
and Kalinani 2020; Mosta et al. 2020; de Haas et al. 2022; Combi and Siegel
2023; Curtis et al. 2023a) with only one simulation lasting ~ 1 s (Kiuchi et al.,

2022). The varying input neutrino physics, HMNS lifetimes, and magnetic
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fields strengths and orientations result in little consensus on the composition,

mass, velocities and ejection mechanisms for their outflows.

Here we present long-term 3D MHD numerical simulations of HMNS and
torus systems, starting from varying idealized initial conditions. We utilize a
(pseudo)Newtonian potential (Artemova et al., 1996), the nuclear APR EOS
(Schneider et al., 2019), and a leakage/absorption scheme to handle energy de-
position and lepton number change from neutrinos, as described in Section 7.1.
In Section 7.2 we examine our outflows in the context of powering a kilonova
while ignoring effects from relativistic jets, which we are unable to model with-
out full GR. In Section 7.3 we compare to other works and in Section 7.4 we
conclude. Chapter 6 describes updates to our previously used neutrino scheme

to handle a HMNS fully contained in the computational domain.

7.1 Methods

7.1.1 Numerical MHD

We use a modified version of the FLASH4.5 code to run our MHD simulations
in non-uniform 3D spherical coordinates, as described in Chapters 2. Here we
give a brief overview. The code solves the Newtonian conservation equations

for mass, momentum, energy, and lepton number, as well as the induction
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equation

dp

S+ [pv] =0 (7.1)
_a(apt") LV plvev) - (BeB) + VP = pVd (72)
a(gf) +V- [V(pE—{—P) —B(VB)} = _pVVCI)_I'Qnet (73)
d(pYe) _
T + V- [,OYeV] = Fneta (74)

a@—]?JrV-[v@B—B@v]:O. (7.5)

where p is the density, v is the velocity, B is the magnetic field (including
a normalization factor v/4m) , Y, is the electron fraction, and E is the total
specific energy of the fluid

1
E:§(V-V+B~B)+€mt. (7.6)

We denote ey, the specific internal energy, and P is the sum of gas and magnetic
pressure

1

We use the constrained transport method (Evans and Hawley, 1988) to preserve
the solenoidal condition (V -B = 0) while evolving the induction equation. We
include source terms from the self-gravitating potential of the fluid, ®, neutrino
heating and cooling, Q,;, and lepton number change, I',.;. Our self-gravity
scheme utilizes the Newtonian multipole solver of Miiller and Steinmetz (1995),
as implemented in Ferndndez et al. (2019a). After the HMNS collapses into a

BH, we add a point source term with the mass of the remnant to the zeroth
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moment of the multipole expansion using the Artemova potential (Artemova
et al., 1996). We close the equations with the hot APR EOS of Schneider et al.
(2019). The additional source terms from our neutrino scheme are calculated
using a 3 species, two source, lightbulb-leakage scheme (Metzger and Fernédndez,
2014; Lippuner et al., 2017; Ferndndez et al., 2022). We use local emission rates
from Bruenn (1985) for neutrino production from charged-current interactions,
and the rates from Ruffert et al. (1997) for plasmon decay, nucleon-nucleon
brehmsstrahlung, and pair processes. We take into account absorption due to
charged-current weak interactions from electron-type neutrinos and antineu-
trinos emitted by the central HMNS and by a ring within the torus. The

implementations of our neutrino source terms are detailed in Chapter 6.

7.1.2 Initial Torus

We initialize our simulations with a constant specific angular momentum, en-
tropy, and composition torus in hydrostatic equilibrium with a point mass
remnant in a Newtonian potential. Generating the torus requires choosing in-
put parameters, which we set according to inferred values from GW170817 (See
e.g., Abbott et al. 2017; Shibata et al. 2017; Fahlman and Ferndndez 2018 ).
For all our simulations, we set a remnant mass of 2.65M,, torus mass of 0.1 M,
radius of density maximum at 50 km, entropy of s = 8 k/baryon and Y, = 0.1.
This results in a torus with an initial maximum density pmax = 8 x 1019 gcm ™3,
Matter initialized in the torus is flagged as torus material using a passive mass
scalar which is advected with the flow. We neglect the self-gravity of the torus in
the initialization process, as the system mass is dominated by the remnant. We

additionally neglect spatial variations in the composition and entropy, which

have been found to make small (~ 10%) differences in the outflows around BH
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accretion disks (Ferndndez et al., 2017; Nedora et al., 2021; Fujibayashi et al.,

2020b,c; Most et al., 2021).

The torus is then threaded with a magnetic field. We choose magnetic
field configurations that cover possible geometries found in magnetized merger
simulations, which generally yield a combination of (turbulent) toroidal and
poloidal fields. Due to the high resolution requirements to capture the mech-
anisms for amplifying the field at merger and within the remnant plus torus
(e.g., the Kelvin-Helmholtz instability and MRI), we start with field strengths
that assume that growth and saturation has been reached, allowing us to re-
solve the smallest growing wavelength of the MRI with our grid (See Figure 7.1
and Section 7.1.5). These field strengths are similar to those found in merger
simulations which use sub-grid models to resolve these effects (e.g., Aguilera-
Miret et al. 2023). For models which specify a poloidal field geometry, this is

initialized using an azimuthal vector potential that follows the density,
Ay o max(p — py, 0) (7.5)

where pg = 0.009p,.x is the cutoff density used to ensure the field is embedded
in the torus. This results in a poloidal (“SANE”) field topology (Hawley, 2000).

The field is normalized to be dynamically unimportant, with an average plasma

5 of
B [ PyasdV B

<6>_m_

100, (7.9)

resulting in a maximum field strength of | B,| ~ | By| ~ 4 x 10 G. Models with

a toroidal field geometry are initialized as
B, = Bymax(p — po,0), (7.10)
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where By = 5 x 10°G/(gem™?). This results in nearly constant azimuthal
magnetic field embedded within the torus, which tapers off as a function of the
density profile. The field has a maximal value of 8 x 10 G, and an average

strength of ~ 2 x 10 G.

7.1.3 Initial HMNS

Our torus orbits a stable equilibrium model of an azimuthally-symmetric,
differentially-rotating NS. We find 2D HMNS thermodynamic profiles using
the code NewtNeut, a reduced version of the code drns (Stergioulas and Fried-
man, 1995). NewtNeut generates differentially-rotating high-density stars in
the Newtonian limit, taking a central density, rotation law, and EOS as input,
and utilizing the self-consistent field method of Hachisu (1986, HSCF) to gen-
erate thermodynamic profiles for a differentially rotating non-relativistic star.

