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Abstract
Rapid Neutron-Capture Nucleosynthesis from the Births and Deaths of Neutron Stars
Dhruv K. Desai

The astrophysical origins of the rapid neutron-capture process (r—process), which
gives rise to roughly half of the elements heavier than iron, has remained a mystery for
almost 70 years. The likely violent events, which seed the r—process abundances in our
solar system and galaxy, remain uncertain to this day. This is in part due to nuclear
physics uncertainties associated with the r-process itself, but mainly due to uncertainties in
astrophysics modeling. The discovery of the radioactively-powered kilonova emission from
the neutron star merger event GW170817 confirmed the violent deaths of neutron stars as
one key site of the r—process in the universe. However, other evidence appears to favor an
additional r-process channel that more promptly follows star formation in the universe,
such as core-collapse supernovae (CCSNe), i.e. the brilliant births of neutron stars.

Chapters 2 and 3 of this dissertation present general relativistic
magnetohydrodynamic simulations of one potential r—process site associated with CCSNe:
the neutrino-driven wind. These outflows are launched from the hot proto-neutron star
(PNS) remnant by neutrino-heating above their surfaces, within seconds after the collapse
of a massive star. However, previous work has shown that spherically symmetric winds
from non-rotating PNS fail to achieve the requisite conditions for a robust r-process.

Chapter 2 explores for the first time the combined effects of rapid rotation and strong



gravity of the PNS on the wind properties. Chapter 3 explores the impact of a dynamically
strong ordered magnetic field on the properties of non-rotating PNS winds. The wind in
both cases is simulated in a controlled environment rather than as a part of a self-consistent
global CCSNe simulation, to assess the viability of r—process nucleosynthesis as a function
of PNS properties (neutrino energies/luminosities, rotation rate, magnetization).

We find that rapid rotation allows for outflows that are ~ 10% more neutron-rich in the
equatorial region, where the mass loss rate is roughly an order of magnitude higher than
that of otherwise equivalent non-rotating models. The birth of very rapidly spinning
neutron stars may thus be a site for the production of light r—process nuclei (38 < Z < 47).
For PNS with sufficiently strong magnetic fields (such that magnetic pressure exceeds gas
pressure above the PNS surface), we find that equatorial outflows are trapped by the
magnetic field in a region near the surface, and therefore receive additional neutrino
heating relative to a freely-expanding unmagnetized wind. This allows a modest fraction of
the wind material to achieves entropies high enough to synthesize 2nd peak r—process
elements via an alpha-rich freeze-out mechanism.

The final chapter explores the interplay between the r—process and the dynamics of
compact object merger ejecta. Gravitational wave observatories are expected to detect
several additional binary neutron star (BNS) and black hole-neutron star (BHNS) mergers
in current and future observing runs, some of which may be accompanied by
electromagnetic counterparts such as kilonovae. However, distinguishing more distant BNS
from BHNS mergers based on their associated gamma-ray bursts (GRB), has proven tricky.
This chapter presents a calculation of the effects of r—process heating on the dynamics of
tidal ejecta from BNS and BHNS mergers. In particular we explore whether late-time
fall-back of weakly bound debris created during the merger to the central black hole
remnant, can explain the temporally extended X-ray emission observed following several
merger GRB on timescales of several seconds to minutes. As a result of the different

impact that r-process heating has depending on the composition of the ejecta and the mass



of the black hole, a method to differentiate BHNS from BNS mergers, based on their

extended X-ray emission, is proposed.



Table of Contents

Acknowledgments . . . . . .. oL o e e e e e e e e e e e e Xiv
Dedication . . . . . v v v i i e e e e e e e e e e e e e e e e e e e e e xvii
Chapter 1: Introduction . . . . . . . . o o v v i i i i ittt e e e e e e e e 1
1.0.1 The need for an alternate nucleosynthetic process . . . . . .. .. .. 2

1.0.2  Challenges to understanding the origin of the r—process . . . . . . . . 4

1.1 Nuclear physics of the r—process . . . . . . . . . . . ... .. ... .. .... )
1.1.1 Mechanism of the r—process . . . . . . . . .. .. ... ... .. D

1.1.2  Requirements for a high ratio of neutrons to seed nuclei . . . . . . . . 9

1.1.3 Computing nuclear abundance yields given astrophysical conditions . 12

1.1.4 Experimental developments in r—process studies . . . . . . . . .. .. 13

1.2 Observational constraints on the r—process sites . . . . . . . . . . .. .. .. 16
1.2.1 Evidence for universality of the r—process . . . . . .. ... ... .. 17

1.2.2  Evidence for rare, high-yield r-process sources . . . . . .. .. .. .. 19

1.2.3 Evidence for a prompt r—process site disfavors compact object mergers 21

1.2.4 Evidence of multiple sites for LEPP elements . . . . . ... ... .. 23

1.3 Candidate astrophysical sites of the r—process . . . . . . .. ... ... ... 24
1.3.1 Neutron star mergers . . . . . . . . .. ..o oo 24



1.3.2  Core-Collapse Supernovae . . . . . . . . . . . . ... ... ... 31

1.3.3 The neutrino-driven wind . . . . . . . . .. ... 34

1.3.4 This Dissertation: Rapid Rotation and Strong Magnetic Fields . . . . 40
Chapter 2: Neutrino-Driven Winds from Rotating Protoneutron Stars . . . . . . . .. 46
2.1 Methodology . . . . . . . . 49
2.1.1  Numerical Evolution Code . . . . . . . ... ... ... ... ..... 49

2.1.2  Neutron Star Models and Initial Conditions . . . . .. .. ... ... 54

2.1.3 Conditions for r-process nucleosynthesis . . . . . ... ... .. ... 58

22 Results. . . . . . 60
2.2.1 Non-Rotating PNS Wind . . . . . ... ... ... ... ... ..... 60

2.2.2  Rapidly Rotating PNS Winds . . . . . .. ... ... ... .. .... 68

2.3 Summary and Conclusions . . . . . . . .. ... oo 7
Chapter 3: Neutrino-Driven Winds from Magnetized Protoneutron Stars . . . . . .. 83
3.1 Methodology . . . . . . . . 87
3.1.1 Numerical Evolution Code, PNS Initial Data & Grid Setup . . . . . . 87

3.1.2  Addition of a Dipole Magnetic Field . . . .. .. ... ... ..... 89

3.2 Results. . . . . . . 93
3.2.1 Weakly Magnetized Model . . . . . . . ... .. ... ... .. 94

3.2.2  Strongly Magnetized Model . . . . . . ... ... ... L. 96

3.2.3 Implications for r-process nucleosynthesis . . . . . . . ... ... ... 107

3.3 Summary and Conclusions . . . . . . . . .. ..o 110

i



Chapter 4: Imprints of r-process heating on fall-back accretion: distinguishing black

hole-neutron star from double neutron star mergers . . . . .. ... ... 114

4.1 Model . . . 118
4.1.1 Numerical Simulation Data . . . . . .. .. ... ... ... ... .. 118

4.1.2 R-Process Heating . . . . . . . ... ... ... ... ... 121

4.1.3 Numerical Model . . . . . . . ... 122

4.2 Results for Mass Fall-Back . . . . . ... .. ... 0000 126
4.2.1 Y,-dependent spread in fluid element heating . . . . . . . .. ... .. 129

4.3 Implications for Extended Emission in SGRBs . . . . . . ... ... ... .. 131
4.4 Conclusions . . . . . . . .. 134
Conclusion or Epilogue . . . . . . . . o e e 137
References . . . . . . o 0 0 i e e e e 141
Appendix A: AppendiX . . . . .0 0t e e e e e e e e e e e e e e e e e e e e e 181
A.1 Numerical Tests . . . . . . . . . . 181
A.1.1 Spatial Resolution . . . . . . . ... ... 181

A.1.2 Hemisphere Symmetry Assumption . . . . . . .. ... .. ... ... 183

A.1.3 Toroidal Field . . . . . . .. . ... 185

A.1.4 Landau Level Effects . . . . . . . . .. ... ... .. 185

A.1.5 Divergence-free Constraint Violations . . . . . . . . ... . ... ... 186

il



1.1

2.1

2.2

List of Figures

Path taken by nuclides in the r—process (top panel) and the solar abundance
pattern (bottom panel). From Siegel (2022). . . . . ... ... ... ....

dlnty, |~

Scale height H = ) =

function of radius r from the center of the PNS (solid lines), averaged over
polar angle (6 = 0° — 90°) and time-averaged from 50 to 100 ms for our three
non-rotating PNS solutions with different spatial resolution: nrot-MR (black,
Ax ~ 450 m), nrot-LR (purple, Ax ~ 620 m), and nrot-HR (green, Ax ~ 225
m). None of the simulations resolve the region around the neutrinosphere ra-
dius (13, = 1; vertical dashed lines) with several grid points, and hence cannot
accurately converge on the neutrino luminosity or mean energy. However, the
gain region of net heating and wind zone on larger scales is well resolved by
even the lowest resolution runs. . . . . . . . ... ..o

associated with the v, optical depth 7y,, as a

Snapshots of various quantities from our fiducial non-rotating model nrot-HR
showing a slice through the y = 0 plane at + = 152 ms, with contours at
the neutrinosphere (13, = 1; red), Eior = 0 (white), the a-particle formation
surface (teal; Xpye refers to the mass fraction of all nuclei excluding individual
nucleons), and the sonic surface (where v = cy; white dotted). The top left
panel shows the density p and temperature T. The top right panel shows
the specific entropy s and the electron fraction Y,. The bottom left panel
shows Eiot, the total specific energy of wind matter as measured at infinity
(Etot = —hu,—1, where h is the specific enthalpy and u; is the time component
of the four-velocity), and the net neutrino heating rate gpet. The bottom
right panel shows the radial velocity v" and the isotropic-equivalent mass loss
rate M. Please note the different radial scale on the bottom right sub-panel
compared to the other sub-panels. . . . . . ... ... .. ... .......
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2.3

2.4

2.5

2.6

Radial profiles of angle-averaged quantities for model nrot-HR at several times
(from dark to light): ¢ =30, 49, 68, 87, 105, 124, and 142 ms. Plotted are
(a) temperature, T; (b) mass density, p; (c) net specific neutrino heating
rate, gnet; (d) electron fraction, Y, (solid), and limited equilibrium electron
fraction Yea’]e?f‘/ (dotted); (e) total specific energy, Eo; (f) specific entropy, s;
(g) mass outflow rate, M; (h) radial velocity, v". The red vertical dashed line
denotes the location of the v, neutrinosphere. The 13, =1 and @-formation
surface (Xpue = 0.5, where Xpyuc is the mass fraction of all nuclei excluding
individual nucleons) at t = 152 ms (corresponding to the snapshot in Fig. 2.2)
are indicated by red dashed and teal dotted lines in panels (a)—(d) and (f),
respectively. Red circles denote the sonic surface at which the radial velocity
v equals the sound speed; there are only three such circles because the sonic
surface does not enter the grid until the final three snapshots. Please note the
different radial scales for quantities shown in the left and right columns. . . .

Time evolution of angle-averaged wind properties (as measured through a
r = 60 km spherical surface) for the non-rotating models of low resolution
nrot-LR (purple), medium resolution nrot-MR (green), and high resolution
rot-HR (black). Asymptotic wind properties such as the mass-loss rate and
specific entropy are not converged with resolution because the neutrino decou-
pling region which sets the neutrino radiation field is not resolved (Fig. 2.1).
However, when the wind properties are scaled following the Qian and Woosley
(1996) analytic formulae to results from 1D time-independent models Thomp-
son, Burrows, and Meyer (2001), or to each another, based on their respec-
tive neutrino luminosities/energies/neutrinosphere radii, they come into bet-
ter agreement (Table 2.3). . . . . . .. .. oo oo

Similar to Fig. 2.2, except now showing snapshots at t = 100 ms of 2D slices
through the rotational axis for model rot.6-MR, and including new quantities,
such as azimuthal velocity v, electron anti-neutrino flux Fy,, and mean energy
Ey,. Please note the different radial scales in the top two rows compared to
the bottom row. . . . . . . ...

Temperature (left) and electron anti-neutrino mean energy (right) close to
the PNS surface in the meridional plane for the maximally rotating model
rot.6-MR. The approximate neutrinosphere surfaces (contours t,,, 75, = 1)
for v, and v, are shown as blue and red curves, respectively. A bulge due to
rapid rotation pushes out the location of the neutrinosphere near the equator,
decreasing the 7 = 1 temperatures and reducing the mean neutrino energies
in the equatorial regions relative to the polar regions. . . . . . . . ... ...

62



2.7 Wind properties as a function of polar angle 6, measured from the z—axis

2.8

2.9

3.1

(rotation axis in rotating models), through spherical surfaces at r = 60 km
(left) and r = 120 km (right) from the non-rotating model nrot-HR (non-
rotating; black) and rotating models rot.9-MR (orange), rot.7-MR (red), and
rot.6-MR (blue), time-averaged over the final third of the simulation run (e.g.
100—150 ms for nrot-HR). From top to bottom, the quantities shown include:
isotropic mass-loss rate M, radial velocity V", specific entropy s, isotropic
electron anti-neutrino luminosity Ly,, mean electron anti-neutrino energy Ey,,
and electron fraction Y,. Dotted lines in the bottom panel show our estimate
of the equilibrium electron fraction YQEZ (Eq. (2.12)). . . . ...
Similar to Fig. 2.4, except now comparing angle-averaged wind properties in
the non-rotating model nrot-HR (black), and rotating models rot.9-MR (or-
ange), rot.7-MR (red), and rot.6-MR (blue) as measured through a spherical
surface of radius r =60 km. . . . . . . ...

R-process figure-of-merit parameter n = 53 /(Y2 7exp) (Eq. (2.8)) as a function
of outflow polar angle 6, where the relevant quantities are time-averaged and
measured through the T = 0.5 MeV surface, shown separately for the models
nrot-HR, rot.9-MR, rot.7-MR, rot.6-MR as marked. For comparison we show
the threshold value ny, (Eq. (2.8)) required for neutron captures to reach the
2nd (purple dotted line) and 3rd (green dotted line) r-process peaks (Hoffman,
Woosley, and Qian, 1997). A dotted line-style to the right of the solid triangles
in the rapidly rotating models (rot.6-MR, rot.7-MR) denotes the angles over
which Y, is 10% lower than its average value along the polar angles 0° < 6 <
30° (the latter is roughly similar to that obtained from a non-rotating wind
for the same neutrino emission properties); the outflow from such regions may
be capable of a successful r-process even absent an a-rich freeze-out (i.e., even

0 <Minr) - -

Initial magnetic-to-fluid pressure ratio 8~' with magnetic field line geometry
overlaid. We show models 1o-B (left) and hi-B (right) in a slice through the
magnetic dipole axis (y = 0 plane), soon after the magnetic field is turned on at
t = 0 ms. This magnetic field configuration was added onto an unmagnetized
PNS wind solution previously evolved for about 176 ms to steady state. For
model hi-B, magnetic pressure dominates over fluid pressure in the polar
regions above the PNS surface out to ~60km. . . . ... ... ... ....
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3.2

3.3

3.4

3.5

3.6

3.7

Snapshots of the outflow properties as a cross-section through the magnetic
dipole axis (y = 0 plane) at ¢t ~ 55ms after B-field initialization for models
1lo-B (left) and hi-B (right). Colors show the rest-mass density p, with the
magnetic field line geometry overlaid in white. The neutrinosphere (13, = 1
surface) is shown with a red contour. The field lines have been nearly com-
pletely torn open radially in the weakly magnetized model, while an equatorial
belt of closed field lines persists in the strongly magnetized case. . . . . . . .

Snapshots showing outflow properties as a cross-section through the magnetic
dipole axis (y = 0 plane) at r ~ 55 ms after B-field initialization for models
no-B (unmagnetized, left) and 1o-B (weakly magnetized, right). From top to
bottom: specific entropy s, electron fraction Y,, radial velocity v". The green
contour represents the alpha-particle formation surface (X, = 0.5), around
which r-process seed nuclei begin to form, while the red contour represents
the location of the neutrinosphere (73, = 1 surface). . . . . ... .. ... ..

Radial profiles of the poloidal magnetic field strength Bp for models 1o-B
and hi-B, taken from a slice through the magnetic dipole axis (y = 0), angle-
averaged in the polar region from 6 = 0° to 6§ = 45°. Solid lines show Bp
time-averaged from ¢ ~ 0 — 5 ms after the magnetic field is activated, while
dashed lines represent Bp time-averaged from ¢t ~ 25 — 35 ms. To guide the
eye, thick solid lines show power-laws r=2 (blue) and r~3 (green). Both models
approach the split monopole solution (e #72) in the polar region. . . . . . . .

Mass-loss rate M (top), kinetic power Ex = (W — 1)M (center), where W is
the Lorentz factor, and M-weighted average specific entropy s (bottom) of
outflows through a spherical surface of radius r = 60 km, as a function of
time since magnetic field initialization. For all models no-B (black, X), 1o-B
(blue circles), and hi-B (red triangles) these quantities are shown across the
full 47 solid angle. For model hi-B (red), we show separately the isotropic
equivalent mass-loss rate as well as kinetic power, and average-entropy across a
solid angle at high latitudes close to the poles (6 = 0°—45° and 6 = 135°—180°;
dotted line) and near the equatorial plane (6 = 45° — 135°; solid line).