The equilibrium equation that the HSCF method solves is

/p_ldp =C - (Dg + /Qz(rcyl)rcyldrcyla (711)

where @, is the (Newtonian) gravitational potential, and €2 is a choice of ro-
tation profile dependent on rcy, the cylindrical radial coordinate. We use the

well studied j-const rotation law (Hachisu, 1986; Baumgarte et al., 2000)

Qo

Q= = )
(14 A272sin? 0)

(7.12)

where € is the central rotation rate, A = AJr. is a scaling constant which
sets the amount of differential rotation, and 7 = r/r. is the radial coordinate
normalized to the equatorial radius of the star. We use a uniform spherical grid

with a resolution of (N, x Ny) = (200 x 200) to generate one quadrant of the
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NS, and then assume azimuthal and equatorial symmetry to generate the rest
of the star. The HSCF method requires finding the quantity [ p~'dP, which

can be obtained from the enthalpy,

h = /pldP—i—/TdS, (7.13)

as long as our star satisfies the barotropic condition 7'dS = 0. We choose to
generate stars of constant entropy, so that neutrino emission is not suppressed
by a zero temperature initial condition. Our choice of constant angular mo-
mentum differential rotation law and constant entropy are not entirely correct
for the remnant of a NS-NS merger, as more realistic neutron stars follow a
rotation law that peaks away from the central density, (e.g., Hanauske et al.
2017; Tosif and Stergioulas 2022) and have varying spatial entropy (e.g., Most

et al. 2021; Nedora et al. 2021).

The generated HMNS has a mass 2.65M,, entropy s = 2 kg /baryon, with
A = 0.5, and the central rotation rate chosen such that the ratio of polar to
equatorial radius is r,/r. = 0.75. This makes a star with a maximal equato-
rial radius and central rotation rate of 23.5km and 3780rads ™', respectively,
corresponding to a period of ~ 1.6ms. The thermodynamically consistent
axisymmetric density, electron fraction, temperature, internal energy, and ro-
tational velocity profile output from NewtNeut are read into FLASH, and the
relevant quantities are linearly interpolated to the cell centers to create our
initial HMNS. Like the torus, HMNS matter is also flagged using a passively
advected mass scalar. In all our runs, we embed the HMNS with a dynamically
unimportant axisymmetric toroidal field that vanishes as we approach the ori-

gin, as motivated by merger simulations (Shibata et al., 2021b). The HMNS
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field is given by

r

2
B¢) = BNS (’r‘ ) max(p — Po, O) (714)

e

where pg = 5 x 1013 gem™ is 1/10 the central density of the HMNS, and the
constant Byg = 8 x 101 G/(gcem™3) is set such that the total magnetic energy
within in the NS is 2 x 10*" erg. We note that the magnetic field geometry is

no longer toroidal by ¢t ~ 5ms, as it is modified by the dynamics inside the

HMNS.

7.1.4 Tracer Particles

Tracer particles are used to track nucleosynthesis in post-processing. We ini-
tialize 10,000 tracer particles by placing them into pseudorandom positions
within the domain, following the density distribution, where the density falls
between 10° < p < 10' gem™3 and the atmospheric fraction is 0. This ensures
that the particles are embedded within the torus and the edges of the HMNS,
but also that few are trapped in the HMNS when it collapses. Particles are
then advected with the fluid flow, and the history of any particles that make
it past a fixed extraction radius r., are used in nucleosynthesis calculations.
The latter are carried out with the publicly available nuclear reaction network
SkyNet (Lippuner and Roberts, 2017), with the same settings as Fernandez
et al. (2020).

7.1.5 Computational Domain

We solve the MHD equations in spherical polar coordinates (r, 6, ¢) on a domain

initially ranging from an inner boundary at ry;, = 0Okm to an outer radius
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Tmax = 10° km, located far away from the central remnant. Both the polar (6)

and azimuthal (¢) domains subtend an angle from 0 to 7, creating a hemisphere.

Upon collapse of the HMNS, we excise an integer number of cells covering
a radial region interior to a new radius ry;,, located approximately halfway
between the event horizon and ISCO of the newly formed BH. To preserve
the total number of radial cells in the grid, the domain is expanded outwards
in radius by the same number of cells removed around the origin, with the
new cells filled with ambient medium. Since no ejecta has reached the outer
radial boundary at the collapse times, this results in no effective change to the
simulation outside ry;,. For all models, this results in a post-collapse value of

rmin = 15.4km and an outer boundary at rp.. = 5.23 x 10° km.

We use a logarithmic grid in the radial direction, a grid evenly spaced in
cos @ in the polar direction, and uniform spacing in azimuth. To avoid issues
with time stepping close to the singularity, we make the innermost radial cell
large, with a size of 3km, encompassing the inner ~13% of the HMNS radius.
We set our polar and azimuthal resolution such that the initial wavelength of
the most unstable mode of the MRI within the torus is resolved with ~ 10 cells,
and set a radial resolution to get approximately square cells in the midplane of
the torus. This results in a mesh size of (N, x Ny x N,) = (580 x 120 x 64),
focused towards the midplane of the disk, with Ar/r ~ 0.018, min(Af) ~ 0.017,
and A¢ ~ 0.1. We show the MRI quality factor (Sano et al., 2004) for both

our initial setups in Figure 7.1.

The boundary conditions of our domain are periodic in the azimuthal direc-
tion, and reflecting along the polar axes. The outer radial boundary is set to
outflow, while the inner radial boundary is initially reflecting while the HMNS

survives. After collapse, we set the inner radial boundary to outflow so matter
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Figure 7.1: Slices of the MRI Quality parameter (Q%;p; = Airi/Al;), where
Alig; is the wavelength of the most unstable mode of the MRI and A/; is the
cell width in the specified i-th direction. Slices are in the z — 2 (¢ = 0) plane
of the Bpol-t30 and Btor-t30 models at initialization. The solid white lines
mark the 3 x 10®gcm™ density contour, corresponding to near the edge of
the torus and HMNS. Gray colour denotes regions without any magnetization
in the relevant direction. The field is well embedded within the torus, and is
generally resolved by at least 10 cells. The toroidal field in the HMNS is not
well resolved due to the high densities, and as such we do not expect to resolve
magnetized outflows driven by MRI turbulence in the remnant.

can accrete onto the BH.

7.1.6 Floor

To avoid issues with convergence, finite volume codes implement density floors.
We impose a spatial and temporal varying floor to prevent computationally
unfeasible low timesteps in magnetized regions near the inner boundary and
rotation axis, while not affecting dynamics of the outflows. We implement the

functional form used in Fahlman and Fernandez (2022)

-3 0.75 ~15

r 1 max|t, 0.15]
oor,A — FPsm . P — s 7.15
Phoor. = P I(QOkm) (sm@) ( 0.1s ) ( )
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where pgn = 2 x 10*gem ™. When the code reaches a density below the floor
value in that cell, we add atmospheric material to raise it back up. Identical
floors are implemented for pressure and internal energy, with the respective
scaling constants Py, = 2 X 10 ergem™ and egy = 2 x 10 ergg™!. In the
magnetized polar funnel close to the black hole, we find that this restriction is
often too low, but raising the floor results in unphysical effects in important
areas of the flow. To address this, we impose an alternative floor on the density
only that is dependent on the magnetization, as in Ferndndez et al. (2019b)

Pias 1 < 200 km

CCQ Y

Pfloor,B = (716)
0,  r>200km

where we find ( = 2 a reasonable value to increase the timestep in the magne-
tized funnel, without affecting the dynamics in the disk. We then impose the

floor

Poor = maX[pﬂoor,Aa pﬂoor,B] (717)

7.1.7 Models

Our models are summarized in Table 7.1. We choose parameters for the torus
and HMNS which are the most likely properties of the remnant + disk system
for GW170817 (e.g., Abbott et al. 2017; Shibata et al. 2017; Fahlman and
Fernandez 2018), while varying the lifetime of the remnant and the initial field

topology.
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Table 7.1: Simulation Parameters. From left to right, they list the name of the
model, the mass of the remnant, the lifetime of the HMNS, the initial mass of
the torus, the peak magnetic field strength in the torus, and the magnetic field
geometry.