Snapshots of the magnetic-to-fluid pressure ratio 8! in the y = 0 magnetic
dipole axis plane for models 1o-B and hi-B. The top panel shows the moment
the magnetic field is initialized (r ~ 0 ms), while the middle and bottom
panels are at t ~ 31 ms and r =~ 55 ms, respectively. A cyan contour represents
the alpha particle formation surface (X, = 0.5) around which r-process seed
nuclei begin to form, while the red contour represents the neutrinosphere
surface (Tp, = 1). . . . L Lo

Same as Fig. 3.6, but for radial velocity v". The lower velocities of matter in
the equatorial closed zone region, particularly in the first two snapshots, is

apparent. . ... Lo e e e e e
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3.8

3.9

3.10

3.11

3.12

3.13

Same as Fig. 3.6, but for specific entropy s. The effect of the enhanced heating
of matter in the equatorial closed zone is apparent. . . . . . . ... ... ..

Same as Fig. 3.6, but for Y,. . . . . .. ...
Same as Fig. 3.6, but for temperature 7. . . . . . . . .. .. ... ... ...

Change in the energy contained within the volume extending from r = 15
km to an outer radius r between ¢t ~ 15 ms and ¢ ~ 55 ms following the
initialization of the magnetic field for model hi-B. Left: Polar component,
averaged azimuthally and over polar angles 8 = 0° — 45° and 135° — 180°.
Right: Equatorial component, averaged azimuthally and over polar angles
0 = 45° — 135°. The energies are defined as follows: kinetic energy Ex =
f(W — 1)pW+/y d3x (blue); thermal energy Eyj, = f epWAly d3x (green); elec-
tromagnetic energy Egpyv = f nﬂanﬁAW d>x (black); net integrated neutrino
heating Qpet = f / GnetpWAy d®x dt (ved). Here, TSK/I is the electromagnetic
stress-energy tensor, n* the 4-velocity of the Eulerian observer, W the Lorentz
factor associated with the total 4-velocity, and y the determinant of the 3-
metric. The specific net neutrino heating rate gnet is integrated over the time
interval; all other quantities are evaluated at the final and initial times, with
their difference plotted. . . . . . . . . . . ... L

Same as Fig. 3.6, but for total specific energy Eiq, including the effects of
magnetic tension (Eq. 3.6). The energy grows in the equatorial belt due to
neutrino heating of matter trapped in the closed zone, becoming positive by
the final snapshots across a greater region extending to smaller radii approach-
ing the PNS surface. As this high-entropy matter expands through the seed
formation region (outside the cyan contour) it can potentially generate the
conditions necessary for 2nd or 3rd-peak r-process nucleosynthesis. . . . . .

Top: Closed-zone ejection timescale to; (Eq. 3.9) computed just after mag-
netic field initialization (left) and 30 ms later (right) for model hi-B in a slice
through the y = 0 plane. Bottom: Snapshots from model hi-B showing (left)
the final entropy sproj of the closed zone material achieved after a time f;
(Eq. 3.9 from Thompson 2003 applied to the initial snapshot) in compari-
son to (right) the actual entropy s from the simulation at r ~ 55 ms after
magnetic field initialization. The red contour represents the neutrinosphere
surface (73, = 1). The analytic estimate is roughly consistent with the actual
entropy achieved in the trapped zone of the wind. . . . . . . .. .. ... ..
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3.14 Histograms of various quantities relevant to r-process nucleosynthesis as mea-

4.1

4.2

sured through a 60 km spherical shell. The left panel shows the unmagnetized
(no-B, black) and weakly magnetized (1o-B, blue) models, while the strongly
magnetized model (hi-B) is shown on the right, broken down separately into
the polar (purple) and equatorial (red) outflows, respectively (defined over the
same angular domains as in Fig. 3.5). For the unmagnetized models we show
results over the full time interval 25-55ms, because the outflow is approx-
imately time-stationary, while for the magnetized models we separately bin
results for 25-35ms (thin lines) and 45-55ms (thick lines). At a given time,
quantities are weighted pointwise on the spherical grid by the local mass out-
flow, they are binned and normalized by the total mass outflow through the
entire surface over the time interval. We approximate the outflow expansion
time (Eq. 3.4) as texp = R/v(R), where v(R) is the total wind speed measured
at the shell. Threshold values for n (Eq. 3.5) required for neutron captures
to reach the 2nd (yellow dashed vertical line) and 3rd (green dotted vertical
line) r-process peaks (Hoffman, Woosley, and Qian, 1997) are indicated for
COMPATISON. . .« . o v v v v e e e e e e e e e e e

Swift BAT X-ray light curves of two SGRBs, GRB080503 (Perley et al., 2009)
and GRB 060614 (Gehrels et al., 2006), which show their temporally-extended
prompt emission. Both cases show remarkably similar light curves, which peak
on a timescale ~ 30 s after the prompt SGRB spike of duration < 2 s (gray
region; not shown at the chosen time binning). The lull in emission from
t ~ 2 —30 s contrasts with the naive expectation that the X-ray luminosity
track the o 775/3 mass fall-back accretion (shown for comparison with a pink

Top: Nuclear heating rate of the unbound debris as a function of time since
ejection (blue lines), calculated for ~250 separate fluid elements from the NS-
BH merger simulation M7 S8 (Foucart et al., 2014) using the SkyNet nuclear
reaction network (Lippuner et al., 2017). We have reduced the heating rate
from the rate of nuclear energy by a fraction (1 — f,) = 0.55 to account for
fraction of the f—decay energy carried away by neutrinos (eq. 4.3). A black
line shows the step-function approximation employed in our fall-back model
(eq. 4.4), where in this example Qo = 3 MeV and et = 1 s. Bottom: Total
heating rate Qo for the same fluid elements as a function of their electron
fraction Y,. Shown for comparison is the analytic estimate from equation
(4.3), for fixed values of the parameters A/Z = 2.4, f, = 0.45, (%)s = 8.7 MeV
nuct and (§) =8 MeVnuc™. ..o
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4.3

4.4

4.5

Mass-weighted distribution of the tidal tail ejecta, extracted from the NS-BH
merger simulation data at t = 15 ms post-merger, in the space of initial energy,
Eiot, and electron fraction, Y,. A dashed line at Eiox = 0 separates the debris
which is initially bound versus unbound to the black hole. Fluid elements
above the solid blue line could be unbound due to r-process heating along if
the ejecta receives the total available heating, Qiot ~ 3 MeV (Fig. 4.2, bottom

Schematic illustration of the tidal ejecta from NS-BH or NS-NS mergers, com-
paring the fluid element trajectories with (dashed lines) and without (solid
lines) the effects of r-process heating. The orbital streams are highly ellipti-
cal, such that pressure gradients VP point almost radially outwards and energy
released from the r-process is transferred quickly (on the expansion timescale)
into ejecta kinetic energy. The trajectories of tightly bound (Eit < 0)
or strongly unbound (Eist > 0) matter are not greatly altered. However,
marginally bound material with Eg1, 2 —Qtot and orbital periods comparable
to the timescale of the r-process experiences preferential heating relative to
more tightly bound debris. This opens a gap in the orbital energy distribution
and a temporal gap or late-time cut-off in the mass fall-back rate. . . . . . .

Top Panel: Mass fall-back rate, M, as a function of time, tg,, after the
NS-BH merger, calculated for different assumptions regarding the total r-
process heating experienced Qo and its characteristic duration fpea;. Each
case is labeled according to the general behavior of the light curve, i.e. whether
heating introduces a temporal gap, or a complete cut-off, in the late-time fall-
back rate. Bottom Panel: Distribution of the debris mass with energy,
dM /dE, comparing the initial distribution after the dynamical phase of the
merger to that imprinted by r-process heating, shown for the same models
and color schemes used in the top panel. r-process heating opens a gap in
the energy distribution, which in turn results in either a temporal gap or a
complete cut-off in the fall-back rate, depending on whether the energy gap
overlaps with Eyor = 0. . . . . . . . . .



4.6

4.7

4.8

Regimes of the impact of r-process heating on fall-back accretion in the space
of the total nuclear released energy, Qiot, and the timescale of the heating,
theat- The value of Qo (left vertical axis) is mapped onto the initial electron
fraction Y, (right vertical axis) using eq. (4.3) as shown in the bottom panel
of Fig. 4.2. A 2D colored histogram shows the mass distribution of the ejecta
in (Qtot» theat ), calculated by mapping the ejecta properties of our simulation
for a NS-BH merger (M ~ 6M) into the r-process heating trajectories from
SkyNet calculations (Fig. 4.2). Symbols show the results of our parameter
study in which we assume a BH mass M ~ 6My and that all fluid elements
experienced heating characterized by fixed values of Qot and tneat according
to eq. 4.4 (see Fig. 4.5 for a few examples). Crosses denote cases which result
in a complete cutoff in the fall-back rate after a given time, while circles show
cases in which a temporal gap is opened in the fall-back curve (the duration of
the gap is denoted both by the radius and color of the circle using the legend
given on the right). Lines represent the critical condition (n = . ~ 0.95;
eq. 4.8) giving rise to a long (~ 30 s) gap for different values of the mass of
the central black hole as marked, ranging from M ~ 2.5M relevant to NS-NS
mergers to M ~ 6 — 20Mg relevant to NS-BH mergers. While the tidal ejecta
from NS-NS mergers lies in the cut-off regime (7 > 1) for neutron-rich ejecta
Y, <
Top: Two models from Figure 4.5 showing temporal gaps in the fall-back rate,
but now calculated using a realistic spread in the r-process heating experienced
by different fluid elements due to variations in their ¥, values (eq. 4.3) (see
also Fig. 4.2, bottom panel). The mean values for Qto, around which the
spread is centered, are shown in the figure. The previous model with a large
temporal gap in the fall-back rate (fheat = 1.75 8; blue) now shows a complete
cut-off, while the case with a shorter gap (fheat = 1.5 8; 7ed) has been smoothed
out to a lull in accretion. Bottom: Mass fall-back evolution calculated using
r-process heating curves taken directly from the output of SkyNet simulations
(Fig. 4.2) mapped into our NS-BH simulation data based on their ¥, values.
We see a gap behavior because the ejecta properties lie close to the critical
line n = n. line for the M = 6Mg black hole (red solid line in Fig. 4.6), but
again the gap is partially filled-in due to the spread in heating properties. . .

The critical condition n = 5. (eq. 4.8) in the space of BH mass M and ejecta
electron fraction Y,, which separates a temporal gap, versus a cut-off, in the
rate of fall-back accretion. The value of n is calculated by mapping Qiot to Y
using equation 4.3 for different values of f1,0a¢ as extracted from the results of
our SkyNet calculations for the nuclear heating rate. As long as the ejecta is
sufficiently neutron-rich (¥, < 0.2), the low-mass black hole remnants of NS-
NS mergers are predicted to experience a cut-off in the fall-back rate, while
the more massive BHs from NS-BH mergers should experience a gap or lull

in fall-back, consistent with the extended emission observed after a fraction
of SGRBs (Fig. 4.1). . . . . . . ...

x1

0.2, the NS-BH merger case resides close to the gap regime (g ~ . ~ 0.95).125
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Vertical scale-height as a function of radius of the magnetic field B (black) and
neutrino optical depth 7y, (blue) for model hi-B, normalized by the grid step
size Ax. The radial profiles correspond to the slice through the magnetic dipole
axis (y = 0 plane), averaged over polar angle between 6 = 0° and 6 = 45°,
and time-averaged over the first 4 ms after the magnetic field is initialized.
Discontinuities at 15 km and 30 km reflect refinement level boundaries. . . . .

Comparison of wind properties with and without imposing reflection symme-
try across the equatorial plane. Shown are wind cross-sections in the plane
of the magnetic dipole axis for specific entropy (left panel) and magnetic-to-
fluid pressure ratio (right panel) time-averaged over the interval ¢t ~ 30 — 35
ms after the B-field is initialized. For each panel: the simulation is run across
the full 8 € [0, 7] domain (left; model no-sym-B); reflection symmetry across
the z = 0 plane is employed (right; model sym-B). . . . ... ... ... ...

Strength of the poloidal (left) and toroidal (right) magnetic field components
for model hi-B approximately 55 ms after initialization of the magnetic field.
The red contour indicates the location of the neutrinosphere. . . . . . . . ..

Cross-section of the y = 0 magnetic dipole axis plane for the 1o-B (left) and
hi-B run (right) ~ 55 ms after the magnetic field is initialized, showing the
ratio of temperature T (top) and density p (bottom) to their respective critical
values Tp and pp below which quantizing effects of the magnetic field on the
EOS and weak interactions are expected (Egs. A.1 and A.2). Since T/Tp > 1
everywhere, electrons and positrons populate many Landau levels, even in
the regime where p < pp. The magnetic winds are thus in the non-quantizing
regime, justifying our negligence of magnetic-field effects onto the EOS and
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weak interactions. The red contour indicates the 13, = 1 neutrinosphere surface.186

Equatorial plane (z = 0) cross-section at 3 snapshots in time (~ 31 ms, 55
ms, 64 ms after dipole magnetic field initialization) for models 1o-B (shown
in the x < 0 domain) and hi-B (shown in the x > 0 domain). The color
represents the relative level of V - B violations, where Ax is the grid spacing,
and B is the overall strength of the magnetic field. While the constraint
transport scheme maintains V - B to machine precision interior to refinement
level boundaries, spurious violations are introduced at refinement boundaries
due to interpolation operations. . . . . . . . ... ...
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Chapter 1: Introduction

The Periodic table comprises 118 elements. Of the first 94, 80 have at least one stable
isotope, while another 11 (up to atomic number Z = 94) are unstable but have sufficiently
long half-lives to occur naturally on Earth. How did these elements come to exist? In
the minutes following the Big Bang, protons and neutrons combined to create primarily
hydrogen (75% by mass), helium (25% by mass) and trace amounts of He and “Li (Cyburt
et al., 2016). All other naturally-occurring elements are synthesized in stellar environments
(Cameron, 1957; Burbidge et al., 1957). The first stars were formed after about a hundred
million years, from massive (typically ~ 100Mg) self-gravitating contracting clouds (Abel et
al., 1997; Abel et al., 1998). Stars, by definition, contract under the gravitational force until
temperatures and pressures at the center are sufficiently high for matter to fuse into heavier
elements. Fusion reactions result both in a compositional shift towards heavier elements and
energy release, which provides the thermal pressure support to keep a star from collapsing.

Depending on its mass, a star can go through several successive phases of contraction
followed by fusion in the core, generating progressively heavier elements along its evolution.
Less massive stars (S 8Mg) only reach temperatures in their core high enough to fuse
elements up to carbon and oxygen. The lightest of these can live for billions of years and expel
their surface layers to form planetary nebulae at the end of their lives (Nomoto, Kobayashi,
and Tominaga, 2013). The cores, supported by electron degeneracy pressure, remain mainly
as stable carbon-oxygen white dwarfs.

Massive stars (with initial mass 2 8My) on the other hand evolve much more rapidly,
living for only a few hundred million years or less, and fusing elements up to iron and nickel
in the last days of their lives. As the most bound isotope, it is not energetically favorable

to form elements heavier than **Ni due to the large Coulomb barrier with increasing Z and



because such reactions would consume energy rather than release it. The result, once the
core has converted all lighter elements to Fe and Ni nuclei, is unstable to runaway core

collapse under gravity. For stars of initial mass 8Mgy < M < 25Mg, collapse leads to the

formation of a dense proto-neutron star (PNS), supported against further collapse by strong
nuclear repulsion. Though the precise mechanism is still uncertain, the outer layers of the
star are in most cases ejected in a “core-collapse supernova” (CCSN) explosion. The most-
promising theory is that neutrinos emitted by the hot PNS are absorbed above its surface,
depositing enough energy to reverse the collapse (e.g., Bethe and Wilson 1985; Janka 2012).
The unbound ejecta from the explosion, as well as any outflows released by the PNS (such

as those explored in this dissertation), enrich the interstellar medium with this processed

material.

1.0.1 The need for an alternate nucleosynthetic process

Though they likely cannot form in deep stellar interiors, we nevertheless observe in small
abundances elements much heavier than iron on Earth (e.g., gold, uranium), in the Sun, and
in neighboring stars and galaxies. How did they get there? i.e., what are the astrophysical
mechanism(s) of their production? This remains a longstanding open question in science,
which can be traced back to the first complete tabulation of universal abundances by Gold-
schmidt (1937). Addressing this question requires bringing together knowledge spanning
a wide range of research fields — from astrophysical observations and modeling of galactic
archaeology /chemical evolution and stellar explosions, to fundamental properties of matter
in atomic and theoretical /experimental nuclear physics. Goldschmidt himself attempted to
find correlations in his abundances with nuclear structure; though unsuccessful, his compiled
elemental abundance data from the atmosphere, the Sun, meteorites, and terrestrial rocks
made possible the 1963 Nobel Prize winning work by Maria Mayer and Hans Jensen on the
nuclear shell model (Suess, 1988).

Hoyle et al. (1956) first suggested that elements heavier than the iron group (i.e., Z 2 26)



could be generated via neutron capture onto lighter seed nuclei, particularly Fe. This model
is attractive simply because neutrons, being neutrally-charged, need not overcome an electric
Coulomb barrier to be captured. However, sufficiently neutron-rich nuclei are unstable to
B—decay, in which a neutron n in the nucleus decays to a proton p and emits an electron
e”; it is therefore only through successive neutron captures (which raise mass number A)
followed by B—decays (A — A -1, Z — Z + 1) by which heavy elements can be formed
through neutron captures alone.

The competition between f—decays (timescale 75) and neutron captures (timescale ;)

points to two distinct neutron-capture processes!

: one where 75 < 7, and one where 73 > 7.
In the first, dubbed the “slow neutron-capture process”, or s—process, a neutron is captured
onto a nucleus of charge Z, which quickly decays into a stable nucleus of charge Z + 1 much
faster than another neutron capture can occur. In this manner the nucleus incrementally
grows along a valley of stable nuclei (the ‘valley of stability’). In the latter, dubbed the
“rapid neutron-capture process”, or r—process, many neutrons (= 10) are rapidly captured
onto a nucleus before it f—decays. In this manner the highly neutron-rich nucleus proceeds
on a path far from the valley of stability, until available neutrons are exhausted and the
nucleus returns to the valley of stability via B—decays, but now at significantly higher Z
than where it started. The details of this theory, predicted abundances, and potential sites
were laid out in the seminal ‘B?HF’ paper (Burbidge et al., 1957).

Of these two dominant processes, the origin of the r—process is arguably the most chal-
lenging to unravel: many of the properties of nuclei far from stability are poorly understood
experimentally and theoretically, while the extreme conditions and transient nature of the

most promising astrophysical sites pose a multi-scale physics challenge.

I Although most heavy element production in the universe occurs either through a s—process (13 > 1) or
r—process (7, > 1), the so-called “intermediate neutron-capture process” (1, > 1), or i-process, has been
suggested (Cowan and Rose, 1977; Dardelet et al., 2015) as the origin of some abundance patterns observed
on metal-poor stars in the mass range 55 < Z < 75 (Beers and Christlieb, 2005).



1.0.2 Challenges to understanding the origin of the r—process

To fully deduce the origins of the r-process elements requires modeling and expertise
which spans a wide range of topics in physics, ranging from the astrophysics of stars, the
nuclear physics of neutron-rich nuclei and neutron star interiors, and the fluid dynamics and

strong-field gravity. Some of these areas include:

1. the properties of neutron-rich isotopes on the r—process nucleosynthesis path far from
stability, such as nuclear masses, half-lives, and fission probabilities and fragment dis-

tributions

2. nucleosynthesis network calculations which determine the conditions of density, tem-
perature, and neutron-richness required to reproduce the r—process abundance patterns

observed throughout the cosmos

3. hydrodynamical and magneto-hydrodynamical simulations of explosive astrophysical
events, generally under conditions of strong gravity and dynamical spacetime, to de-

termine what astrophysical sites are likely to meet such conditions

4. astrophysical observations of r-process abundances in different environments, ranging
from meteoritic abundances on Earth, stellar surface abundances (the Sun, the Milky
Way halo, or in nearby dwarf galaxies), or in extragalactic astrophysical transients
(supernovae, kilonovae - a direct signature of the production of r—process elements:

see Sec. 1.3.1) to determine the r—process enrichment as a function of galactic evolution

5. radiation transport simulations, which make use of detailed atomic physics properties
of r-process nuclei, to transform astrophysical observations of stars or kilonova into

accurate abundance information

Although the research presented in this thesis contributes mainly to item 3 of the above,

I use the remainder of this introduction to briefly review all of these issues, organized as



follows. Section 1.1 describes the physical mechanism of the r—process and the requisite
astrophysical conditions, as well as currently active areas of experimental nuclear physics
research in understanding r—process nuclei and how they feed into nuclear reaction network
simulations of the r—process. Section 1.2 describes observational constraints on r—process
enrichment sites from the Solar System, nearby stars and galaxies, and evidence for rarity of
the r—process enrichment events. Finally, Section 1.3 provides a brief historical overview of
neutron star mergers and supernovae, which represent the top two candidate astrophysical
sites for the r—process. I introduce a long-considered r—process site: the neutrino-driven
wind, which is an outflow of baryonic matter from the surface of the PNS in the seconds
following a successful supernova explosion. I conclude this final section with a brief in-
troduction motivating a consideration of the effects of rapid rotation and strong magnetic
fields on neutrino-driven PNS winds, which represents the primary topic addressed by this

dissertation.

1.1 Nuclear physics of the r—process

Significant advancements have been made in experimentally investigating the unstable
r—process nuclei and in r—process nucleosynthesis simulations, which take in experimental
data as input. Largely following discussions from Burbidge et al. (1957) and Cowan et al.
(2021), the first half of this section explains the physical mechanism of the r—process and
the conditions required to produce heavy elements (Z > 26). The second half briefly reviews
the structure of modern r—process nuclear reaction network simulations and some of exper-

imental progress made in determining the nuclear ingredients required for such simulations.

1.1.1 Mechanism of the r—process

To achieve the high neutron capture rates required for the r-process, extremely high

3

neutron densities ~ 1026 cm™ are required; insofar that free neutrons are unstable under



ordinary terrestrial or astrophysical conditions (with mean lifetime of about 14 minutes) most
viable astrophysical sites are “explosive”, in which the high neutron exposure is achieved over
a brief period of time during the dynamical expansion of neutron-rich material. For similar
reasons, the r-process is likely a “primary process”, in which the seed nuclei onto which
neutrons are captured are not pre-existing, but are rather formed as a part of the same
explosive event responsible for creating the nuclei. In such cases, matter begins in nuclear
statistical equilibrium (NSE) at high temperatures > 10'0 K and densities > 10'? g cm™3,
before falling out of it (Meyer, 1994). As densities and temperatures drop in the expanding
and cooling matter, quasiequilibrium subgroups of elements form into seed nuclei up to Fe
and beyond (atomic mass number A ~ 50 — 100) as nuclear reaction timescales become too
large to satisfy full NSE. A population of free neutrons and alpha particles also remains
(Woosley and Hoffman, 1992).

The r—process then takes place in two phases, which can be understood by comparing
timescales for three types of nuclear reactions: neutron captures on target nuclei (n,y)
which raise A, photodissociations of target nuclei (y,n) which lower A, and B—decays of
target nuclei (during which neutrons in the nucleus decay to protons thereby increasing Z).
The initial phase is dominated by neutron captures onto and photodissociations of target
nuclei, reactions which occur on timescales much shorter than that of f—decays. As nuclei
grow into neutron-rich isotopes far off the valley of stability, (n,y) = (v, n)—equilibrium is
reached.

The population of free neutrons will be consumed on a timescale 7,, which may be

expressed as (Cowan et al., 2021)

l—i( Lo ) (1.1)

Tn Ns \T(ny)  T(y.n)

where 7(,,) and 7(y ) are the (n,7y) and (y,n) nuclear reaction timescales, respectively and

ng is the ratio of free neutrons to seed nuclei (“neutron-to-seed ratio”). S—decays (acting
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on timescales 73), though much slower with 75 ~ 1057'(,,’”, manage to push nuclei to higher
Z. Thus, 1, is large for large values of ng, allowing the r—process nuclei to pass through
many isotopic chains (each chain at constant Z) via slower f—decays to high Z nuclei before
the population of free neutrons is exhausted. A large ng is essential for producing heavy
elements. For example, if a heavy element such as uranium (A = 238) is to be produced
starting from seed nuclei with A ~ 50 — 100, roughly 100 additional neutrons would need to
be captured per seed nuclei, requiring ng ~ 100.

The reaction dynamics near so-called neutron ‘magic numbers’, denoting closed neutron
shells with neutron numbers N = 50, 82, 126, affect the overall r—process abundance pattern
(vertical bolded lines in Fig. 1.1a represent neutron magic numbers). As Z rises through
B—decays interspersed throughout the more frequent (y,n) and (n,y) reactions, nuclei be-
come increasingly neutron-rich, until reaching a closed neutron shell. At shell closures, the
neutron separation energy (energy required to separate the least tightly bound neutron from
the nucleus) plummets; any additional neutrons captured are unlikely to remain bound to
nuclei. The nuclei then undergo successive S—decays followed by neutron captures which
raise Z at constant N until the separation energy again exceeds some minimum value, typi-
cally around 2 MeV. Their beta-decay times 75 rise as nuclei approach the valley of stability.
As a result of their slow migration rate through this region, a population of nuclei accumu-
late around such shell closures resulting in an r—process abundance pattern with so-called
1st, 2nd, and 3rd characteristic peaks near each neutron magic number.

Because the s—process involves neutron captures onto stable nuclei within the valley of
stability, neutron shell closures are encountered here as well for the same magic numbers
N = 50,82,126. In contrast to the abundance peaks from the s—process, those from the
r—process form far from stability, which shifts peaks leftwards from those of the s—process
following the B—decays after freeze-out (note the twin peak structure for A ~ 135,195 in
Fig. 1.1b). These different characteristic abundance peaks are in part what allows one to

differentiate between s—process and r—process contributions to the elemental compositions



observed on stars, as well as by using the observed abundances of particular elements which
are exclusively produced by either the r—process or the s—process (Goriely, 1999; Sneden,
Cowan, and Gallino, 2008; Prantzos et al., 2020).

The abundance pattern in Fig. 1.1a shows a snapshot of r—process material at the be-
ginning of its next phase: r—process freeze-out. This takes place once ng drops to < 1, i.e,
after the neutron supply is nearly exhausted. Neutron captures therefore now occur over a
longer timescale, comparable to that of f—decay (7(,,,) ~ 7g), until nuclei reach the valley of
stability. This phase of competing f—decay and neutron capture rates imprints an r—process
abundance pattern that is smoothed out as a function of A. Because a similar competition
between nuclear rates does not occur in the s—process, the s-process pattern shows sharper
changes in the abundances between consecutive A (Cowan et al., 2021).

In addition to B—decays, neutron capture-induced fission of nuclei heavier than uranium
can also play an important role in shaping the r—process abundance pattern. The lighter
daughters of such fissioning nuclei can themselves capture neutrons, building back up to
heavier potentially fission-prone nuclei. When the initial neutron abundance is sufficiently
high, such a process of successive cycles of fission and neutron captures, known as “fission
cycling”, can repeat multiple times creating a robust pattern of r—process elements between
the 2nd and 3rd peaks — from barium to uranium (Beun et al., 2008; Korobkin et al., 2012;

Mendoza-Temis et al., 2015).

1.1.2  Requirements for a high ratio of neutrons to seed nuclei

For most astrophysical r—process sites of interest, neutron-rich matter begins at high
temperatures and densities in the NSE phase, as a fluid composed of nucleons, alpha particles
and light seed nuclei up to the Fe-group. As the expanding matter cools, charged-particle
reactions freeze-out once T < 3 x 10? K and neutron captures begin. To build elements
through neutron captures up to the 2nd r-process peak (45 < Z < 55) the neutron-to-seed

ratio at this point must exceed a critical value ny 2 70, or ny = 140 to reach the 3rd r-

~ ~



process peak (65 < Z < 75). This high requisite ngy as matter evolves out of NSE requires an
astrophysical site that is either: (1) extremely neutron-rich, i.e. with a low electron fraction
Y, < 0.5 (being the ratio of protons to total baryons), such that enough free neutrons are
present even if all protons end up inside seed nuclei); or (2) is conducive to the suppression
of seed formation, resulting in a high neutron-to-seed ratio even without a high abundance
of neutrons. Insofar that many astrophysical sites including PNS winds do not satisfy the
first criteria, I now briefly review the requirements on the expanding material to fulfill the
latter requirement.

During the transition from nucleons and alpha particles to heavy seed nuclei, matter must
pass through a bottleneck reaction to first form ?C. For symmetric or proton-rich matter,
this reaction is the usual 3-body triple-alpha reaction. For neutron-rich conditions relevant to
r—process (Y, < 0.5), it is a faster 4-body “neutron-catalyzed” triple-alpha reaction (Woosley
and Hoffman, 1992). For purposes of demonstration, I focus on the triple-alpha reaction case
appropriate to proton-rich matter. This 3-body reaction depends strongly on density (with
rate T3, « p2), where the intermediate resultant a + @ —%Be is highly unstable with a short
half-life. Seed formation of heavier nuclei will be dramatically reduced if the third reaction
8Be +a@ —!2C in this chain is suppressed. This is known as “alpha-rich freeze-out”, where
nucleons are trapped in alpha particles and are unable to combine into heavier nuclei. In
relevant astrophysical environments, matter is typically radiation-dominated, so entropy is
proportional to T3/p (Meyer et al., 1992). It follows then that high specific entropy s in
the expanding (i.e., low densities, insofar that the triple-alpha reaction occurs at roughly the
same temperature T ~ 5x 10 K, independent of density) favor a strong alpha-rich freeze-out.

For a given value of s (i.e., a given density), an alpha-rich freeze-out is also favored when
there is less time available for the reaction to occur, i.e. for a sufficiently rapid expansion
rate of the gas through the relevant temperature range (equivalently, a low expansion time
Texp, defined as that required for the the density to drop by a factor of ~ 2). If Tex, < T34, the

fluid expands faster than the triple-alpha reactions are allowed to occur, suppressing seed
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formation.

Hoffman, Woosley, and Qian (1997) performed parameterized calculations of the for-
mation of seed nuclei for initially neutron-rich material (electron fraction ¥, < 0.5), where
the 4-body bottleneck reaction rate to form 2C is « p3 (instead of « p? for the normal
triple-alpha reaction). They delineate the parameter space of specific entropy s, expansion
timescale Teyp, and electron fraction Y., for which 3rd peak r—process elements (A 2 195)
can be produced via the a@-rich freeze-out process described above. They define an analytic

criterion which matches their full numerical results of the form

§3

n= 2 Nerit, Condition for r-process (1.2)

Y e?’ Texp

where it & 100 provided that s is measured in units of kg per baryon and Texp 18 measured
in seconds (see also Lippuner and Roberts 2015). An r-process which reaches just the 2nd
peak (light r—process) elements is possible for a somewhat lower nei; =~ 3 X 10?, while
Nerit = 107 is sufficient to form neutron-capture elements slightly heavier than Fe (though
many of these can be created through charged-particle reactions in NSE under neutron-rich
conditions even without an alpha-rich freeze-out).

Indeed, separate from the standard s— and r—process, there exists an elemental abun-
dance peak between the Fe and 2nd r—process peak for isotopes 38 < Z < 47 (Johnson and
Bolte, 2002; Sneden, Cowan, and Gallino, 2008) whose origin also remains debated. Though
updated models of the s—process or even alpha captures onto seed nuclei may explain this
peak, these so-called “Light Element Primary Process” (LEPP) nuclei may also be created
via alpha-rich freeze-out in moderately neutron-rich or proton-rich environments (Arcones
and Montes, 2011). This dissertation explores whether the conditions associated with a spe-
cific astrophysical site (neutrino-driven winds) are capable of achieving those necessary to
synthesize LEPP nuclei versus light r-process element versus the full r-process extending up

to the third peak elements.
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1.1.3 Computing nuclear abundance yields given astrophysical conditions

In the r—process, nuclear reaction timescales vary by large orders of magnitude, and
nuclear composition changes occur on much smaller timescales than those relevant for hy-
drodynamics. Consequently it is only computationally feasible to run such nuclear reaction
network calculations (which consider > 7500 nuclides and 140,000 reactions in total) through
a post-processing technique, in which Lagrangian densities, compositions, and temperatures
extracted from hydrodynamical simulations serve as input (e.g., Hix and Thielemann 1999;
Goriely, Hilaire, and Koning 2008; Kelic, Valentina Ricciardi, and Schmidt 2009; Wanajo,
Janka, and Kubono 2011; Winteler 2014; Mumpower et al. 2017). One recent example of
such a network is the open-source code SkyNet (Lippuner et al., 2017), which self-consistently
evolves nuclear reactions and thermodynamic functions, given an initial temperature and pre-
scribed density evolution p(#). Calculations of the r—process require knowledge of myriad
properties of unstable neutron-rich nuclei along the r—process path, far from the stable or
nearly-stable isotopes present on Earth, or even those synthesized in the laboratory. Insofar
that many of these properties are thus not experimentally measured, network calculations
therefore currently rely largely on theoretical models and extrapolated experimental data.

For example, SkyNet uses the following input from nuclear theory and experiment: nu-
clear masses/partition functions and strong/weak reaction rates distributed in REACLIB
(Cyburt et al., 2010), neutron-induced fission reactions (Panov et al., 2010), and sponta-
neous fission rates computed as in (Frankel and Metropolis, 1947) using fission barriers of
(Mamdouh et al., 2001). The details of the final abundance pattern one obtains for a given
set of astrophysical conditions is sensitive to the input nuclear physics at their present levels
of uncertainty (Mumpower et al., 2016). Work is thus required on the nuclear experiment
and theory level, as well as on the astrophysical modeling front, in order to improve our

understanding of the r—process origin.
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1.1.4 Experimental developments in r—process studies

Significant advancements are expected in the coming decades with next generation ra-
dioactive ion-beam facilities like FAIR and FRIB coming online (Aprahamian et al., 2018).
Fig. 13-16 in Mumpower et al. (2016) highlight the range of nuclei which have a significant
impact in r—process simulation yields. Note the large regions of neutron-rich isotopes that
will soon become accessible by FRIB.