Model Mremnant THMNS Mt ’ ’B‘ ‘ B
(My)  (ms) (M) (G)  geom

Bpol-t30 2.65 30 0.10 4 x10* pol

Bpol-t100 100

Btor-t30 30 tor

Btor-t100 100

7.1.8 Outflows

We calculate the total outflow by temporally integrating the mass flux passing

through an extraction radius 7y,

My — /t //A (A (7.18)

where A, = [[ r?sin0dfde¢ is the area of the cell face. After testing various ex-
traction radii, we choose r,,; = 1000 km as a radius where unbound matter has
minimal interaction with the atmosphere, which can impact the energy of the
ejecta, as well as being far away from the edges of the viscously spreading disk
at late times, but close enough for most ejecta to cross during the simulation
time. Matter is considered unbound if it has a positive Bernoulli parameter at

the extraction radius

gas

D, + €int + ek + emag + > 0, (7.19)
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and we discount any “atmospheric” matter that is present due to the require-
ment of the non-zero floor (§7.1.6).

We tabulate the ejecta in terms of total, “blue” (Y, > 0.25), and “red” (Y, <
0.25) outflows, based on the characteristic division between lanthanide-poor
and lanthanide-rich material found in parametric nuclear network calculations
(e.g., Lippuner and Roberts 2015; Kasen et al. 2015). The mass weighted

averages of electron fraction and radial velocity,

v = Lffmw]\;:jd&)dt, 7.20)
vv,.dA,)dt,
(v,) = LHAT([;WM ) (7.21)

are shown alongside the mass outflows in Table 7.2.

Throughout this paper, we identify material that is ejected through differ-
ent mechanisms using the energy and entropy of the ejecta. Regions with large
neutrino heating source terms are imparted with large internal energies and
entropies, which we identify as neutrino driven winds. Conversely, fast, low-
entropy material from regions with small neutrino heating source terms and
high magnetization are identified as purely MHD driven. Passive tracer parti-
cles are also used to track the source terms applied to them as they are ejected

and corroborate the identification of different mass ejection mechanisms.

7.2 Results

7.2.1 Overview of HMNS Outflows

We show the mass outflow rates and cumulative mass outflows for all models

in Figure 7.2. Mass ejection is dominated by the torus (2 99%), although the
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Figure 7.2: Top: Unbound mass outflow rates in our simulations at a radius of
r = 1000 km. Bottom: Cumulative ejected mass in the simulations.
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HMNS provides additional channels. During the first ~ 30 ms of evolution, the
HMNS ejects mass through mechanical oscillations, which induces noticeable
pressure waves in the torus. Viscous spreading from the action of the MRI
and the HMNS oscillations drives the center of mass of the torus out from
(rom) ~ 10km by a factor of 2-4, depending on the initial field geometry and
lifetime of the HMNS, and the lower density edges of the torus develop turbulent

structures.

The initial sharp increase in mass outflow rate shown in Figure 7.2 is dom-
inated by ejection through MHD stresses in the torus that are dependent on
the initial magnetic field geometry, as seen in BH-tori simulations (Christie
et al., 2019; Siegel et al., 2019; Fahlman and Fernandez, 2022; Curtis et al.,
2023b). The large scale poloidal field generates characteristic “wings” in the
first ~ 30 ms, whereas the toroidal field takes an additional (~ 50 ms) for dy-
namo action to convert the geometry into large scale poloidal structures, which
then drives outflows. Material ejected through MHD stresses tends to have a
wide range of electron fractions and velocities, spanning Y, ~ 0.1 — 0.5, and
v ~ 0.05 — 0.6¢c. The majority of MHD-driven and neutrino-driven winds are
imprinted in the levels showing ¢ < 500 ms in the cumulative mass histograms
of Figure 7.3, with the transition to purely thermally driven outflows (§7.2.2)

happening around the 500 ms mark.

Also in the first 30 — 100 ms, depending on the HMNS lifetime, high-entropy
(s ~ 100 kg/baryon), magnetically- and neutrino-driven outflows are driven
from the edges of the torus, which achieves electron fractions Y, = 0.3 and
velocities v 2 0.5¢. As illustrated by the angular histograms of Figure 7.3, this
material is preferentially ejected in a cone of opening angle 50°, centered on the

angular momentum axis (the polar regions). It is dominated by matter from
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the torus, with ~ 30 times more ejecta from the torus than from the HMNS.

Figure 7.4 and the leftmost panels of Figure 7.5 show the matter density
around the HMNS just before collapse. A magnetized funnel is formed while the
HMNS survives, but there remains a significant amount of matter in the funnel
with densities p ~ 10 —10® gcm ™ from HMNS oscillations and accreting mat-
ter, leading to the absence of steady-state, high velocity, collimated magnetic
“tower” outflows from the HMNS (the so called “baryon loading problem”).
After collapse of the HMNS, the polar regions become evacuated of matter and
sit on our imposed density floor, so we cannot draw conclusions on whether or

not matter would be launched post-collapse.

Shown in Figure 7.6 is the spatial distribution of ejecta Y. for models Bpol-
t30 and Btor-t30. The aforementioned magnetized neutrino-driven winds are
visible as high Y, matter in the polar regions, common to all models. The
average Y, of the torus differs between models over the interval ¢t ~ 10 — 400s
from differences in accretion physics during this phase. Due to the susceptibility
of the poloidal field to the MRI, the Bpol models begin accretion onto the
HMNS earlier and at a higher rate than the Btor models, and feedback from
accretion creates eddies of a size similar to the scale height of the torus. This
expansion lowers the average density, thus lowering the attenuation of HMNS
irradiation by matter, and mixes irradiated material from the accretion flow
back into the dense regions of the torus. This results in an increase in the
average electron fraction to Y, ~ 0.35 in the densest midplane of the torus, as

compared to Y, ~ 0.2 in the Btor runs.
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Figure 7.3: Total unbound mass ejected by our simulations at the extraction
radius, binned into electron fraction Y, radial velocity v,, and polar angle 6.
The bin sizes are AY, = 0.05, Av,/c = 0.05, and A cosf = 0.1, where cosf =0
is the midplane. Accounting for the time taken for the ejecta to reach the
extraction radius, (7out/vr < 70ms), the 0.1s; 0.5s and 2.0s bins are populated

by ejecta launched post-collapse in the Bpol-t30 and Btor-t30 models. Simi-

larly, the 0.5s and 2.0 s bins are comprised of mainly post-collapse ejecta in the
Bpol-t100 and Btor-t100 models.
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Figure 7.4: Volume rendering of the Bpol-t30 run at ¢ = 30 ms, right before the
HMNS collapse to a BH is initiated. Colors show the density with increasing
transparency as the density decreases. The visible outer edge of the torus in
green (~ 10%gcm™3) is located ~ 350km from the remnant in the midplane.
Magnetic field streamlines are shown in white. Note the formation of a lower
density, highly magnetized funnel along the spin axis of the HMNS.
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7.2.2 Overview of Post-Collapse Outflows

After we trigger the collapse of the HMNS, the system then resembles a BH-
torus system. In all cases, there is an increase in outflow caused by a magnetized
shock wave launched by the collapse of the HMNS, and a subsequent settling
into steady accretion onto the newly formed BH. This effect shows up most
prominently in the Btor-t30 model, where it is not masked by other outflows,
and is noticeable as a spike in mass ejection at ¢ = 30ms in Figure 7.2. In
the Bpol-t30 case, we find that expansion of the torus due to the action of the
MRI causes ~ 10% of the torus mass to not have enough angular momentum
to maintain its orbit, plunging into the BH on a timescale of < 1 ms after
collapse. For the Btor-t30 run, we find that only 1% of material is caught in
the collapse, in comparison. This is a result of disk spreading and accretion
induced by the MRI taking longer to initiate, as well as comparatively weaker
initial magnetically driven outflows, resulting in a much more compact torus
configuration - the torus centroid is located only 1.1 times further out than
its initial position, as opposed to the 2.2 times increase in the Bpol-t30 case.
For the longer-lived HMNS cases, Bpol-t100 and Btor-t100, the longer time
for accretion and viscous spreading to occur causes even more mass to be
lost upon collapse, ~ 25% and ~ 15%, respectively, of the torus is accreted

instantaneously.

In all cases, material that is ejected by ¢ 2 600 ms is very similar to that
of previous BH-torus studies in (GR)MHD, and tends to be in stochastic, slow
(v < 0.1¢) MRI turbulence driven outflows, with an electron fraction of Y, ~
0.2 — 0.3 set by the equilibrium value in the torus (see e.g., Siegel and Metzger
2018). The thermally driven outflows are noticeable as a peak in the velocity

and electron fraction histograms in Figure 7.3 at v ~ 0.05¢ and Y, ~ 0.2.
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The total mass ejected asymptotes to similar values at times ¢ ~ 1s in
both Bpol-t30 and Btor-t30, although a significantly larger fraction (factor 2,
in comparison) of that mass is contained in redder, slower outflows in Btor-
t30. While the average electron fraction remains the same in the blue outflows
between the two runs, they too tend to be about half as fast in the toroidal
model.

Both Bpol-t100 and Btor-t100 are very similar to their 30 ms counterparts.
Although they are run for a shorter amount of simulation time (¢ ~ 0.5s), cu-
mulative mass ejection and mass ejection rates match those from their counter-
parts well at that time, and we do not expect large differences in the thermally
driven outflows past this point in time. This is explained by mass ejection
being dominated by MHD stresses in the torus at early times (¢ < 100 ms) and
thermal outflows at late times (¢ 2 400 ms), the latter being mostly unaffected
by the lifetime of the HMNS. The neutrino-driven winds between 30 and 70 ms
tend to be diminished by the accretion flow onto the HMNS, which cools more
effectively than the neutrino irradiation heats it, making ejecta in this time
from lower density, lower temperature edges of the flow where neutrino heating
dominates. While total outflows remain the same, the proportion of blue out-
flows when compared at the latest common time (¢t = 0.5 s) is 5% higher for the
longer lived HMNS models, and they tend to be concentrated in magnetically

and neutrino driven winds with velocities v ~ 0.3 — 0.5c¢.

7.2.3 Tracer Particles and Nucleosynthesis

The r-process abundance patterns at t = 30yr for all of our simulations are
shown in Figure 7.7. All models broadly follow the solar r-process abundance

pattern. Both increasing the HMNS lifetime and initializing with a toroidal field
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Figure 7.5: Slices of density in the z — 2 (¢ = 0, polar) and z — y (§ = 0,
equatorial) plane for the models Bpol-t30 (top two rows) and Btor-t30 (bottom
two rows) at ¢ = 30ms (just before collapse), 300ms and 1s. The 2 leftmost
columns show the difference in torus structure and density just before and a few
hundred ms after collapse, corresponding to when most of the outflows occur.
Gray regions show the excised black hole, and are outside the computational
domain. Note the changes in both colour and length scale for the final column,
showing the late time periodic mass ejection events from the torus.
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Figure 7.6: Same as Figure 7.5, but for electron fraction.
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Figure 7.7: Top: Abundances at 30 years computed with the nucleosynthesis
code SkyNet using the trajectories of all unbound tracer particles past 1000 km
in the simulation. Shown in open circles are the solar r-process abundances from
Goriely (1999), scaled such that the abundance at the second peak (A=130)
matches that of our Bpol-t30 model. Bottom: Same as top, except that all
models are scaled such that they match the abundances of Bpol-t30 at A=130,
to illustrate differences in abundance pattern assuming that the ejected mass
is the same.
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geometry result in less mass ejection on timescales shorter than those required
for weak interactions to raise the electron fraction above the critical value of
Y. 2 0.25. As a result of this, we see a drop in abundances with A > 130
in these models compared to the Bpol-t30 model, qualitatively consistent with

other studies.

The lifetime of the HMNS has the largest impact on the abundance distri-
bution, with a decrease of almost 100 times from model Bpol-t30 to Bpol-t100
in these elements. However, the significant decrease in initially purely magnetic
driven outflows (e.g., between Bpol-t30 and Btor-t30) also causes a drop by
almost half an order of magnitude. This is consistent with the expectations

from the distribution of our particles in sy, — Y. — v space.

Overall, we find that all 4 models produce the 3 process peaks. By nor-
malizing all the abundance patterns to the second peak of Bpol-t30, we find
that the relative ratios of light to heavy r-process elements are very similar
between models. The Bpol-t100 model tends to underproduce the rare-earth
peak, which could be due to the increased high entropy (s 2 100kg/baryon)
neutrino-driven winds during 30 ms < ¢ < 100 ms that makes lighter seed nu-
clei for the r-process to build on (Lippuner and Roberts, 2015). We speculate
that if more thermally driven outflows with lower entropy and Y, ~ 0.3 were
captured by running the simulation longer, this discrepancy may vanish as the
fraction of ejecta from neutrino driven winds decreases. We also see a relative
underproduction of actinides and overproduction of lighter (A < 100) r-process
elements in Btor-t30. This is consistent with the additional high Y, material
ejected during HMNS collapse, which makes a substantial contribution to the

total ejected mass.
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Table 7.2: Mass ejection from all models. Columns show, from left to right,
the model name, maximum simulation time, total unbound mass ejected at
Tout = 1000 km using the Bernoulli criterion, mass ejected that is composed of
HMNS material, M, -weighted average electron fraction and radial velocity,
as well as unbound ejected mass, average electron fraction, and radial velocity
broken down by electron fraction (superscript blue lanthanide-poor: Y, > 0.25,
red lanthanide-rich: Y, < 0.25).