The production of rare isotopes for study has not significantly improved in the last few
decades due to limitations in ion beam energy, and small cross-sections in nuclear reactions.
Once beams collide however, isotopes must be separated from each other in order to be
studied individually; on this front there have been considerable advancements.

There are a number of ways in which neutron-rich isotopes can be produced. One method
— spallation — is the act of firing particles at and breaking up heavy target nuclei. ISOLDE
(Isotope Separator On-Line DEtector) was installed at CERN to separate and analyze the
products of spallation, often being neutron-rich nuclei. There have been steady advance-
ments, including the utilization of laser ionization on fission products, which have led to
more effective separation (Cowan et al., 2021). These have led to detailed measurements of
129-131Cd nuclei along the r—process path, crucial for reducing uncertainties around 1st peak
r—process nucleosynthesis (Atanasov et al., 2015). The above techniques however require a
minimum amount of time for extracting nuclei, preventing those with shorter half-lives from
being studied.

Another technique—fragmentation—involves smashing a high energy heavy-ion beam on
light target material and collecting fragments through electromagnetic separator systems.
Unlike spallation, this technique allows for even short-lived isotopes to be studied if properly
separated. Impressively, the f—decay half-lives of 110 neutron-rich nuclei near the N =
82 closed shell were simultaneously measured at RIKEN (Lorusso et al., 2015) using this

technique. It is crucial that S—decay half-lives at these neutron magic numbers Ny, are
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modeled precisely, due to low separation energies at Nyae+1 and substantially lower f—decay
rates. S—decays govern the strength and location of these peaks (see Fig. 14 of Mumpower
et al. 2016; see also the discussion in Sec. 1.1.1). When combined with nuclear mass models,
the half-lives measured by Lorusso et al. (2015) substantially lowered uncertainties in the
abundance pattern around the second r—process peak (A ~ 130).

Modern isotope mass measurements may be performed using time-of-flight mass spec-
trometers (Meisel and George, 2013) and storage rings (Litvinov et al., 2004; Sun et al.,
2008; Yan et al., 2016); the most precise and accurate mass measurements to date however
are those from ion traps (Blaum, 2006; Blaum, Dilling, and Nortershiauser, 2013). Numer-
ous facilities worldwide (e.g., LEBIT at Michigan State U, TITAN at TRIUMF in Canada,
SHIPTRAP at GSI Darmstadt, Germany, ISOLTRAP at CERN, RIKEN trap in Japan)
have dedicated studies to measuring nuclei masses by first using radio-frequency confine-
ment (Paul traps) or electromagnetic fields (Penning traps) to trap ions. The phase-imaging
ion-cylotron resonance technique introduced by Eliseev et al. (2013) has increased resolving
power by a factor of 40, which has informed studies on distinguishing astrophysical r—process
sites (Mumpower et al., 2016). This breakthrough has led to precision mass measurements of
neutron-rich rare earth isotopes at JYFLTRAP (Vilen et al., 2018) and neutron-rich gallium
isotopes at TITAN (Reiter et al., 2020).

B—delayed neutron emission can greatly increase the number of available neutrons to be
captured during r—process freeze-out. The probabilities P, with which neutron-rich nuclei
emit neutrons have not been experimentally measured for most nuclei. Caballero-Folch et
al. (2016) compared experimental results from GSI to theoretical model predictions, and
found discrepancies of up to an order of magnitude, highlighting the need for experiments
to back models. A recent finding by Yee et al. (2013) using traps demonstrated that one
can circumvent challenges of neutron detection by measuring nuclear recoil rather than by
measuring energy. Munson et al. (2018) and Siegl et al. (2018) used this technique to obtain

measurements of exotic isotopes with half-lives down to 50 ms.
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The final compositions obtained from nuclear reaction network simulations are sensitive
to neutron capture rates after r—process freeze-out (when (n,y) = (y,n) equilibrium is no
longer maintained). Experiments of direct neutron capture onto short-lived neutron-rich
nuclei are difficult. With the 8—0Oslo method, one can reconstruct neutron capture rates of
neutron-rich nuclei on the r—process path indirectly using level densities and y—ray strength
functions of nuclei closer to stability. The uncertainty in neutron-capture rates is within a
factor of ~ 3 (Beard et al., 2014). Another approach is to use surrogate reactions. Here,
‘surrogate particles’ (such as deuterons) which contain neutrons effectively transfer their
neutrons onto target nuclei (Escher and Dietrich, 2006). By measuring the surrogate parti-
cle’s final state, one can infer the neutron-capture cross section. Though some experiments
show promise, results indicate that a deeper understanding of such reactions is required for
accurate inferences (Potel, Nunes, and Thompson, 2015; Avrigeanu and Avrigeanu, 2016;
Manning et al., 2019). A novel method proposed by Reifarth et al. (2017) and supported by
their simulations, involves impinging high intensity radioactive beams in a storage ring on a
thermalized neutron target gas. Though technically challenging, such a facility if built would
allow for measurements of neutron-capture rates on neutron-rich isotopes with half-lives less
than a minute.

The density and temperature of the astrophysical environment dictate the r—process
reaction path under (n,y) = (vy,n)—equilibrium, which takes place at constant neutron
separation energies S,. However, nuclei masses (which determine S, ) are not precisely known;
this leads to uncertainties in the r—process path in nuclear reaction network simulations.
There are several different approaches to mass models (Duflo and Zuker, 1995; Sun and Meng,
2008; Moller et al., 2016); all mass models fit certain parameters to known experimental
data in order to predict properties of all nuclei. Known masses are reproduced well; yet
extrapolating to nuclei in regions far from stability proves challenging, as shown by greater
disagreement between new exotic nuclei and mass models (Audi et al., 2012). Overall, the 3-

peak structure of the abundance pattern is fairly well-reproduced, independent of the choice
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of mass model. However discrepancies greater than 10 MeV can arise in S, especially near
the N = 126 shell, which can have a noticeable impact on r—process abundances (Mendoza-
Temis et al., 2015; Mumpower et al., 2016). Differences in the abundance pattern between
the 2nd and 3rd peaks is found to be washed out due to fission-cycling, which continuously
produces material in this region (Mendoza-Temis et al., 2015).

Fission cycling may be responsible for producing the observed robust r—process pattern
between 2nd and 3rd peaks (Korobkin et al., 2012; Rosswog et al., 2014; Goriely et al.,
2015). Fission rates for r—process nuclei are challenging to study, for one because fission
barriers (activation energy required for a nucleus to undergo fission) in the first place are
uncertain or unknown (See calculations of a few: Howard and Moller 1980; Goriely et al.
2009; Giuliani, Martinez-Pinedo, and Robledo 2018). The dominant fission process in the
r—process is neutron-induced fission (Panov et al., 2005; Petermann et al., 2012), but few
barriers for this type of reaction have been computed (Panov et al., 2010; Giuliani et al.,
2020). Fission modeling is particularly important because competition with alpha decays
in the last phase of the r—process determines abundances of Pb, U and Th—all of which
have an important impact on kilonova light curves (Barnes et al., 2016; Rosswog et al., 2017;

Wanajo, 2018; Kasen and Barnes, 2019).

1.2 Observational constraints on the r—process sites

A variety of observations provide constraints on the sites of the r—process in our universe:
1) individual stellar abundance spectra, e.g., of metal-poor stars to elucidate single enrich-
ment events; 2) overall rates and yields of potential r-enrichment sites at different epochs of
cosmic time, and 3) probes of the enrichment history which ascertain the environments and
timescales of r-process production (e.g., delay times with respect to star formation). From
these observations, a few conclusions have been drawn, including: 1) a seemingly universal

r—process pattern between the 2nd and 3rd abundance peaks; 2) larger event-to-event vari-
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ations in the production of light r—process elements, as well as ultra-heavy elements beyond
the 3rd peak (so called “actinide-boost” stars); 3) multiple lines of evidence supporting the
dominant r—process site being high-yield /low rate enrichment process, both in early and
recent Galactic history; 4) a range of delay timescales, spanning values from those which

characterize core-collapse and type Ia supernovae, respectively.

1.2.1 Evidence for universality of the r—process

Following the Big Bang, the Universe consisted almost entirely of H and He. Such
metal-free gas cools inefficiently, suppressing fragmentation as it undergoes gravitational
collapse (see Klessen and Glover 2023 for a review). As a consequence, most of the first
generation of stars form within the first 100 million years of our Universe are expected to be
massive, ranging from 10 — 100M¢, (e.g., Jaura et al. 2022). Metals up to Fe are generated
via fusion in the centers of such massive stars. At the end their short lives (< 10 million
years), these stars explode and enrich the surrounding gas with their contents, seeding the
chemical composition of the next generation of stars. The now metal-enriched gas fragments
into smaller, significantly longer-lived stars. This process gradually increases the cosmic
metallicity over time, which can be tracked by the abundance ratio of Fe to H on the
surfaces of stars formed in these epochs (for this purpose, we define: [A/B|= log(Na/Ng) —
log(Na/Np)o, where N4 (Np) is the number of atoms of element A (B)). The second or third
generation of stars, though not metal-free, are generally still metal-poor with [Fe/H| ~ -2
(Carollo et al., 2007). The field of “stellar archaeology” has produced significant clues about
r—process enrichment as a function of cosmic time by studying the chemical compositions
of metal-poor stellar atmospheres in the halo of the Milky Way and in its nearby satellite
galaxies. Having formed so early in the Universe, metal-poor stars have presumably only
undergone a single or at most a few r—process enrichment events. Any r—process pattern
found is thus a pristine snapshot of the astrophysical process responsible for it.

The discovery of the strongly r—process enhanced metal-poor star CS22892-052 (Sneden
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et al., 1994) opened the door for studying r—process nucleosynthesis in the early universe.
Spectra of hundreds of metal-poor red giants were cataloged by the surveys in the 2000s
(Christlieb et al., 2004; Barklem et al., 2005; Honda et al., 2006a; Jacobson et al., 2015).
Since 2017 the so-called “R—Process Alliance” network has carried on this work with tele-
scopes in Northern and Southern hemispheres (Ezzeddine et al., 2020; Holmbeck et al.,
2020). While [Fe/H]| can be taken as a rough proxy for cosmic time, [Eu/Fe| reveals the level
of r—process enhancement of a star, insofar that Eu is produced almost exclusively by the
r—process. To date, 70 of the now 2000 observed candidates exhibit strong r—process en-
hancements with [Eu/Fe|>0.7 (Holmbeck et al., 2020). Metal-poor stars with varying levels
of r—process enhancement have been found, from factors of 2 to 100 times higher than that
found in our Solar System (Holmbeck et al., 2020; Ezzeddine et al., 2020; Cain et al., 2020).
The fact that r—process enhancement has been seen across all phases of stellar evolution dis-
favors the possibility that they formed at some point within the star itself (Roederer et al.,
2014). Radial velocity measurements of most r-process enriched stars show no evidence of a
binary companion, ruling out mass transfer as the origin of r—process (Hansen et al., 2015).
Indeed, heavy elements must have enriched the clouds that birthed these stars (Roederer
et al., 2014).

Perhaps unsurprisingly given that many of these stars were polluted by at most a few
r—process enrichment events, star-to-star variations are observed across certain segments of
the r—process abundance pattern (Sneden, Cowan, and Gallino, 2008). However, for those
elements between the 2nd and 3rd r—process peak (Z = 56 — 92), every observed r—process
enhanced metal-poor star exhibits a similar (relative) abundance pattern (e.g., Roederer et al.
2022), which is also remarkably consistent with that measured on the Sun (after subtracting
off the s—process component; Goriely 1999). It should be noted that solar abundances have
been measured down to the isotopic level (Cameron, 1959; Asplund et al., 2009). The fact
that such old stars have been enriched with the same relative heavy r—process abundance

pattern as the Sun despite the vastly different number of events which have contributed to
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their enrichment, suggests a “universality” of r-process production — abundance patterns are
independent of when or where one is in the universe. This set of elements is referred to as
the “main” r—process.

The observed robustness of the main r—process may be attributed to either homogeneous
conditions associated with repeatable classes of astrophysical events, or to properties of the
nuclear physics such as fission cycling that imprint a robust pattern regardless of the precise
astrophysical conditions (Korobkin et al. 2012; Rosswog et al. 2014; Eichler et al. 2015; see
Sec. 1.1). One candidate for the former is a self-regulation mechanism that occurs in black
hole accretion disks following the mergers of neutron stars or the collapse of massive rotating
stars, which results in disk outflows with broadly similar compositions across a wide range
of accretion rates (Siegel, Barnes, and Metzger, 2019; Li and Siegel, 2021; De and Siegel,
2021; Just et al., 2022a). Fission cycling can take place in the extremely neutron-rich ejecta

from neutron star mergers, particularly the tidal ejecta (Mendoza-Temis et al., 2015).

1.2.2 Evidence for rare, high-yield r-process sources

Assuming the mass fraction of r—process elements in our Solar System X, ~ 4x10~% (Ho-
tokezaka, Beniamini, and Piran, 2018) is roughly representative of those of stars throughout
the Milky Way, one can estimate the Galactic production rate of r—process elements. If the
average star in our Galaxy shares the same r—process abundance pattern of the Sun (Arnould,
Goriely, and Takahashi, 2007), the total stellar mass of the Milky Way (~ 6x10'°Mg; McMil-
lan 2011) translates into a total quantity of r—process material (A > 69) in our Galaxy
M, ~ 3 x 10*My (Siegel, 2019). Taking the age of the Milky Way to be ~ 10'° years,
the time-averaged Galactic r—process mass production rate is then M, ~ 3 x 10°Mg yr!
(Kappeler, Beer, and Wisshak, 1989).

The r-process production rate M, contributed by a given class of astrophysical events
is the product of the event rate and the average r-process mass yield per event. Broadly

speaking, the dominant r—process sources in the Galaxy can be either rare “high-yield”
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events or frequent “low-yield” events. As an example of the former, insofar as the Galactic
rate of core-collapse supernova is 1/50 yr~!, each supernova would need to produce only
~ 10™°My, of r-process elements to be the dominant source. However, as we now discuss,
several lines of evidence support the dominant r—process source being much rarer than the
average core-collapse supernova.

The Milky Way halo formed by cannibalizing dwarf galaxies disrupted by its tidal field
(Frebel and Norris, 2015), such that the birth conditions for most individual halo stars has
been lost. Intact dwarf galaxies which still orbit the Milky Way, however, provide pristine
environments with galactic histories still intact (star formation history, metal mixing, gas
dilution mass). As stars in dwarf galaxies are still in their birth environments, chemical
enrichment history can more accurately be reconstructed (Frebel and Ji, 2023). Ultra-faint
dwarf (UFD) galaxies in particular have low masses M, < 2% 10°Mg, and are likely no longer
star-forming (Simon, 2019). They have so few stars, and have experienced relatively few rare
events across their histories (e.g., neutron star mergers or rare core-collapse supernovae),
that the stellar abundances on individual stars can be directly linked to the enrichment sites
(Frebel and Ji, 2023). High-resolution spectroscopy is available for only 20 out of the 50
known UFDs, and for the vast majority only Sr or Ba can be detected, making it impossible
to distinguish r—process from s—process enrichment sources (Frebel and Norris, 2015; Ji,
Drout, and Hansen, 2019).

It is remarkable then that Ji et al. (2016) found 7 out of 9 stars in the UFD Reticulum
(Ret) II were highly r—process enhanced. Out of 10 similar UFDs for which high resolution
spectra was available, Ret II was the only r—process enriched galaxy. Assuming an equal
likelihood that any of the 10 UFDs could host r—process events, the probability that more
than one event would occur in the same galaxy (Ret II) is at most (%)22 < 1%. They
estimated that about 2000 supernovae contributed to the chemical abundances of the 10
UFDs, implying that the r—process enrichment event that took place in Ret II must occur

at a rate of only ~ 1 per every 1000-2000 supernovae. By estimating the total original H-rich
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gaseous mass of Ret II (~ 109 — 10" M, based on simulations; e.g., Chiaki, Susa, and Hirano
2018; Magg et al. 2020), using the mass ratio of Eu to H (~ 10719), and taking the mass ratio
of total r—process material to Eu (~ 103Y; Sneden, Cowan, and Gallino 2008; Coté et al.
2018), they estimate a per-event yield r—process yield of M, > 10718 —107%2M,, (accounting
for uncertainties in the gas mass loss to the intergalactic medium) (Ji et al., 2023). Thus,
whatever polluted Ret II with r—process elements must have been a rare, high-yield event.

If r—process element production events were sufficiently frequent in our Galaxy, the
interstellar medium will build-up quasi-steady state abundances of short-lived nuclides. Deep
sea sediments preserve the conditions of the interstellar medium, from which solid particles
rain down into our Solar System and onto Earth, from within only the last few million years
(Hotokezaka, Piran, and Paul, 2015). The radioactive isotope 244Pu was detected (with half-
life of 80 million years), and is inferred to have been deposited in the last 25 Myr (Wallner et
al., 2015), at abundances lower than that expected from continuous production by 2 orders
of magnitude. Moreover 24*Pu levels in the seabed are much lower than those found in
meteoritic data, which reveals elemental abundances of the Solar System preserved from its
early formation. This discrepancy points to a rare main r—process source enriching our Solar
System (Hotokezaka, Piran, and Paul, 2015). On the other hand, significantly higher levels
of 89Fe were found in the seabed, which is a product of ordinary CCSN explosions; hence
244Py; could not have been co-produced in significant quantities by CCSNe. This strongly

disfavors ordinary core-collapse supernovae as a main r—process site (Wallner et al., 2021).

1.2.3 Evidence for a prompt r—process site disfavors compact object mergers

The birth rate of binary compact object systems (black holes and/or neutron stars)
closely follows in time the star formation rate (as they are formed from short-lived massive
stars collapsing), with short delay (~ 10 — 100 Myr) (Eldridge and Stanway, 2022). How-
ever, binaries inspiral on significantly longer timescales, slowly radiating away energy due

to gravitational wave emission before merging (Peters, 1964). The time delay between star
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formation and merger takes on a distribution (“delay-time distribution”), with typical delays
ranging from 100s to many 1000s of Myrs (Portegies Zwart and Yungelson, 1998; Fryer,
Woosley, and Hartmann, 1999; Argast et al., 2004; Matteucci et al., 2014). Observations
point to a rare but prodigious event being the major source of r—process enrichment (con-
sistent with compact object mergers), but the long delay-time for mergers disfavors them as
the dominant enrichment sites in early galactic history, as evidenced by r—process enrich-
ment at low metallicities in UFDs (Ji et al., 2016; Hansen et al., 2017). Along the same
lines, r—process enriched globular clusters in the Milky Way halo with short star formation
histories of < 10 Myr require delay-times that are implausible for compact object mergers?
(Kirby et al., 2020; Zevin et al., 2019). In more recent Galactic history (from observations of
higher metallicity stars), [Eu/Fe| abundances exhibit a decreasing trend due to more recent
enrichment from iron-producing type Ia supernovae, which have similarly long delay-times
as mergers (Freundlich and Maoz, 2021). However, this further provides evidence against
mergers as a dominant r—process site because similar delay-times should instead result in a
flat trend (Coté et al., 2017; Siegel, Barnes, and Metzger, 2019; Hotokezaka, Beniamini, and
Piran, 2018).

As an example of evidence pointing to a “prompt” (short delay-time) r—process site
being dominant in early galactic history, analysis by Ji et al. (2023) found that ~ 70% of
observed stars in Ret I are r—process enhanced, implying the r—process production event
occurred before 70% of the stars had formed. They further found that metals had to have
been well-mixed by the time the r—process enhanced stars had formed. Insofar that galaxy
simulations show that at least 100 Myr are required for metals to homogenize, they conclude
that 30% of stars must have formed within the first 100 Myr (during which the r—process
event occurs) — followed by a gap of at least 100 Myr to allow sufficient metal-mixing as

observed — after which the last 70% of r—process stars formed. This places a tight upper

2It has been argued that a population of binaries could have formed with delay-times < 1 Myr (Belczynski,
Kalogera, and Bulik, 2002) via a “common envelope” scenario of a massive star engulfing its binary companion
during the expanding red giant phase of stellar evolution. However simulations of this formation channel
have not yet confirmed this possibility (See Ropke and De Marco 2023 for a review).
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limit on the time delay < 500 Myr with which the r—process event occurred following star
formation, suggesting a short-delay time r—process site such as a prompt binary neutron
star merger or core collapse supernova.

The natal kicks that are expected to occur (from supernovae) upon formation of binary
neutron star systems also present a challenge in explaining UFD r—process enrichment. If a
merger is to enrich a dwarf galaxy (which has a relatively shallow gravitational potential),
it must experience a kick less < 10km s~! to avoid becoming unbound before it can merge.
Even with sufficiently short delay-times, galactic r—process enrichment is not guaranteed

(Beniamini, Hotokezaka, and Piran, 2016; Bonetti et al., 2019).

1.2.4 Evidence of multiple sites for LEPP elements

In contrast to the main r-process, elements below the 2nd r—process peak (38 < Z < 47)
exhibit significantly greater star-to-star scatter (by a factor of ~10) in their relative abun-
dance patterns (Frebel and Ji, 2023). This suggests the presence of either multiple astrophys-
ical sites, or heterogeneity within a given astrophysical site, are responsible for this group of
elements (Sneden, Cowan, and Gallino, 2008). Meteoritic data on 2T and '82Hf provided
some of the first evidence that multiple nucleosynthetic components may be responsible for
the light elements Z < 47 (Wasserburg, Busso, and Gallino, 1996). Qian and Wasserburg
(2001) and Qian and Wasserburg (2007) extended this to explain metal-poor star abun-
dances, arguing that the lighter elements abundance pattern received different contributions
from explosions of low-mass and high-mass progenitor stars. Multiple nucleosynthetic chan-
nels have been invoked to produce such elements: the weak s—process (Busso, Gallino, and
Wasserburg, 1999), alpha captures of seed nuclei (Hoffman, Woosley, and Qian, 1997), or a
LEPP (Montes et al., 2007) (See Sec. 1.1.2). This dissertation will support neutrino-driven

winds from a subset of CCSNe as an appealing location for the creation of LEPP nuclei.
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1.3 Candidate astrophysical sites of the r—process

Given the short timescales and large neutron flux required for the r—process, explosive
phenomena related to neutron stars are the most likely candidate sources. In this section
I discuss two promising sites that satisfy these basic requirements: compact object mergers

and core-collapse supernovae.

1.3.1 Neutron star mergers

The first binary neutron star (BNS) system was discovered by Hulse and Taylor (1975),
who showed the orbit was shrinking at a rate predicted by gravitational wave radiation
losses according to General Relativity. Black hole-neutron star (BHNS) and BNS mergers
were suggested as a site of r—process by Lattimer and Schramm (1974) and Symbalisty and
Schramm (1982), who focused on the decompression of cold neutron-rich matter ejected
by strong tidal forces of the companion neutron star or black hole. Paczynski (1986) first
proposed that mergers could power “gamma ray bursts” (GRBs).

The first numerical simulations of BNS mergers were performed assuming Newtonian
gravity (Davies et al., 1994; Ruffert, Janka, and Schaefer, 1996; Rosswog et al., 1999) and
predicted mass ejection. Freiburghaus, Rosswog, and Thielemann (1999) performed the
first detailed nucleosynthesis calculations based on thermodynamic trajectories extracted
from the numerical simulations of Rosswog et al. (1999). Since these pioneering studies,
tremendous progress was made in numerical simulations, particularly by self-consistently
accounting for the effects of strong gravity by solving Einstein’s equations coupled to the
fluid equations of hydrodynamics. The first binary black hole and BNS merger simulations in
full General Relativity were performed in the first decade of this century (e.g., Pretorius 2005;
Shibata and Taniguchi 2006). These advancements in numerical simulations provided input
to more extensive nucleosynthesis studies over the subsequent decade (Goriely, Bauswein,

and Janka, 2011; Korobkin et al., 2012; Bauswein, Goriely, and Janka, 2013; Wanajo et al.,
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2014; Hotokezaka, Piran, and Paul, 2015; Radice et al., 2016; Roberts et al., 2017).

As merger simulations were finally reaching the point of making quantitative predictions,
a more than 30 year old project (which was first proposed in the 1960s) was itself finally
approaching completion — the Laser Interferometer Gravitational Wave Observatory (LIGO),
which came online for its first observing run in 2015. Shortly after, the first gravitational
waves were detected from the inspiral and coalescence of binary black holes (BBH; Abbott
and al. 2016). Only two years later, the first neutron star merger was discovered with grav-
itational wave event GW170817 (Abbott et al., 2017b,a), accompanied by electromagnetic
counterpart emission spanning the frequency spectrum (Abbott et al. 2017¢c; see Sec. 1.3.1).
From the O1-O3 LIGO observing runs, the inferred volumetric rate is ~ 10 — 1700 Gpc™3
yr~! for BNS mergers and ~ 8 — 140 Gpc™3 yr~! for BHNS mergers (Abbott et al., 2023).
The ongoing LIGO O4 observing run is detecting compact binary mergers at the rate of ~ 2
per week3. Although most of these events will be BBH mergers, a handful of BNS or BHNS
mergers are also expected; these additional events hold great promise as ways to test the

predictions of our theory and simulations of these events.

Neutron star merger theory and simulations

BNS and BHNS mergers give rise to a wide variety of electromagnetic signatures (Metzger
and Berger, 2012), as evidenced by observations in y—rays, X-rays, UV, optical, infrared,
and radio bands associated with GW170817 (Abbott et al., 2017a). In order to understand
and place constraints on r—process abundances from observations, one must first have a firm
grasp on underlying physical mechanisms. Numerical simulations of the merger itself, as well
as the post-merger phase, are necessary for understanding the various physical processes at
work. Here I briefly review the various sources of ejecta and predicted r—process abundance
patterns from each.

In both BNS and BHNS systems, mergers can be divided into three phases. In the first,

3 Available on the LIGO website.
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the compact objects inspiral over the course of millions of years due to gravitational waves.
As orbits radiate energy, they tend to circularize well before merger (Rosswog, 2015); thus it
is only necessary to simulate the latter two phases to determine the properties of ejecta. In
the second phase, they merge, which lasts approximately for ~ 1 ms. Lastly, the post-merger
phase lasts for ~seconds, during which matter is either accreted onto the central remnant or
is ejected from the system.

Dynamical ejecta is produced during the merger phase. Tidal dynamical ejecta in the
equatorial plane is generally cold, fast (v ~ 0.1-0.3¢), and neutron-rich (¥, < 0.1-0.2). The
r—process yields of such highly neutron-rich decompressing matter is found to be independent
of precise astrophysical conditions in part due to fission cycling (Korobkin et al., 2012);
however, the abundances particularly for lighter elements 110 < A < 140 (Panov, Korneev,
and Thielemann, 2008; Goriely et al., 2013; Eichler et al., 2015) are sensitive to nuclear
physics inputs, especially fission models (Bauswein, Goriely, and Janka, 2013; Goriely et al.,
2015; Mendoza-Temis et al., 2015) (see Sec. 1.1). Simulations reproduce Solar abundances
well for nuclei (A > 140). In BNS merger systems, the shearing contact layer between
the neutron stars is unstable to the Kelvin-Helmholtz instability, which rapidly amplifies
magnetic fields to large values B ~ 10'6 G (irrelevant for BHNS mergers as matter at the
‘contact surface’ simply falls into the BH). Simulations of neutron-star mergers recently
have shown the growth of a large scale magnetic field from an initially turbulent state,
even resulting in the formation of a jet (Combi and Siegel, 2023). Meanwhile, the shock-
heated ejecta component attains temperatures high enough for copious pair capture reactions
(e"+p > n+v,, e +n— p+v,) which act to increase the electron fraction to moderate
values (Y, ~ 0.25-0.4) (Wanajo et al., 2014). Finally, up to 0.1 —1% of the dynamical ejecta
may be ejected fast enough such that the expansion timescale of the material is shorter than
the timescale for neutron captures, resulting in a ‘frustrated’ r—process despite having large
neutron densities. These neutrons radioactively decay and may power an early kilonova

precursor electromagnetic emission (Metzger et al., 2015; Dean, Fernédndez, and Metzger,
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2021).

BNS mergers typically form a rapid- and differentially-rotating PNS-like remnant after
coalescence. Neutrinos emitted at the neutrinosphere of the remnant (defined as the surface
where optical depth 7, = 1) can reabsorbed in a ‘gain layer’ of baryonic material above the
surface, driving a neutrino-driven wind (see Sec. 1.3.3 for a more in-depth discussion of the
physical model in the context of CCSNe). As with the shock-heated ejecta, the neutron-rich
conditions at the remnant surface are erased in the wind, in this case as a result of copious ab-
sorption of neutrinos which increase Y, up to values around ~ 0.5. This results in significant
suppression of the formation of 2nd and 3rd peak r—process elements in the wind (Martin
et al., 2015). Unlike the roughly spherical neutrino-driven winds which follow CCSNe, the
winds can be focused in the polar direction as a result of the equatorial regions blocked by the
accretion disk which surrounds the remnant (Metzger and Fernandez, 2014). The amount of
wind ejecta scales with the lifetime of the remnant, since the neutrino-wind terminates once
the remnant collapses into a BH (for lifetime # ~ 100 ms, typical expected mass: ~ 1073Mp).
The Y, of this component is expected to be sensitive to neutrino interactions, which are im-
plemented in numerical simulations with various approximations to the Boltzmann equation
for neutrino transport (“leakage scheme” which captures cooling: Ruffert, Janka, and Schae-
fer 1996; Rosswog and Liebendorfer 2003; Radice et al. 2016; Metzger and Fernandez 2014;
“M1 scheme” which evolves the first two moments of the Boltzmann equation: Foucart et al.
2015; Fujibayashi et al. 2017). It has been shown that the inclusion of neutrino oscillations
(Li and Siegel, 2021; Richers et al., 2021; Just et al., 2022¢; Fernandez et al., 2022)) can
result in flavor conversions of electron neutrinos/antineutrinos to u and 7 neutrinos. This
suppresses neutrino absorption in the wind, and the wind retains enough neutron-richness
to lead to enhanced r—process third-peak production (compared to a simulation that does
not account for flavor conversions) (Li and Siegel, 2021). Nucleosynthesis from magnetically-
driven winds has only recently begun to be explored (Combi and Siegel, 2023; Curtis et al.,

2023). Metzger, Thompson, and Quataert (2018) proposed the neutrino-driven wind to be
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the source of the blue kilonova from GW170817 (see Section 1.3.1 for further details). Ex-
ploring the remnant parameter space (magnetization, neutrino luminosity, rotation rate) is
a natural research direction following the work of this dissertation).

The final potential ejecta component from BHNS and BNS mergers, and perhaps the most
prodigious in terms of r—process material, are the accretion disk outflows that can occur after
merger. It should be noted that a disk is not guaranteed to form in the aftermath of BHNS
mergers, as the neutron star may not be disrupted before falling into the black hole. Studies
show that low mass ratios and /or high spin BHs are the most favorable conditions for neutron
star tidal disruption (thus disk formation) and therefore allow post-merger outflows (Foucart
et al., 2012; Kyutoku et al., 2015; Capano et al., 2020). Typical disk lifetimes, as set by the
timescale for outwards transport of angular momentum due to internal turbulent stresses in
the disk, are on the order of  ~ 1 — 10 s and may unbind up to ~ 4 x 1072M, of material.
Simulations show that BNS and BHNS accretion disks tend to reach a state independent of
initial conditions within ~ 40 ms of formation (Siegel and Metzger, 2017, 2018a). “viscous”
heating due to MRI-driven turbulence is balanced by neutrino-cooling at a state of mild
electron degeneracy as a result of a self-regulatory process (Chen and Beloborodov, 2007).
As a result of these mildly degenerate conditions, general relativistic magnetohydrodynamic
(GRMHD) simulations by Siegel and Metzger (2018a) shows that the disk settles into a
state of low Y, ~ 0.1, such that outflows from the disk can reproduce solar system r—process
abundances from the 1st to 3rd peak. Disk winds similar to those simulated are thought to
be responsible for the observed red kilonova associated with GW170817 (see Sec. 1.3.1).

BHNS and BNS mergers may also form tightly collimated relativistic jets powered by
accretion onto the merger remnant (Eichler et al., 1989; Narayan, Paczynski, and Piran,
1992; Metzger and Berger, 2012; Combi and Siegel, 2023). These jets, which last several
seconds, are the likely central engines of short-duration class of gamma-ray bursts (SGRBs),
i.e. those which last less than about 2 seconds (Berger, 2014). The sGRB that occurred

within ~ 2 s following the end of the binary inspiral in GW170817 showed that at least some
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sGRBs arise from BNS mergers (Eichler et al., 1989; Abbott et al., 2017a).

Effects of r—process heating on dynamical ejecta from mergers

How to distinguish between BHNS from BNS mergers based on their gamma-ray (Sarin
et al., 2022), or—in some cases—even their gravitational wave emission (Chen and Chatzi-
ioannou, 2020), remains an open question. A significant fraction of sGRBs are accompanied
by temporally extended X-ray emission which emits a comparable energy to the initial burst
itself, but lasts for several seconds to minutes (Gehrels and others, 2006; Perley et al., 2009).
Several models have been proposed to explain the extended emission, a spinning-down mil-
lisecond magnetar remnant created during the merger (Metzger, Thompson, and Quataert,
2008; Bucciantini et al., 2012; Rowlinson et al., 2013; Ciolfi and Siegel, 2015; Siegel and
Ciolfi, 2016).