Model | tuwe Mo ME (V) (o) M (YPe) b Mt () (e

(s) (102My) (10-y) (0 (10-h,) (0 (10-51,) (0)
Bpol-t30 1.31 6.309 0.012 0.235 0.057 2.073 0.295 0.125 4.236 0.206  0.024
Btor-t30 2.00 5.992 0.026 0.226  0.035 1.494 0.305  0.091 4.498 0.200 0.017
Bpol-t100 | 0.75 4.790 0.012 0.223  0.059 1.619 0.294  0.120 3.171 0.186  0.029
Btor-t100 | 0.70 1.886 0.021 0.213 0.050 0.510 0.317  0.109 1.376 0.175 0.028

7.3 Comparison to previous work

7.3.1 3D Simulations

Kiuchi et al. (2022) carry out simulations in full GRMHD of a magnetized NS-
NS merger, including neutrino leakage and absorption, and using the SFHO
EOS. They run the simulation until ~ 1.1s post merger, with the HMNS sur-
viving for 17 ms, and report mostly red post-merger outflows with broad range
of electron fractions peaking at Y, ~ 0.24 and traveling at v < 0.15¢. The
material with Y, = 0.25 is ejected via turbulent angular momentum transport
from MRI operating in the disk after HMNS collapse, which travels too slow to
power the blue kilonova from GW170817, consistent with other MHD simula-
tions of BH-torus ejecta (Hayashi et al., 2022; Fahlman and Ferndndez, 2022;
Curtis et al., 2023b). They note a lack of magnetic “tower” structure which
drives outflows in the polar regions. Our Btor-t30 model most closely matches
the post-merger state found in their work, and our outflows show broad agree-
ment in the electron fraction and entropies of the ejecta, as well as a lack of
“tower” outflows. We do not however find a sharp cutoff in post-merger mass

ejection with velocities v > 0.15¢, but rather a gradual fall off. This could
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be due to the increased lifetime of our HMNS, as well as the lack of special

relativistic effects limiting the velocity of our outflows.

The simulations of Combi and Siegel (2023) are also of a GRMHD neutron
star binary with neutrino leakage and absorption, using the APR EOS. Their
HMNS survives ~ 60 ms (the duration of the simulation), and ejects ~ 1072 M,
of ejecta, travelling with v 2 0.1¢ mainly through disk winds. Through irradi-
ation from the HMNS, the vast majority of this ejecta has (Y.) ~ 0.3. In our
poloidal setups we also find sustained mass ejection rates of ~ 0.1 Mg, s~1. They
find about 5% of their outflows are generated from HMNS magnetized “tower”
outflows, consistent with our simulations where we find only ~ 10™* M, (~ 1%)
come from magnetized outflows from the HMNS. They also find similar amounts
of matter, ~ 1073 My, moving with v > 0.25¢ and Y, > 0.25, which is consis-

tent with our simulations.

Interestingly, they find that this result is consistent with the early blue
kilonova of GW170817 through a simple kilonova model (Combi and Siegel,
2023). This is consistent with the recent kilonova models of Bulla (2023) and
Ristic et al. (2023), which show that massive (~ 1072 M), blue (Y, > 0.25),
disk winds with v ~ 0.05¢ are sufficient to power the early blue kilonova at
times <5 days. This suggests that our very similar outflows would also be
able to power the blue kilonova, although this cannot be confirmed without

self-consistent modelling.

de Haas et al. (2022) examine the effects of magnetic field strength and
geometry within the HMNS on the outflows mapped from a post-merger system,
using 3D GRMHD neutrino-leakage /absorption simulations with the LS220
EOS. They find that a magnetar strength poloidal magnetic field in the HMNS

(B ~ 10% G) is capable of ejecting ~ 1073 My, of ejecta travelling with a wide
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range of velocities, 0.05¢ < v < 0.6¢, and Y, = 0.25. They find decreasing
the field strength by an order of magnitude decreases the ejecta to ~ 1074 M,
while also lowering the maximum velocity of the ejecta to ~ 0.2¢c. As well, they
show changes in the imposed field geometry have similar effects. We find similar
distributions of ejecta in velocity and electron fraction in our simulations, with
mass ejection rates similar in our poloidal runs, despite in our simulations
imposing a weaker (10'* G) initially toroidal field within the HMNS, but this
changes quickly (< 20ms) through the dynamics inside the HMNS. The field
acquires a large poloidal component that peaks at values of 3 x 10 G, and in
the case of the 100ms HMNS saturates at 8 x 10'® G. Additionally, they find
changing magnetic field geometry to be primed for more stress driven outflow

results in less A > 130 element nucleosynthesis, consistent with our findings.

Curtis et al. (2023a) and Mdosta et al. (2020) perform 3D GRMHD simu-
lations using a two moment (M1) and neutrino leakage scheme, respectively,
the LS220 EOS, and the same HMNS remnant that survives for 12 ms after
mapping in from a hydrodynamic merger simulation at 17 ms post-merger with
an added B ~ 10'® G poloidal field. Both studies find ~ 3 x 1072 M, worth
of material ejected and velocities peaking at 0.15¢, with a significant tail up
to 0.5c. They highlight the difference in using an M1 vs leakage scheme for
handling neutrinos, as the more advanced M1 scheme shifts the peak electron
fraction of the ejecta up from distribution around Y, ~ 0.25 to one peaking at
Y, ~ 0.35 — 0.45. Our results are similar in both velocity and electron fraction
to the outflows from their system, especially to the leakage results of Mosta
et al. (2020), with a mass ejection rate very similar to that of our Bpol-t30 and

Bpol-t100 models.

113



7.3.2 2D Simulations

Studies that use axissymmetric simulations find that neutrino driven winds
from the HMNS can reach velocities of v ~ 0.15¢, although the exact velocity,
ejecta mass, and composition depends on the lifetime of the HMNS, prescrip-
tion used for neutrino radiation, as well as the handling of angular momentum
transport. Higher velocities are possible, but they come with increased irra-
diation of the ejecta, making a simultaneous match to the blue and red KN
difficult (e.g.,Fahlman and Fernandez 2018; Lippuner et al. 2017; Nedora et al.

2021; Fujibayashi et al. 2023).

However, the recent hydrodynamic simulations of Just et al. (2023), mapped
in from a merger simulation, include a more advanced energy-dependent neu-
trino leakage scheme and utilize the SFHo EOS, as well as varying remnant
survival times in pseudo Newtonian potential. They find neutrino driven winds
with a mass of ~ 1072 M, and velocity (vej) ~ 0.2¢ for their remnants which
survive for a comparable amount of time, ~ 100 ms. The mass ejection rates
are broadly similar to our simulations ~ 1072 — 107! M s™!, and due to the
ejection mechanism, these tend to be high electron fraction Y, > 0.25. They
produce few elements with A > 130, most consistent with our Btor-t100 run,

which in our case produces the most dominant neutrino driven wind.

As well, Shibata et al. (2021a) perform unique 2D resistive GRMHD simu-
lations, with a mean field prescription to prevent the damping of the magnetic
dynamo in axisymmetry. Their simulations start from prescribing a toroidal
magnetic field onto the outcome of a GRHD merger simulation using the DD2
EOS, similar to our idealized initial conditions. The setup of their low resis-
tivity simulations are most comparable to our ideal MHD treatment, although

their remnant has a different rotational profile, and survives for the duration of
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the simulation. They find ejecta masses of ~ 0.1 M, that plateau at ~ 500 ms,
with average velocities of 0.5¢c. The velocity and electron fraction of the ejecta
is comparable to our Btor-t30 run, although we find more low electron fraction

ejecta and less mass ejected, by an order of magnitude.