Rosswog (2007) suggested that the fall-back of debris ejected from a BHNS or BNS
merger can lead to late-time accretion onto the BH, offering a mechanism to power the
temporally-extended X-rays observed following some sGRBs. Because the r-process occurs
on a timescale of seconds after the merger ejecta begins to decompress, heat released by
the r-process can in principle impact the orbital trajectories of the debris, affecting what
matter is unbound entirely and what reaches the BH on similar timescales of seconds to
minutes after the merger (Metzger et al., 2010b). For example, suppression of matter with
energy such that it falls back to the BH on intermediate timescales of a few seconds could
lead to a lull in X-ray emission immediately after the sGRB that rises again and falls over
timescales 2 10 s. Rosswog et al. (2014) found evidence of dynamic acceleration of material
due to r—process heating. I explore the dynamics of this process by means of a semi-
analytic model in Chapter 4. Due to the dependence of the r-process heating effects on
the ejecta composition and the mass of the central remnant, I argue that this process could
help observationally distinguish BNS from BHNS mergers based on the presence or absence,

respectively, of late X-ray emission.
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Theory and discovery of the kilonova: first confirmation of an r—process site

In August 2017 during the tail end of LIGO’s 2nd observing run, the first neutron star
merger was detected, in conjunction with electromagnetic follow up in every band from
gamma rays to radio waves. I delve into a brief history and background of kilonova theory,
and how this discovery provided the first smoking gun evidence of an r—process site in the
universe.

The idea of a radioactive transient from BNS or BHNS merger ejecta was first suggested
by Li and Paczyniski (1998). They employed a simple semi-analytic model which assumed
the radioactive decay of isotopes with logarithmically distributed half-lives. This yielded a
power law radioactive heating =1 with a largely unconstrained normalization, that precluded
predicting the transient’s luminosity. Metzger et al. (2010a) presented the first calculations
of the radioactive heating rate of freshly created r—process nuclei (using a nuclear reaction
network) and the first radiative-transfer simulations which determined the timescale and
luminosity of the transient; they dubbed neutron star merger optical transients “kilonovae”
based on their finding that the peak luminosity was approximately 1000 times higher than
classical novae typically observed in our own Galaxy. However, lacking appropriate atomic
data, Metzger et al. (2010a) assumed an opacity corresponding to that of Fe nuclei; though a
good approximation for ejecta containing exclusively light r-process nuclei (which generates
so-called “blue” kilonova emission), this treatment was not self-consistent. Kasen, Badnell,
and Barnes (2013) showed the transient would be redder and peak over longer timescales (so-
called “red” kilonova emission) than predicted by Metzger et al. (2010a) by estimating lines
from lanthanide elements which, owing to the many levels of their f-shell valence electron
shell, exhibit a high density of line transitions and therefore increase the opacity compared
to Fe-rich ejecta from Type Ia supernovae (lanthanide nucleosynthesis requires Y, < 0.25
for typical NS merger ejecta conditions; see Lippuner and Roberts 2015). Fernandez and
Metzger (2013) performed the first 2D simulations of the post-merger accretion torus under

the simplifying parameterization of angular momentum transport as occurring by means of an
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a-viscosity, finding that neutron-rich matter is ejected from the disk. Metzger and Fernandez
(2014) extended this work to consider the impact of a long-lived neutron star remnant on
the disk outflows, showing that a sufficiently long-lived remnant can produce a blue kilonova
counterpart peaking at earlier times (~ 1 day) from neutrino driven winds creating mainly
light r-process nuclei. Siegel and Metzger (2017) performed the first GRMHD simulations of
the post-merger BH accretion disk system, demonstrating that a self-regulating mechanism
in the neutrino-cooled disks preserves neutron-rich material, and generates ~ 6 x 107Mg, of
lanthanide-rich (thus high-opacity) material ejected in disk winds.

On August 17, 2017, the first neutron star merger detection was confirmed with the
gravitational wave event GW170817 (Abbott et al., 2017b), followed shortly thereafter by
the discovery of electromagnetic emission. A short burst of gamma-rays was detected by
the Fermi and Integral satellites, with a delay of =1.7 s following the end of the binary
inspiral (Abbott et al., 2017a). On timescales starting 11 hours after the burst and lasting
for weeks, a blue and then red kilonova were observed—the entire thermal transient being
dubbed AT2017gfo (Villar et al., 2017). The total mass and velocities of the merger ejecta
inferred from the red kilonova counterpart was consistent with lanthanide-rich wind ejecta
found in disk simulations by Siegel and Metzger (2017). However the velocities and mass of
the blue component were much higher than expected. Metzger, Thompson, and Quataert
(2018) later theorized the formation of a magnetar remnant in the aftermath of the neutron
star merger, from which neutrino-driven outflows could produce the high-velocity, high-mass

ejecta blue component.

1.3.2  Core-Collapse Supernovae

Core collapse supernovae were in fact the first proposed site of r—process nucleosynthesis
(Burbidge et al., 1956; Burbidge et al., 1957; Truran et al., 1968); however theory and
simulations of the supernova explosion and its aftermath have faced challenges in synthesizing

r—process elements (Witti, Janka, and Takahashi, 1994; Martinez-Pinedo et al., 2012; Curtis
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et al., 2019). Moreover, the relatively high rate of CCSN (and corresponding low r—process
yields) are in tension with several astrophysical observations (discussed in Sec. 1.2). However,
a rare subclass of CCSN with a high r—process -yield > 1072 - 10"'M,, (representing at most
a few percent of all stellar explosions) would be consistent with observations. Two candidates
for this rare supernova class are MHD supernovae and collapsars; I now briefly review the

arguments for both.

MHD supernovae

A massive star whose core is rapidly rotating at the time of its death may collapse to
form a highly magnetized neutron star with an ultra-strong surface magnetic field ~ 101
G, a so-called “magnetar” (Duncan and Thompson, 1992; Kaspi and Beloborodov, 2017;
Beniamini et al., 2019). The CCSN associated with the hypothesized birth of such rapidly
spinning magnetars, known as “MHD supernovae” (LeBlanc and Wilson, 1970; Kasen and
Bildsten, 2010; Nicholl et al., 2017), provide a potential site for the r—process (Symbalisty,
1984). Early axisymmetric simulations of magnetized core collapse Nishimura et al. (2006)
and Winteler et al. (2012) found the formstion of jet-like structures giving rise to neutron-
rich ejecta, the conditions needed for the successful creation of heavy r—process nuclei. Later
3D GRMHD simulations (Mésta et al., 2014; Mosta et al., 2015) also found jet formation
and sufficient magnetic field amplification to explain the origin of the majority of magne-
tars (Beniamini et al., 2019). However, as a result of MHD instabilities that develop in 3D
simulations (but which are suppressed in 2D), the outflow material expanded more slowly,
allowing the ejecta to be irradiated with neutrinos enhancing Y, and reducing the prospects
for successful r—process (Mosta et al., 2018; Obergaulinger, Just, and Aloy, 2018; Reichert
et al., 2020). Prompt explosions, combined with aligned magnetic dipole and rotational
axes (within 30 degrees) yield strongest r—process (Halevi and Mdsta, 2018). Weaker MHD
supernovae yield less neutron-rich ejecta, and therefore a weaker r—process. Further, obser-

vations of energetic engine-driven supernovae do not show signs of high-opacity r—process
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material in the outer layers of the explosion ejecta, despite the prediction that matter from
the explosion may be mixed to the surface (Winteler et al., 2012). Though the possibility
for variation in this site may explain variations for r—process abundances past the 3rd peak
(Wehmeyer, Pignatari, and Thielemann, 2015; Thielemann et al., 2017), it does not appear

to be robust astrophysical site for the r—process.

Collapsars

Another rare type of CCSN and promising r—process site are ‘collapsars’, first proposed
by Woosley (1993) as a model for the long-duration class of GRBs (IGRBs: GRBs lasting
2 2 seconds) (Kouveliotou et al., 1993). The model considers the fate of a massive rotating
star (M ~ 40M) with a large Fe core that fails to explode at the end of its life (Wilson et
al., 1986). Instead, the core collapses into a BH, with outer in-falling layers of the rotating
star forming a centrifugally-supported accretion disk which powers the observable 1IGRB.
This model received support after Galama and others (1998) detected a highly energetic

supernova (so-called “hypernova”) 1998bw with kinetic energy > 10°2

erg, following the long
GRB 980425. This discovery motivated additional global simulations of the collapse of
rotating massive stars and the disk/jet formation process (MacFadyen and Woosley, 1999;
MacFadyen, Woosley, and Heger, 2001; Fujimoto et al., 2006; Nagataki et al., 2007; Sekiguchi
et al., 2011; McKinney, Tchekhovskoy, and Blandford, 2013).

Owing to large spatial/temporal scale separation and wide range of physical processes
involved, it is difficult to self-consistently model the collapsar from core-collapse, to BH+disk
formation, and finally to the launching of the jet. Instead, several studies have focused
on specific aspects of the model (e.g., Pruet, Thompson, and Hoffman 2004; McLaughlin
and Surman 2005; Fujimoto et al. 2007; Janiuk 2014; Nakamura et al. 2015). Disk wind
outflows under the same arguments given in Sec. 1.3.1 are likely to be neutron-rich for

sufficiently high accretion rates (Beloborodov, 2003; Siegel and Metzger, 2018a; De and

Siegel, 2021) — a promising sign for collapsars as an r—process site. Siegel, Barnes, and
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Metzger (2019) argue from their disk simulations that r—process yields per collapsar event
may be as high as ~ 1My — much greater than ejecta from the MHD supernova scenario.
The authors further demonstrate that due to their ‘prompt’ nature (short delay time ~
10 Myr between massive star formation and collapsar event, compared to that of NS -
see Sec. 1.2), collapsars as the dominant galactic source of r—process best explain [Eu/Fe]
trends among stars in the Milky Way disk and halo. Other groups have since run large-
scale simulations of collapsars/collapsar disks finding less neutron-rich outflows, though with
simplifying assumptions (Fujibayashi et al., 2022; Just et al., 2022b) or very high disk masses
(which enhance neutrino emission) (Miller et al., 2019). Questions still remain, a few of which
include: the nature of the stellar progenitor, conditions leading to a successful vs. failed
hypernova, conditions for the emergence of the jet, and whether the ejection of r—process

material is necessarily concomitant with the hypernova.

1.3.3 The neutrino-driven wind

In the seconds following a successful CCSN, in which the outer layers of the massive
star are ejected by an outward propagation shock, the remaining bound core is a hot PNS,
which cools via neutrino emission (due to extremely high densities p > 10'? g cm™3, which
prevent the escape of photons during this phase). Duncan, Shapiro, and Wasserman (1986)
found that copious neutrino emission is responsible for producing a thermally-driven outflow
of matter known as the the neutrino-driven wind. As the wind expands and cools below
T ~ 0.5 MeV, free nucleons fall out of NSE and assemble into alpha particles and heavier
seed nuclei. This occurs typically at radii r ~ 50 — 100 km, outside of which r—process
nucleosynthesis begins. The next section provides a historical overview of the developments

in assessing the viability of the r—process in neutrino-driven PNS winds.
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Stmulations of neutrino-driven winds assessing r—process viability

Woosley and Hoffman (1992) found neutrino-driven winds to be a promising site for
r—process nucleosynthesis. Although the winds are only moderately neutron-rich (0.4 <Y, <
0.46), they found sufficiently high entropies were achieved (s > 100k, bar~!) for the alpha-
rich freeze-out mechanism discussed in Sec. 1.1.2. However, later supernova simulations
found lower entropies s < 100kp nuc™' (Witti, Janka, and Takahashi, 1994). Qian and
Woosley (1996) obtained analytical expressions for the r—process -relevant wind properties
S, Texp, and Y, as a function of the PNS properties in the context of Newtonian gravity.
They concluded that high entropies necessary for an alpha-rich freeze-out are not robustly
obtained by neutrino-heating along, leading them to consider potential additional heating
sources in the wind. Cardall and Fuller (1997) showed that including general relativistic
(GR) effects leads to higher wind entropies and lower expansion timescales, thus increasing
the neutron-to-seed ratio for higher PNS compactness (M/R).

Otsuki et al. (2000) and Thompson, Burrows, and Meyer (2001) developed steady-state
1D parameterized models of the neutrino-driven wind phase, performed as a function of the
PNS mass and neutrino properties (independent of a global core-collapse simulation). Even
including GR effects, they found wind entropies/expansion timescales were not sufficient to
achieve the main r-process. Nevertheless, the neutrino-driven wind is still considered as a
potential site of weak r—process or LEPP nuclei, provided the wind is neutron rich, ¥, < 0.5
(Roberts, Woosley, and Hoffman, 2010; Arcones and Montes, 2011; Akram et al., 2020).

Efforts since then have been directed towards incorporating increasingly detailed neutrino
physics into hydrodynamic simulations with the aim of determining wind properties more
precisely. Some studies focus on the long-term cooling evolution of the PNS (Fischer et al.,
2010; Hiidepohl et al., 2010; Roberts et al., 2012) starting self-consistently from core-collapse
initial conditions. With the inclusion of convection, Roberts et al. (2012a) find a proton-rich
wind which undergoes the vp—process (Frohlich et al., 2006) and can produce p—process

nuclei such as ??Mo (Martinez-Pinedo, Fischer, and Huther, 2014; Wanajo, 2018). More
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recently, Wang and Burrows (2023) performed 3D core-collapse simulations for a variety
of initial mass progenitors, resulting in self-consistently generated neutrino-driven winds.
They found wind entropies < 50k;, bar™! for all progenitor masses, and for some models,
relatively small portions of the wind with electron fraction < 0.5. Given the sensitivity to
neutrino physics, work is ongoing to incorporate neutrino processes to better understand the
nucleosynthetic yields of neutrino-driven winds from the birth of ordinary (slowly rotating,
weakly magnetized) neutron stars.

The next section details the events of a core-collapse supernova that lead to the formation

of the neutrino-driven wind.

Core-collapse supernova, proto-neutron star formation and cooling

In the last few moments of a massive star’s life, temperatures at the center of the Fe
core become high enough such that the Fe nuclei photodisocciate and matter neutronizes,
reducing the degeneracy pressure provided by electrons. Unstable gravitational collapse
ensues. This increase in density leads to further neutronization and thermal emission, both
which generate large quantities of neutrinos that remain trapped due to the extreme nuclear

densities attained. In less than a second, the gravitational potential energy of the Fe core

3GM3 . . . .
(Epind ~ —5p-=) is transformed into the internal energy of a now neutron-rich remnant.

Given a supernova successfully explodes (which is not guaranteed), outer layers initially
free-fall and then ‘bounce’ off the now compressed, neutronized core, becoming unbound
and being ejected from the system. Considerable progress has been made in the last few
decades in precisely understanding the supernova ejection mechanism, though is not yet
entirely understood. This is however outside the scope of this dissertation.

The core is now a hot PNS which undergoes Kelvin-Helmholtz contraction in two phases.
The first is deleptonization, where on the order of N ~ Mpns/m), = 1X 10°7 (fﬁ’—ﬁi) neutrinos

(due to the fact that neutrinos are produced by converting protons in the core to neutrons)

heat the PNS core as they diffuse out. This is followed by a cooling stage where the entropy
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gradually declines. At such interior temperatures and nuclear densities (p ~ 1014 g cm™),
the energy of the PNS is primarily radiated away via neutrinos, each with energy E, ~

Epina/Nr = 60 MeV. The neutrino cross section o, is given by

AG2E? E, \?
= L 2 3%x107%em? [ ——] , 1.3
o /4 % e (60MeV) (13)

where G is the Fermi coupling constant and E, is the characteristic neutrino energy. The
neutrino mean free path A, may then be estimated as

z14cm( £ )_2(ans)3(Mp“S)_1, (1.4)

A~ v
Y 60MeV 12km/| \ Mo

npoy

where n;, is the average baryonic number density, Mpns & Rpns are the mass and radius of
the PNS respectively. The neutrino mean free path is much smaller than the radius Rpng of
the PNS (= 10 km), so the diffusion approximation holds with the diffusion timescale being
tdiff ~ R%,NS /(A,¢) ~ 1 —=10 s. Thus, neutrinos diffuse out on timescales of t ~ 1 minute
(Burrows and Lattimer, 1986), until they reach the radius — defined as the neutrinosphere —
with optical depth 7 ~ 1 and are able to escape freely. The detection of about 30 neutrinos
over a period of 15 seconds from supernova 1987A confirmed this picture (Bionta et al., 1987;
Hirata et al., 1987).

The neutrino luminosity of the PNS may be estimated as:
L, ~ Evind/tair ~ 10°% erg s71. (1.5)

Numerous codes have been developed to simulate the long-term PNS cooling evolution over
the last ~35 years (Burrows and Lattimer, 1986; Pons et al., 1999; Fischer et al., 2010;
Hiidepohl et al., 2010; Roberts et al., 2012; Nakazato et al., 2013).

This dissertation focuses on a single snapshot of the PNS in its cooling stage, at approx-

imately ~ 1s post-bounce (see Fig. 2 of Roberts and Reddy 2017). The aim is to achieve
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steady-state neutrino properties during the ~ 100 milliseconds-long evolution of the simu-
lation, in order to study the effects of neutrino properties on wind properties relevant for

nucleosynthesis.

Physics of the neutrino-driven wind

The dominant weak interactions responsible for neutrino absorption and are

Vetn=e +p and V,+p e +n, (1.6)

where v,, v, are the electron neutrino and anti-neutrino, e~, et are the electron and
positron, and n, p are the neutron and proton.

The forward direction represents neutrino absorption, which heats up baryonic material,
while the backwards direction represents neutrino emission, which cools material. v, and v,
neutrinos are also included, usually grouped together as v, in simulation codes.

The PNS mass Mpng and radius Rpng as well as neutrino luminosities L, and energies E,
decay on timescales longer than the sound crossing time and time for matter to be accelerated
to supersonic speeds from the gain region (Thompson, Burrows, and Meyer, 2001). Thus the
wind may be assumed to be in steady-state, governed by the following conservation equations

for mass, momentum, and energy, respectively:

M = 4nripy (1.7)

dv 1dP GMpns

- - T 1.8
Var p dr r? (18)
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where M is the mass loss rate, v is the velocity, ¢ is the net specific heating rate, p is the
density, r is the radius, & is the specific internal energy, and G is the gravtitational constant.
Heating is most prominent near the surface of the PNS — in a so-called ‘gain layer’ at

~ Rpns. The neutrino specific heating rate ¢* is given by
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E2L
g* o ;2 4 (1.10)

while the specific cooling rate ¢~ is proportional to

g T, (1.11)

where T is the temperature of the gain layer (Qian and Woosley, 1996).
To see that a gain layer with net positive neutrino heating must exist, note that the

region near the vicinity of the PNS is in near hydrostatic equilibrium (v < /G MpnNs/RpNs),

so Eq. 1.8 implies % ~ —p%. Further note that temperatures are high enough such that

the fluid is radiation pressure-dominated, so P o« 7% and s o T3/p. This implies T o r71,

or ¢~ o« 7% from Eq. 1.11. Net specific neutrino heating then takes the functional form

gnet = r% - r%, where A, B are constants. It follows that an intermediate region of net

positive heating lies between r = Rpng (where ¢~ =~ ¢*) and r — oo (where ¢~ = 4" — 0).
Setting ¢* = ¢~ gives an approximation for the temperature in the gain layer Tyain. The

baryonic wind must climb out of the gravitational potential well in order to unbind from the

GMpns
RpNs

PNS. To do so matter must gain specific energy Au ~ via neutrino absorption, which
corresponds to a gain in specific entropy As * GMpns/(RpNsTgain). In terms of neutrino
and wind properties, the entropy of the wind is therefore

-1/6 ~-1/3 p-2/3
soc L0 EJYP RS Mpys. (1.12)

M and the expansion timescale of the wind Texp May be derived following similar arguments

(Qian and Woosley, 1996). The results are shown below:

. 5/3 ~10/3 ,5/3 -2
M o« L) E7 RUs Mpxg (1.13)
7 o L;' E;? Rpns Mpns (1.14)
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Variations on the neutrino-driven wind

It has been shown that ordinary neutrino-driven winds likely do not achieve the necessary
conditions for the main r—process (e.g., Qian and Woosley 1996; Thompson, Burrows, and
Meyer 2001). Several studies have since then incorporated alternative mechanisms to achieve
conditions more amenable to the r—process in the form of additional heating (Suzuki and
Nagataki, 2005; Metzger, Thompson, and Quataert, 2007; Gossan, Fuller, and Roberts, 2020;
Nagakura, Burrows, and Vartanyan, 2021).

One such example is a study on the effects of convection inside the PNS (Nevins and
Roberts, 2023). Specifically in this model, the effects of gravito-acoustic waves generated by
convection are incorporated into the wind energy and momentum conservation equations.
Physically, these waves are generated within the PNS in a layer of convection, attentuated in a
layer near the surface, and continue to propagate radially outwards until shock formation and
dissipation in the wind region (r ~ tens of km). The region of shock dissipation overlaps with
the a—forming region, i.e., where seed nuclei are formed. If heating occurs at a radius within
the a—formation surface, seed nuclei formation is inhibited, making conditions favorable for
a strong r—process.

A range of wave luminosities and frequencies are sampled, and results are compared to
wind simulations without wave heating. They find that even for wave luminosities 107 times
that of neutrino luminosities, impact on wind dynamics is appreciable and has two effects:
(1) the wind is accelerated, which lowers 7exp, and raises s; and (2) shock heating in the wind
region can generate conditions for strong r—process even when moderately neutron-rich and

for waves with only 10™* times neutrino energy flux.

1.3.4 This Dissertation: Rapid Rotation and Strong Magnetic Fields

I study variations of the ordinary spherical neutrino-driven wind addressed by Qian

and Woosley (1996) and Thompson, Burrows, and Meyer (2001). In Chapters 2-3 of this
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dissertation, I use a GRMHD code to self-consistently evolve a hot PNS and wind with
neutrino absorption and emission. With these simulations I study the wind at what should
be considered a single snapshot in the course of the entire cooling stage of the PNS, meant
to capture the response of key r—process parameters s, Y., and 7exp from various wind
properties. In Chapter 2, I reproduce the spherical neutrino-driven wind as a control, and
all else being the same, simulate winds from rapidly rotating PNSs with a range of rotation
periods. In this manner I isolate the effects of rotation to ascertain its effects on neutrino
and wind properties, and to assess the viability of r—process by measuring effects on the
three key parameters s, Y., and 7eyp. In Chapter 3, I run a similarly controlled experiment,

except with strong magnetic fields, without rotation.

Tolman—Oppenheimer—Volkoff Equations

The Tolman—Oppenheimer—Volkoff (TOV) equations are the relativistic equations of hy-
drostatic equilibrium derived for non-vacuum solutions to Einstein’s Equations, which de-
scribe a static non-rotating, unmagnetized neutron star. They are as follows:

dP G(M, + 47r3P) (pc? + pe + P)
dr r2r?

(1.15)

and

dM
d_g = 4nr®(pc? + pe), (1.16)
r

where M, is the gravitational mass, P is the pressure, p is the mass density, € is the specific
internal energy, r is the radius, and I' = m. Additionally, an equation of state
P=P(p,T,Y,) is required. We employ a tabulated nuclear equation of state which governs
matter at high densities. Exact properties of matter at and above nuclear densities are
unknown; we use the SFHo equation of state (EOS) (Steiner, Hempel, and Fischer, 2013)
which is constructed to be consistent with both nuclear experimental data and neutron star

mass observations (Hebeler et al., 2010; Tsang et al., 2012; Lattimer and Lim, 2013). The
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pressure and internal energy density of the fluid is determined by the EOS.

Neutrino absorption

Previous studies such as (Thompson, Burrows, and Meyer, 2001) have input neutrino
luminosities by hand as a boundary condition at the surface of the PNS. We choose to adapt
a more self-consistent approach, where we include the effects of neutrino absorption and
emission on composition and energy of matter in the PNS and wind. Neutrino luminosities
are thereby a result of the ad hoc initial PNS density, temperature and composition profile
from (Kaplan et al., 2014).

Using the neutrino scheme from (Radice et al., 2016), we evolve the first moment of the
Boltzmann transport equation for neutrinos, evolving average energies and number densities
separately for species v,, v, and v, (which includes both u— and 7— neutrinos). The neutrino
evolution is coupled to fluid evolution; neutrinos deposit energy to matter and alter the
composition based on interactions in Bruenn (1985) and Ruffert, Janka, and Schaefer (1996).

Electron fraction evolution is governed primarily by the reactions in Eq. 1.6 giving

dy,
dt

= (Aer + 4,,)Yy — (e + 23,) Y, (1.17)

where A, is the absorption/capture rate of particle x from the reactions in Eq. 1.6, and Y,
Y, =Y, =1-Y, are the neutron and proton mass fractions (the latter being equal to Y, due
to charge conservation).

We are concerned with the limiting case where neutrino absorption dominates emission,
as it does in the gain layer of the neutrino-driven wind:
Ay

yabs — e 1.18
e,eq /lye +/117€ ( )

In terms of neutrino energies and luminosities, the neutrino absorption rate using Eq. 1.10

is Ay o (E7) ~ (Ly/(EV))(E}).
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The asymptotic electron fraction Y, of the neutrino-driven wind is thus (Qian and

Woosley, 1996)

-1

L; (€5, —2A +1.2A%/¢;
yabs o |14 Lrelen [&) | (1.19)

eeq ™ L, (e, +2A+1.2A2/¢,)

where A = m, —m, ~1.293 MeV and (e,) = (E2)/(E,) is the corresponding ratio of mean
neutrino energy moments (additional terms A terms are corrections from weak magnetism).
Baryons have gravitational binding energy per nucleon of ~ 200 MeV, which greatly exceeds
mean neutrino energies ~ 20 MeV; thus by the time the wind is unbound it will have absorbed

2 10 neutrinos. The initially neutron-rich history of the wind is erased and Y, of the wind

abs
Y £.eq”

rapidly approaches
It is evident from Eq. 1.19 then that in order to obtain a neutron-rich (low-Y,) wind,
electron anti-neutrino energies/luminosities must deviate sufficiently from electron neutrino

energies/luminosities.

Rapid rotation

The neutrinosphere is at the base of an approximately isothermal gain layer such that
the sound speed is ¢y ~ (kT/ mp)l/ 2. One can approximate the neutrino luminosity as that
of a blackbody L, =~ 477/8R?0'T*. Then PNS rotation becomes dynamically important only

for spin periods P = 27/Q less than

5/4 -1/8
R, R, L,
P.~2nr— ~ 34 1.20

¢ T A e (12 km) (1052 erg S_l) (1.20)

Chapter 2 investigates the effects of rapid rotation of a PNS; i.e. for spin periods P < P,

on the wind properties.
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Magnetars

Magnetars, highly magnetized neutron stars with surface dipole strength 1014 — 101 G,
make up at least 10% of the young neutron star population, though they may represent
a much larger fraction (Kaspi and Beloborodov, 2017). About 30 have been discovered
(Olausen and Kaspi, 2014). Most are slowly spinning with relatively long ~ 2 — 10 s rotation
periods (Igoshev, Popov, and Hollerbach, 2021). Observations of supernova remnants asso-
ciated with magnetars all have ordinary explosion energy (Martin et al., 2014; Zhou et al.,
2019), suggesting that most magnetars are formed in the aftermath of standard supernovae.
Indeed, magnetars are too common (> 10% of NSs) to be associated with only rare SNe (1%
of all SNe) (Kouveliotou et al., 1994; Gill and Heyl, 2007; Beniamini et al., 2019). Vink and
Kuiper (2006) constrain the initial rotation period of new-born, or proto-magnetars, to = 5
ms by asserting the rotational energy must not exceed the supernova explosion energy.

How can magnetic fields be amplified to magnetar-strength fields? With flux-freezing
(Woltjer, 1964; Ferrario and Wickramasinghe, 2006), magnetic fields in the cores of massive
stars can amplify during core-collapse under magnetic flux conservation. However Spruit
(2008b) argue that fields would not amplify sufficiently to match observations of magnetic
field strengths in magnetars and pulsars. More recently thanks to new astroseismic tech-
niques (Fuller et al., 2015), Cantiello, Fuller, and Bildsten (2016) found that the cores of
some massive stars indeed have sufficiently high magnetic field strengths to form magnetars
via flux-freezing during core-collapse. High initial magnetic fields would couple the massive
star core to the outer envelope, reducing angular momentum thereby resulting in a more
slowly rotating proto-magnetar (Spruit, 2008a).

The magnetic field may be amplified within ~seconds after core-collapse instead, e.g., via
convective dynamos in the PNS (Duncan and Thompson, 1992). In a recent study, White
et al. (2022) analyze the core collapse-simulations from Burrows et al. (2020) which include
advanced treatments of microphysics (neutrino transport, equation of state, neutrino-matter

coupling) and attain vigorous convection in the formed PNS. Though these simulations do
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not include magnetic field evolution, White et al. (2022) analyze the possibility of magnetic
field amplification via the convective dynamo. They compute the Rossby number (Ro), which
is the ratio of the rotation period to eddy turnover timescale. Previous studies (Christensen
and Aubert, 2006; Olson and Christensen, 2006) found a low (modified) Ro (< 0.12; i.e.,
rotation rate is high relative to turnover rate) enables the convective dynamo to generate
strong magnetic fields. White et al. (2022) find in their models that even rotation periods
as large as ~ 2 s have sufficiently low Ro sustained for a long enough time for predicted
magnetic fields to reach > 101 G.

Such evidence motivates our study in Chapter 3, in which we endow a non-rotating
neutron star with a strong dipole magnetic field. Though proto-magnetars are likely born
with mild rotation period (e.g., P > 100 ms), this would have the effect of opening a larger
fraction of field lines in the polar regions (Metzger, Thompson, and Quataert, 2008). Field
lines in the equatorial region may still exhibit a dipole-like structure where results from our

study might apply.
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Chapter 2: Neutrino-Driven Winds from Rotating Protoneutron

Stars

This work has published and may be found here.

The aftermath of a successful core-collapse supernova explosion is the formation of a hot,
proto-neutron star (PNS) that cools via the emission of thermal neutrinos over the ensuing
seconds, radiating the gravitational binding energy of the star (e.g., Burrows and Lattimer
1986; Pons et al. 1999; Roberts 2012; see Roberts and Reddy 2017 for a recent review). These
neutrinos deposit energy into the atmosphere of the PNS, driving an outflow of mass known
as the neutrino-driven wind (e.g., Duncan, Shapiro, and Wasserman 1986; Qian and Woosley
1996; Thompson, Burrows, and Meyer 2001). A similar PNS cooling phase, and concomitant
neutrino-driven wind, accompanies the cooling evolution of the remnant of a neutron star
merger (e.g., Dessart et al. 2009; Metzger and Fernandez 2014; Perego et al. 2014; Kaplan
et al. 2014; Metzger, Thompson, and Quataert 2018), in cases when the remnant does not
promptly collapse into a black hole.

The neutrino wind has long been considered a potential site for the nucleosynthesis
of heavy neutron-rich isotopes through the rapid neutron capture process (r-process; e.g.,
Meyer et al. 1992; Takahashi, Witti, and Janka 1994; Woosley et al. 1994). The many past
studies of neutrino-driven winds have primarily been focused on spherically symmetric, non-
rotating PNS winds accelerated by thermal pressure (e.g., Kajino et al. 2000; Sumiyoshi et al.
2000; Otsuki et al. 2000; Thompson, Burrows, and Meyer 2001; Arcones, Janka, and Scheck
2007; Fischer et al. 2010; Roberts, Woosley, and Hoffman 2010; Arcones and Montes 2011;
Roberts et al. 2012b; Martinez-Pinedo et al. 2012; Fischer et al. 2012). This body of work

has led to the conclusion that normal PNS winds fail to achieve the conditions necessary for
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nucleosynthesis to reach the third r-process peak around an atomic mass number A ~ 195.
The latter requires an outflow with a combination of high specific entropy se, short expansion
timescale Texp, and low electron fraction Y, (Hoffman, Woosley, and Qian, 1997; Meyer and
Brown, 1997) as it passes through the radii where seed nuclei form. In particular, even
for only moderately neutron-rich conditions (e.g., 0.4 <Y, < 0.5) a sufficiently large value
of s3,/ (Ye?"rexp) results in a high ratio of neutrons to seed nuclei—and hence a successful
heavy r-process—by trapping protons into a-particles as a result of the freeze-out of the
neutron-modified triple-a reaction *He(an,y)Be(a,n)2C (e.g., Meyer et al. 1992; Woosley
and Hoffman 1992).

Several ideas have been proposed beyond the standard scenario in order to achieve a
high neutron-to-seed ratio, and a successful second- or third-peak r-process. These include
postulating the existence of additional sources of heating (e.g., damping of convectively-
excited waves; Suzuki and Nagataki 2005; Metzger, Thompson, and Quataert 2007; Gossan,
Fuller, and Roberts 2020) or by resorting to extreme parameters, such as massive 2 2.2Mg
neutron stars (Wanajo, 2013) or those with extremely strong magnetic fields (“magnetars”;
Thompson 2003; Thompson, Chang, and Quataert 2004; Metzger, Thompson, and Quataert
2007; Metzger, Thompson, and Quataert 2008; Vlasov, Metzger, and Thompson 2014; Vlasov
et al. 2017).

Insofar as rapidly spinning magnetars are contenders for the central engines of gamma-
ray bursts (e.g., Thompson, Chang, and Quataert 2004; Bucciantini et al. 2007; Metzger et
al. 2011), the nuclear composition of their outflows may have important implications for the
gamma-ray emission mechanism (e.g., Beloborodov 2010) and the composition of cosmic rays
accelerated in the relativistic jet (e.g., Metzger, Giannios, and Horiuchi 2011; Bhattacharya,
Horiuchi, and Murase 2021). Nevertheless, the physical processes responsible for the creation
of an ordered large-scale magnetic field during the PNS phase remain uncertain and subject
to active research (e.g., Raynaud et al. 2020).

Two of the potentially important ingredients in neutrino-driven winds, which we explore
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in this work, are the effects of general relativity (GR) and rapid rotation. The deeper
gravitational potential well of the PNS present in GR tends to increase the entropy of the
outflows relative to an otherwise equivalent model with Newtonian gravity by around 50%
(e.g., Cardall and Fuller 1997; Otsuki et al. 2000; Thompson, Burrows, and Meyer 2001).
Rotation, on the other hand, will generally act to decrease the entropy of the outflows,
by reducing the effective gravitational potential due to centrifugal effects (e.g., Metzger,
Thompson, and Quataert 2007). Extremely rapid rotation could in principle also reduce the
wind electron fraction, in part because fewer neutrino absorptions per nucleon are necessary
to unbind the wind material near the rotational equator, allowing the outflow’s composition
to remain closer to that of the highly neutron-rich PNS surface (e.g., Metzger, Thompson,
and Quataert 2008).