7.3.3 Discussion

In general, our results are in agreement with those of the literature. They tend
to span a broader range of electron fraction than is found by other studies in
the literature, in particular with a larger component of material ejected with
Y, < 0.2. We speculate this is due to the simplicity of our leakage scheme in
comparison to the more advanced energy dependent leakage, M1, or MCMC
schemes (See Chapter 6) in combination with the idealized initial conditions for
the torus, which tends to eject material in fast, magnetic stress driven outflows
that can escape neutrino interactions.

Our HMNS itself has a lower mass ejection rate than others found in the
literature. This is also likely partially due to the neutrino scheme, which yields
less efficient heating of matter surrounding the HMNS, with implications for
the neutrino driven winds. Additionally, the importance of the magnetic field
configuration and resolution within and around the HMNS likely plays a large
role. Our toroidal field embedded in the HMNS ejects mass similar to that of
Kiuchi et al. (2022), but ejects an order of magnitude less mass than poloidal
field configurations (e.g., Combi and Siegel 2023; de Haas et al. 2022; Curtis
et al. 2023a). We do not resolve the most unstable wavelength of the MRI
inside our HMNS, meaning that MRI driven ejection is not captured. Finally,
we note that changing the rotation profile of the HMNS to match those of

merger simulations could result in additional mechanical-oscillation powered
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outflows as angular momentum is transported in the HMNS.

7.4 Conclusions

We have performed ~ 1s long 3D MHD simulations of a an idealized post-
merger system consisting of a 2.65M,; HMNS and 0.1 M, torus. We utilize
Newtonian self-gravity, the hot APR EOS, a leakage/absorption scheme to
handle neutrino interactions, and a pseudo-Newtonian potential after BH for-
mation. Motivated by the sensitivity of the HMNS collapse time to physical
processes, and necessitated by our use of Newtonian gravity, we use two pa-
rameterized HMNS collapse times of 30 ms and 100 ms to determine the effects
of a HMNS as a central remnant. To evaluate the effects of the initial magnetic
field geometry we utilize either a toroidal or poloidal magnetic field threaded
through the torus.

The outflows are similar to those produced by idealized BH-disk setups, with
a broad distribution of electron fraction and velocities. The HMNS itself tends
to drive additional fast (v 2 0.2¢) high electron fraction outflow (Y, > 0.3) from
the torus while it survives, due to oscillations in the remnant and energy from
neutrino irradiation. Upon collapse, accretion onto the BH drives additional
outflows, and slower (v < 0.1¢), redder (Y, ~ 0.2) MRI driven outflows begin
to dominate the total mass ejection.

We find that in all cases, a shock wave is launched upon collapse of the
HMNS as the torus and newly formed BH settle into an accreting state. The
creation of a rarefaction wave has been seen in previous 2D hydrodynamic
simulations (Fahlman and Fernandez, 2018), but in the magnetized 3D case
we find it drives significant outflows, especially noticeable in the short-lived

HMNS. The launching of a magnetized shock by supramassive NS collapse has
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been explored in baryon-free environments in the context of powering fast radio
bursts (the “blitzar” mechanism, Most et al. 2018), but it is unknown whether
this shock would drive mass outflows in a baryon polluted system. Whether
this effect is due to our instantaneous collapse in Newtonian gravity, idealized

initial conditions, or is a real effect, remains to be seen.

Neutrino driven winds from a longer lived (¢ > 30ms) HMNS tend to be
suppressed by the accretion of matter onto the HMNS, which cools efficiently.
Due to accretion from the torus and oscillations of the HMNS, we find a lack
of high velocity “tower” ejecta from the polar regions, which tend to be too

dense to eject large amounts of matter moving at relativistic velocities.

Nucleosynthesis in the outflows tends to predict a robust r-process up to
the second peak (A ~ 130), with order of magnitude variations past A ~ 130

caused by changing HMNS lifetime or magnetic field geometries.

Across all models, we find M ~ 1073M, of ejecta with Y, > 0.25 and
v > 0.25¢. Whether or not this can completely account for the blue kilonova
of GW170817 is model-dependent, as simple 2-component models require an
order of magnitude more blue, fast ejecta. However, multidimensional models
with more realistic opacities, thermalization, heating rates and viewing angle
dependence find that a massive (1072 M), slower (v ~ 0.1c) wind is all that
is required. If the latter is the case, then our outflows are in principle capable

of powering the blue kilonova.

The main limitations of our simulations are the use of an approximate
neutrino scheme and Newtonian gravity. In testing of our neutrino scheme (see
Chapter 6), we find results similar to that of other leakage comparisons, with
an under prediction of neutrino heating resulting in slower, lower Y, outflows as

compared to more robust Monte Carlo or M1 schemes (e.g., Ardevol-Pulpillo
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et al. 2019; Radice et al. 2022; Curtis et al. 2023a). For a similar mass HMNS
in GR, we estimate that the HMNS could be up to 1.5 times as compact as our
Newtonian HMNS upon merger. This reduces the amount of neutrino emission
in the Newtonian HMNS compared to a general relativistic one, and results in
the same under predictions of neutrino absorption in the torus, an effect which
has been documented in the context of core collapse supernova simulations
(e.g. Liebendorfer et al. 2001; Marek et al. 2006; Miiller et al. 2012; O’Connor
and Couch 2018; Mezzacappa 2023). As well, although we find a lower density
magnetized funnel in our simulations, it is unlikely that we are able to correctly
model jet formation in our simulations. Inclusion of special relativistic effects
to the MHD equations results in corrections that are of order ~ v/c, so we
estimate uncertainties in the fast tail of our ejecta of ~ 50%, but the majority

of outflows sit at v j 0.1¢, which results in a 10% inherent uncertainty.
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Chapter 8

Magnetorotational Supernovae

8.1 Modified Newtonian Self-Gravity

Given that gravity is the dominant source of energy in CCSNe, it is impor-
tant that a proper treatment of gravity, including general relativistic effects,
is included. Multiple groups have shown that the use of GR results in more
compact proto-NSs (Burrows and Vartanyan, 2021), which in turn leads to
higher neutrino luminosities and energies. This then results in more successful
explosions as the neutrino absorption in the gain region increases and becomes
more efficient due to these effects. However, full treatment of GR is expensive,
especially in addition to 3D MHD, prompting some groups to use a pseudo-
Newtonian potential (Obergaulinger and Aloy 2020; O’Connor and Couch 2018,
see also Just et al. 2023 for pseudo-GR potentials in NS merger outflows).

We follow this approach and implement the self-gravity solver of Rampp
and Janka (2002) and Marek et al. (2006). The theory behind this method is
in using the 1D Tolman-Oppenheimer-Volkoff (TOV) equations to determine
contributions to the effective gravitational potential from pressure and other

energy sources within the star, mimicking the effects of gravity felt in GR. The
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solver is built on the truncated multipole algorithm of Miiller and Steinmetz
(1995) as extended to a non-uniform grid by Ferndndez et al. (2017). The
multipole algorithm is a computationally efficient way to solve the integral

form of the Poisson equation for the gravitational potential,

o, = —G/d37" G (8.1)

=7

by casting the denominator into an expansion of spherical harmonics. In az-

imuthal symmetry, The self-gravitational potential, @, takes the form

/.

max 1

Oyy(r,0) = —27G Z Py(cos ) [WOK(T’ 0) +1r'Dy(r,0)| , (8.2)
=0

where Py is the Legendre polynomial of index ¢, and the moments Cy; and D,

are given by

Cy(r,0) :/0 sin@d@Pg(cose)/O dr'r* p(r' | ) (8.3)

Dy(r,0) :/ sianGPg(cosﬁ)/ dr'r = p(r' | 6). (8.4)
0 r

In the limit of ¢,,., — o0, this is an exact solution of Poisson’s equation. For
computation, these integrations are discretized to be evaluated as sums at the
cell edges, up to a maximum of /,,,, which sets the desired accuracy. To avoid
the integral diverging at r = 0, we set a lower limit on the values of r that can
be used in the integration. In our case, we find that setting a softening length
of Tyin = %Armm has a negligible effect on the dynamics of the simulation,
but prevents infinities from occurring in the calculation of the gravitational

potential.

To implement our pseudo-GR potential, we subtract off the spherically sym-
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metric £ = 0 moment from ®,, and add on a term Prov,

(I)GR = (I)SG — (I)S(}(g = O) + q)TOV (85)

> 1 43 (P+P)\ [ 1 p+e+ P
Prov(r) = —G/T ] (mTOV + a2 ) (ﬁ—p& )dr’ (8.6)

where the TOV mass and metric function are defined as

1

" E vE
— 2 2 v v
mrov(r) = f/o dr'dmr’ <pc tet 5+ c4F) (8.7)

() = w (1) - 2o 89)

The terms F,, P,, E, are the neutrino flux, pressure and energy, as determined

by the neutrino scheme. For our leakage scheme, we calculate the enclosed neu-
trino energies and luminosity (Chapter 4), and from there we assume isotropy
to find F, = L,/4rr* and P, = E,/3. Equations 8.7 and 8.8 are recursively
defined, but we find that they converge quickly (within a few timesteps), if we

initially set I'(r) = 1 everywhere then calculate mroy, and iterate.

8.2 Verification Tests

8.2.1 Static Comparison

To test our new gravitational potential, we first determine the effective gravi-
tational potential from a spherically symmetric 1.44M, 11.4 km radius non-
spinning cold neutron star in hydrostatic equilibrium (HSE). We use the drns
code (Stergioulas and Friedman, 1995) to solve the TOV equations in 2D, and
output the necessary thermodynamic quantities to construct the exact same

stellar profile in FLASH4.5. We also output the metric potentials, v, p, a, and
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Figure 8.1: Comparison of gravitational potentials generated by a 1.44M, 11.4
km radius non-spinning cold NS in HSE. The same profiles are initialized in
FLASH, using both the Newtonian and pseudo-GR potential (eq 8.5).

w as defined by the Schwarzchild line element (see Cook et al. (1994) for full def-
initions), and define a relativistic generalization of the Newtonian gravitational

potential

ds® = —e"tPdt? + &**(dr? + r2df?) + € ~Pr?sin’® O(dp — wdt?) (8.9)

¢cr = 1/2(y + p)c® (8.10)

which converges to the Newtonian limit ~ GM /r far away from the star. We
find that the implementation of the pseudo-GR potential results in stronger
gravitational effects outside of the star as compared to the purely Newtonian
case, and is in good agreement with the metric potentials from the fully rela-

tivistic drns for r 2 Ryg.

8.2.2 Collapse Comparison

Concern about utilizing Newtonian potentials comes from the change in neu-

trino emission due to the less compact stellar core. To measure the strength
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of these effects, we run a comparison core collapse supernova with our poten-
tial up until a few 100 ms post bounce, and compare to the fully relativistic

hydrodynamics code GR1D (O’Connor and Ott, 2010).

For our initial progenitor, we use the well studied 35 solar mass magnetized
rotating star (350C) of Heger et al. (2005), evolved using the 1D stellar evolution
code Kepler (Weaver et al., 1978; Woosley et al., 2002). This is the star
which will be used in future production runs, and an ideal way to test how
our collapse compares to full GR simulations. However, since GR1D is a 1D
hydrodynamic code, we set the initial rotation and magnetization of the star to
0 in both GR1D and FLASH4.5. We then run both codes with identical equations
of state, using an axisymmetric initial condition, but evolving FLASH4 .5 in 2D.
We use an almost identical neutrino leakage/absorption scheme to the one
detailed in GR1D (O’Connor and Ott, 2010), which has been used widely in
the literature. This scheme differs from the scheme described in Chapter 6
in that the separate absorption scheme outside of the neutrinosphere which
treats the HMNS as a lightbulb source term is removed. Instead, all neutrino
luminosity is treated as enclosed luminosities within spherical shells determined
by the radial coordinate on the grid. The heating rate is then obtained using
an empirical formula that approximates absorption effects of more detailed
neutrino schemes. In the case of magnetorotational supernovae, the explosion
is dominated by magnetic energy, and while neutrinos play an important role
and cannot be neglected, an approximate treatment is acceptable. Electron
capture onto nuclei is handled using the precription of (Liebendorfer, 2005), as

implemented into FLASH4.5 by (Couch, 2013).

The initial collapse until bounce is dominated by gravitational forces, mak-

ing the timing of core bounce, as defined when the central density and en-
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tropy (r < 30km) reach threshold values of 2 x 10'*g cm ™3 and 3 k;, baryon ™
(O’Connor and Ott, 2010), a good test of the gravitational acceleration.

Core bounce occurs 18 ms sooner in the pseudo-GR potential of FLASH4.5
than in GR1D, consistent with other tests of the pseudo-GR potential (O’Connor
and Couch, 2018). In comparison, the purely Newtonian potential run of
FLASH4 .5 experiences core bounce 30 ms later than the full GR run. We find
better agreement in electron fraction and density from the pseudo-GR run to
the GR run, whereas the entropy in GR tends to be lower. The condition for
bounce in full GR is triggered by a spike in the entropy at ~ 15km instead
of a smoothly varying central value above 3 ky, baryon™' as found in both the
Newtonian and pseudo-GR runs. We note a similar spike in entropy in the
pseudo-GR potential, but this occurs outside of the defined “central” value of
30km, and as such does not trigger the bounce condition.

We compare the neutrino emission between the two codes ~ 20ms after
bounce, when neutrino emission is peaking at values of ~ 2 x 10%3 erg s~! across
all species. We take the comparison when the shock in the star is approximately
the same radius (60km) so that the neutrino emission properties are spatially
aligned. We find agreement to within a factor of ~ 2 for both lepton number
and energy change within the fluid at this time, although the spatial peak in
neutrino emission occurs ~ 5km further out in the pseudo-GR case, a result

of a higher compactness PNS in full GR.

124



o = o o o

1012
T
R N0 L P
o
Q 10%8] —.— Newtonian, 0.2 s
106 Pseudo-GR, 0.2 s
=== GR1D, 0.2 s
0.50 1
0.45 -
0.40 1
>
0.351
0.30
12{ === Newtonian, 0.36 s
~10l ™ Pseudo-GR, 0.31 s
T= --- GR1D, 0.33 s
5 i
Pl
]
0
<
"

10- 10° 10' 102 10  10°
Radius, r (km)

Figure 8.2: Thermodynamic quantities during the hydrodynamic core collapse
of a 35 My, star, run using full GR in GR1D, and both a pseudo-GR and purely
Newtonian potential in FLASH4.5. Semi-transparent lines denote a common
time of ¢ = 0.2s, where the differences between the codes are small, where as
opaque lines show the quantities at ¢ = tpounce, which varies between the codes.
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Figure 8.3: Quantities relevant to neutrino emission during the hydrodynamic
core collapse of a 35 M, star, run using full GR in GR1D, and both a pseudo-GR
and purely Newtonian potential in FLASH4.5. The codes are offset temporally
such that the infalling material is spatially aligned by requiring matching shock
positions. This allows us to compare relevant neutrino quantities.
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Chapter 9

Conclusion

In this thesis, we examine different possible astrophysical sites for r-process
element nucleosynthesis and the transients associated with them. In partic-
ular, the remnants of NS mergers and their associated ejecta are thought to
contain matter with the necessary electron fractions, entropies, and expansion
timescales for the r-process to occur (e.g., Kasen et al. 2015; Lippuner and
Roberts 2015), while also comprising a sizable fraction of ejecta mass from the
system (Wu et al., 2016; Radice et al., 2018; Margalit and Metzger, 2019; Kriiger
and Foucart, 2020; Fujibayashi et al., 2020c; Nedora et al., 2021). This makes
understanding the post-merger mass ejection crucial for our understanding of
kilonovae and the production of r-process elements in the universe. The ejecta
from post-merger disks is dominated by magnetic effects, which drive early
(t ~ 0.1s), fast outflows from magnetic streses, as well as late time (¢ ~ s)
thermal outflows induced by the MRI. To resolve the wavelength of most un-
stable mode of the MRI within the torus, as well as track outflows to large
radii, we require an MHD code with high spatial resolution and large distance
scales (~ 10 — 10% m). As well, the code must account for both neutrino

emission and absorption in order to correctly characterize the electron fraction
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and velocities of the ejecta, both of which have important implications for the

kilonova and abundances of r-process elements created.

To this end, we extended the FLASH4 .5 code to run MHD in 3D non-uniform
spherical coordinates. Necessary modifications involve the addition of geomet-
ric source terms as well as curvilinear volumes, face areas, and line elements.
We perform tests of the MHD implementation to verify the code is working cor-
rectly, and validate our usage in evolving post-merger tori using a well studied
initial condition. We then turn our attention to the implementation of neutrino
physics. Due to the computational expense of our simulations, we opt to use a
3 species neutrino leakage/absorption scheme, which takes into account emis-
sion and absorption of electron-type neutrinos and antineutrinos from charged-
current weak interactions (Bruenn, 1985), as well as emission of all relevant
neutrino types from plasmon decay, nucleon-nucleon brehmsstrahlung, and pair
processes (Ruffert et al., 1997). The scheme previously interpolated between
analytic rates for free-streaming and optically thick regimes by utilizing the
pressure scale height in the torus, which works well for BH-tori systems with
low mass tori (M < 0.03M) (Ferndndez and Metzger, 2013). We modify the
scheme so that it no longer depends on the pressure scale height within the
torus, and instead uses gradients in neutrino energy and number to determine
the neutrino fluxes, as done in Ardevol-Pulpillo et al. (2019). We show that
our new scheme no longer underpredicts the effects of neutrino emission within
massive tori (M ~ 0.1Mg) by comparing our new implementation to the time

stationary MC neutrino transport code SedonuGR.

Armed with our new computationally inexpensive MHD code with simple
neutrino transport, we perform long term (~3s) simulations of accretion tori

around BHs that could feasibly be the outcome of a NS-NS or NS-BH merger.
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We ran three different 3D models, two with a 2.65 M BH and 0.1 M, torus, but
either a toroidal or poloidal field, and one more compact system with a 8 M, BH
and 0.03 Mg torus threaded with a poloidal field. The outflows from all these
systems showed two different channels of ejecta, an early (¢ < 100ms) MHD
stress driven outflow that is dependent on the initial magnetic field geometry,
and a late time (¢ 2 400ms) thermal outflow that is driven by MRI induced
turbulence in the torus. The MHD stress driven outflow has velocities v 2 0.25¢
and electron fractions Y, < 0.3, while late time outflows have a velocity peaking
at v ~ 0.1c and a broad range of electron fractions, 0.05 < Y, < 0.5. While
these outflows reach much higher velocities than those found in hydrodynamic
simulations, there is still insufficient mass in high velocity, high electron fraction
blue outflows to match the mass and velocity inferred from two component

kilonova modelling of GW170817.

The BH-tori setups implicitly neglect ejecta from a remnant HMNS, but
the HMNS phase has the potential to drive additional blue outflows through
neutrino irradiation, mechanical oscillations, and MHD stress driven ejecta.
GW170817 is believed to be below the maximum mass threshold for prompt
collapse, meaning the inclusion of the HMNS phase may be a resolution to the
lack of high velocity blue outflows found in BH simulations. To this end, we
further modify FLASH4.5 to include a HMNS within our domain. This involves
the addition of a hot nuclear equation of state, Newtonian self-gravity, and
an update to include self-consistent emission and absorption from a HMNS
included entirely within the domain. We calculate the neutrino luminosity en-
closed by radial shells within the domain, up until the neutrinosphere of the
HMNS. Using this luminosity and the integrated radial optical depths for each

poloidal and azimuthal cell, we then include the effects of neutrino absorption
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from the HMNS. Time stationary comparisons with SedonuGR show agreement
with neutrino heating and lepton number change to within an order of magni-

tude or better, especially within the torus.

We then run long term 3D MHD (~ 1s) simulations of HMNS-accretion
disk systems to examine the effects of a HMNS on mass ejection. We again
choose two representative magnetic field geometries, an ordered poloidal and
purely toroidal field. Motivated by the sensitivity of the HMNS collapse time
to various microphysics and constrained by our use of Newtonian gravity, we
choose two different collapse times of 30 and 100 ms which we expect to have
a significant effect on the outflows based on previous simulations. Our mod-
els show that purely MHD stress-driven winds and magnetized neutrino-driven
winds can eject M.; ~ 1072M;, of material with velocities peaking at v ~ 0.1c
and a tail out to v < 0.7c. These have a broad range of electron fraction over
the interval 0.1 < Y, < 0.5, reflecting whether or not the ejecta has a significant
neutrino-driven component or is quickly launched by magnetic stresses. The
transition to a thermally driven component happens at ¢ = 400 ms, with MRI
driven turbulence continuing to eject material with lower velocities (v ~ 0.05¢)
and a broad range of electron fractions peaking at Y, ~ 0.2. We still find an
order of magnitude less mass ejected with v > 0.25¢ and Y, > 0.25 than is
inferred from two component kilonova models, but detailed kilonova models
show that the velocities of the required disk wind component may be overes-
timated. Therefore, detailed multi-dimensional kilonova modelling is required
to conclusively say whether or not the ejecta from our simulations could power

the blue kilonova.

Motivated by studies which show that a rare r-process site may be active ear-

lier in the galaxy than NS mergers, we also explore the necessary modifications
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to the code to run simulations of MRSNe. As gravity is the dominant source
of energy in all CCSNe, this involves the addition of a pseudo-GR potential to
the Newtonian self-gravity module, as well as changes to the neutrino leakage
scheme to account for emission and absorption within the star. We show tests
of our implementations, and leave the running of MRSN simulations to future

work.
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