Beyond parametrized one-dimensional models (e.g. Duncan, Shapiro, and Wasserman
1986; Qian and Woosley 1996; Thompson, Burrows, and Meyer 2001), numerical work on
neutrino-driven winds has focused on 1D and 2D Newtonian hydrodynamical simulations
with approximate neutrino transport (e.g., Arcones, Janka, and Scheck 2007; Hiidepohl et
al. 2010; Fischer et al. 2010; Roberts, Woosley, and Hoffman 2010; Nakazato et al. 2013;
Dessart et al. 2009; Arcones and Janka 2011). Three-dimensional simulations have so far
concentrated on the neutron star merger case, including the Newtonian simulations by Perego
et al. (2014). Three-dimensional simulations in the context of core-collapse supernovae have
so far focused on the early post-bounce evolution and the explosion mechanism itself, rather
than on the long-term cooling evolution of the PNS (e.g., Burrows et al. 2020).

In this paper, we explore the effects of rapid rotation on neutrino-heated PNS winds by
means of general-relativistic hydrodynamical simulations with approximate neutrino trans-
port. Rather than employing initial conditions for the PNS motivated by self-consistent
supernova or merger simulations, we instead follow previous work (Kaplan et al., 2014) in
constructing parameterized models for the thermodynamic and compositional structure of

the PNS that result in neutrino luminosities and energies consistent with those predicted by
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successful supernova and neutron star merger simulations to occur a few seconds after the
birth of the star (the epoch over which most of the integrated wind mass-loss occurs). By
first isolating the effects of rapid rotation in the purely hydrodynamical context, our work
here also paves the way for future simulations which will include additional effects, such as
the presence of a strong ordered magnetic field.

This paper is organized as follows. In Section 2.1, we describe the physical set-up,
initial conditions, and numerical code used to perform our neutrino-wind simulations. In
Section 2.2, we describe our results, starting with non-rotating PNS wind solutions and
then moving on to the rotating cases. As we shall discuss, rapid (~ millisecond period)
rotation can have large effects on essentially all of the key wind properties. In Section 2.3
we summarize our conclusions and speculate on the potential role of rapidly spinning PNS

birth as sources of heavy neutron-rich nuclei.

2.1 Methodology

2.1.1 Numerical Evolution Code

Our simulations of PNS winds are performed in three-dimensional general-relativistic hy-
drodynamics (GRHD) using a modified version of GRHydro (Mosta et al., 2014) as described
in Siegel and Metzger (2018b), which is built on the open-source Einstein Toolkit!(Goodale
et al., 2003; Schnetter, Hawley, and Hawke, 2004; Thornburg, 2004; Loffler et al., 2012;
Babiuc-Hamilton et al., 2019). This code implements the equations of ideal general-relativistic
magnetohydrodynamics with a finite-volume scheme using piecewise parabolic reconstruc-
tion (Colella and Woodward, 1984) and the approximate HLLE Riemann solver (Harten,
Lax, and Leer, 1983). Recovery of primitive variables is implemented using the framework
presented in Siegel et al. (2018) and Siegel and Mésta (2018), which provides support for

any composition-dependent, three-parameter equation of state (EOS). The magnetic field is

Thttp://einsteintoolkit.org
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evolved using a variant of constrained transport (the “flux-CT” method; Téth 2000) in order
to maintain the solenoidal constraint. In the present study of purely hydrodynamical winds,
however, the magnetic field is ignored. Its initial field strength is set to a very small number
and monitored throughout the evolution to ensure that it does not impact the dynamics of
the simulation.

Although the code is capable of evolving spacetime, the present set of simulations employs
a fixed metric for computational efficiency, determined self-consistently from the matter
distribution of the initial conditions (Sec. 2.1.2). A fixed spacetime is a good approximation
here, because the star’s structure remains nearly constant in time and less than a fraction of
~1075 of the star’s mass is removed by winds over the duration of the simulation. We also
performed a test simulation including the full metric evolution, which exhibited only small
differences from the fixed-metric case.

We consider both non-rotating and rotating PNS models (Sec. 2.1.2). The computational
domain is set-up as a Cartesian grid hierarchy consisting of one base grid and six nested
refinement levels for our non-rotating PNS model. In our fiducial non-rotating PNS model
nrot-HR, the finest and smallest grid is a 30 x 30 X 30 km box centered at the origin and
the center of the star, with a resolution of Ax =~ 225 m. The size of the largest box is
960 km x 960 km x 960 km, which allows us to capture the wind zone and to determine the
asymptotic properties of the wind. In comparison, the grid setup for our most rapidly
rotating PNS models (rot.7-MR, rot.6-MR) has one less refinement level, with the finest
and smallest grid being a 60 x 60 x 60 km box; this is necessary to resolve the high-velocity
outflows from the PNS surface out to larger radii. All of our rotating models employ a spatial
resolution on the finest grid of Ax ~ 450 m.

We find that our adopted resolution is not sufficient to resolve the neutrino decoupling
region near the PNS surface, which we quantify in Fig. 2.1 using the optical depth scale-
height near the neutrinosphere obtained once our wind solutions have reached a steady state.

This would require a resolution that is approximately a factor of 10 higher than the highest
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Figure 2.1: Scale height H = ) 2: < ‘ associated with the v, optical depth 73,, as a function

of radius r from the center of the PNS (solid lines), averaged over polar angle (6 = 0° —90°)
and time-averaged from 50 to 100 ms for our three non-rotating PNS solutions with different
spatial resolution: nrot-MR (black, Ax ~ 450 m), nrot-LR (purple, Ax ~ 620 m), and nrot-HR
(green, Ax ~ 225 m). None of the simulations resolve the region around the neutrinosphere
radius (13, = 1; vertical dashed lines) with several grid points, and hence cannot accurately
converge on the neutrino luminosity or mean energy. However, the gain region of net heating
and wind zone on larger scales is well resolved by even the lowest resolution runs.
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resolution run we have explored (nrot-HR, with Ax =~ 225 m), which is computationally
infeasible for this study. As discussed below, we therefore do not (nor would we expect to)
obtain convergent values for the steady-state neutrino luminosities or mean energies (Figs. 2.4
and 2.8), as these are determined near the decoupling surface. However, this deficiency
is not critical for the purposes of this study, because the neutrino radiation field serves
primarily as a boundary condition controlling the wind heating and compositional changes at
larger radii above the neutrinosphere—regions which are properly resolved. For example, our
fiducial simulation nrot-HR resolves the temperature scale-height in the decoupling region
with at least 4-5 points while obtaining reasonably convergent hydrodynamic wind properties.
Furthermore, as discussed in Section 2.2, the key wind properties (e.g., mass loss rate,
entropy) obtained by our non-rotating PNS simulations performed at lower spatial resolution
than the fiducial model (nrot-MR and nrot-LR, respectively) do agree with one another to
< 10%, once the impact of their different neutrino luminosities and energies are accounted
for as predicted by analytic scaling relations (Qian and Woosley, 1996).

In order to reduce computational costs, we make use of appropriate symmetries and limit
the computational domain to one quadrant of the full 47—3D domain. For our rotating
models, the z-axis corresponds to the rotational axis; thus for all models we employ 180° ro-
tational symmetry around the z-axis (simulating only the x > 0 domain), as well as reflection
symmetry across the xy-plane.

On physical grounds, we do not expect these symmetries to have an appreciable impact.
For example, the wind entropy gradient in the gain layer is positive (cf. Fig. 2.3f) and thus
large-scale convective instabilities do not arise. Furthermore, our stellar models are not
differentially rotating and have sufficiently low ratios of rotational energy to gravitational
binding energy (T/|W|; see Tab. 2.1), so that they do not develop non-axisymmetric insta-
bilities. To ensure that indeed our results do not depend on the choice of symmetry, we
performed one of our rotating simulations with and without imposing symmetry (simulating

the full 47-3D domain for about 10ms), finding indistinguishable results in the two cases.
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Weak interactions and approximate neutrino transport are included via a leakage scheme
(Bruenn, 1985; Ruffert, Janka, and Schaefer, 1996) following the implementation of Galeazzi
et al. (2013) and Radice et al. (2016) as described in Siegel and Metzger (2018b), together
with a ‘ray-by-ray’ transport scheme (‘M0’ scheme; Radice et al. 2016, 2018). The MO scheme
represents an approximation to neutrino transport derived by taking the first moment of the
Boltzmann equation and using a closure relation that assumes neutrinos stream along radial
rays at the speed of light. Neutrino mean energies and number densities are evolved according
to radial evolution equations (Eqs. (A11) and (A15) of Radice et al. 2016). This ray-by-ray
transport scheme does not account for potential neutrino interactions between different rays
(i.e. lateral transport). The MO transport scheme will be least accurate in regions of high
optical depth, i.e. within the PNS for our study. As a result, the neutrino properties within
the PNS may not be fully consistent with the temperature profile. However, in this region
we initiate a somewhat ad hoc radial temperature profile (Sect. 2.1.2), rather than one based
on a self-consistent evolution (e.g., from the stellar core collapse or neutron star merger). In
the spirit of previous work (e.g., Thompson, Burrows, and Meyer 2001) our primary goal is
instead to characterize the properties of the resulting wind at a given neutrino luminosity
and mean energy. Thus, the radial approximation should be sufficient because the wind is
launched above the surface of the PNS where the optical depth is low, and is furthermore
roughly spherically symmetric, even in the fastest rotating models.

The leakage scheme includes charged-current S-processes, electron-positron pair annihi-
lation, and plasmon decay (plasma wave packets that create neutrino pairs) (Ruffert, Janka,
and Schaefer, 1996). Neutrino opacities include neutrino absorption by nucleons and co-
herent scattering on free nucleons and heavy nuclei. We neglect the effects of magnetic
fields on the neutrino opacities, which is a good approximation except unless the PNS is
extremely highly magnetized (e.g., Beloborodov 2003; Duan and Qian 2004). Optical depths
are calculated using the quasi-local scheme presented by Neilsen et al. (2014).

The neutrino evolution is coupled to the equations of GRHD in an operator-split fashion,
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leading to electron fraction changes as well as neutrino energy and momentum deposition
to matter. The dominant weak reactions for heating the wind and changing the electron
fraction are

Vetne—e +p and v,+p e +n, (2.1)

where v, and v, are the electron neutrino and anti-neutrino, p is the proton, n is the neutron,
and e~ and e* are the electron and positron, respectively.

Neutrino energies and number densities are evolved on radial rays that represent a uniform
spherical ‘MO grid” extending radially to 200 km, with n, Xxngxng = 600 x 20 x 40 grid points.
As neutrino transport quantities only slowly change in time with respect to the hydro time
step, and for computational efficiency, effective neutrino absorption is updated via MO only
every 16 time steps of the hydro evolution. Neutrino transport includes three neutrino
species: electron neutrinos and anti-neutrinos (v,, v.), as well as all 4 and 7 neutrinos and
anti-neutrinos grouped into one additional category (v,). The grid covers the neutrinosphere
(for all species), defined by the surface above which the neutrino optical depth to infinity
lies between 0.7 and 1, and the gain layer, where net neutrino heating unbinds matter from
the PNS surface. The grid also extends to large enough radii to cover all densities for which

weak interactions are expected to be appreciable (p 2 10 g cm_g).

2.1.2 Neutron Star Models and Initial Conditions

For initial conditions, we construct axisymmetric hydrostatic profiles of non-rotating and
solid-body rotating neutron stars of gravitational mass 1.4My with the RNS code (Stergioulas
and Friedman, 1995). Our grid of simulations, and the key properties of the PNS for each
model, are summarized in Table 2.1.

For the equation of state (EOS), we adopt the SFHo? model (Steiner, Hempel, and
Fischer, 2013), which covers particle densities from 10%” to 10*° ¢cm™ and temperatures

from 0.1 to 160 MeV. The EOS parameters are calibrated to nuclear binding energies as

2 Available in tabulated form on stellarcollapse.org.
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well as to other observational and experimental constraints. For densities below saturation
density, the model accounts for light and heavy nuclei formation, and smoothly transitions
from nuclei to uniform nuclear matter with a thermodynamically consistent excluded volume
description (Hempel and Schaffner-Bielich, 2010). A distribution of different nuclear species
are assumed, rather than just the single nuclei approximation. Results for light nuclei are
in agreement with quantum many-body models. The presence of nuclei ensures that nuclear
binding energy released as individual nucleons recombine into light nuclei is captured by the
flow; conversion of this energy into kinetic energy can significantly affect the unbinding of
winds (cf. Sec. 2.2). For this EOS, the radius of a 1.4Mg non-rotating cold neutron star is
11.88 km and the maximum stable mass is 2.059 M.

The initial temperature profile of the star as a function of density, T'(p), must be specified
as an initial condition. Although our goal is to study PNS winds generated following a core-
collapse supernova (or, potentially, a neutron star merger), we do not obtain the initial
temperature profiles directly from supernova or merger simulations. Rather, we specify T'(p)
as an ad hoc functional form following Kaplan et al. (2014), the parameters of which are
so chosen to generate steady-state neutrino emission properties from the star similar to
those predicted a few seconds after a successful core collapse explosion (e.g., Pons et al.
1999) or neutron star merger event (e.g., Dessart et al. 2009). Specifically, we adopt a
temperature profile that smoothly transitions from the hot PNS core temperature Tyax to a

colder atmosphere temperature Ty (Eq. (A1) of Kaplan et al. 2014):

b (10g10(/_0) —m) N

T
S

1}, (2.2)

where m is the midpoint of the logarithmic density roll-off and § is the e-folding scale. We
use the temperature profile denoted C20p0 in Kaplan et al. (2014), with parameters set as
follows: m = 14.2, 5 = 0.3, Tipin = 0.015 MeV, and Tyax = 20 MeV. These parameter values

were chosen to give rise to approximate target values of the neutrino luminosities and mean
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energies, once a steady wind has been established.
As with the temperature profile, the initial electron fraction profile Y,(p,T) must be
specified. Given the EOS and temperature profile, we again follow Kaplan et al. (2014) and

set

Y.(p,T[p]) = Ye,v—freeﬁ(p)(l - e_ptrap/p)

+ Ye,v—trapﬁ(p, T[p])e_ptrap/p, (23)

where Y, ,_frecp denotes the electron fraction for cold matter in B-equilibrium without neu-
trinos (computed at Tpin) and Yo _trapp refers to the electron fraction for hot and dense
matter in B-equilibrium with neutrinos present. For densities p < pgrap ~ 10125 g em™3,
neutrinos decouple from matter. To account for free streaming neutrinos near the PNS sur-
face (p < ptrap), the attenuation factor e Pirap/P gerves to smoothly connect the hot and cold

matter solutions.

The function Y, ,_freep in Eq. (2.3) is obtained from the EOS according to the condition

My =0=pp — pttn + te, (2.4)

at Tmin, where u,, u,, pp, pe are the chemical potentials of the neutrinos, neutrons, protons,
and electrons, respectively. As the neutrino density n, is negligible in the free-streaming
regions, the lepton fraction (ratio of lepton to baryon number) obeys Yiep = Yo y—frees-

We calculate Y., _trapg by treating neutrinos as a relativistic Fermi gas in equilibrium,

computing the neutrino fraction Y, according to

PN’

Y, (2.5)

where n, is obtained from Fermi integral relations (Eq. (B5) of Kaplan et al. 2014). We then
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iteratively solve the relation

0= Ylep - (Ye,v—trapﬁ + Yv), (26)

where Y, is computed from Eq. (2.4), used here as a fixed input. The value of ¥, dictated by
this prescription is roughly constant for p < 107 g cm™ (corresponding to the “atmosphere”
on the simulation grid), so we initialize Y,(p < 3% 10% g cm™) to Yatm ~ 0.46. Likewise,

3 and

we set the density and temperature of the initial atmosphere to patm = 340 g cm™
Tatm = 0.015 MeV, respectively.

Stellar models are computed using RNS, which solves the general-relativistic Euler equa-
tions for a uniformly rotating star in axisymmetric spacetime (Stergioulas and Friedman,
1995). In specifying the EOS, RNS requires a table of the energy density as a function of
pressure. We generate this table over the relevant range of densities using the EOS with the
temperature and Y, prescriptions from above. A stellar model is constructed by specifying
a central density p. and a polar to equatorial radius axis ratio R,/R.. For solutions with
arbitrary rotation frequency, RNS first integrates the TOV equations and finds a nearest so-
lution. The code then estimates solutions through an iterative procedure until the desired
ratio R, /R, is achieved. For the non-rotating models, the radius of the neutron star is found
to be R, = R, = 12.70 km, larger than the equivalent cold radius of 11.88 km and consistent
with the temperature-dependent PNS radius found by Kaplan et al. (2014).

For our most rapidly rotating model rot.6-MR, we adopt a PNS rotating near-break up,
with Q/Qg ~ 0.944, where Qg is the Keplerian orbital frequency, corresponding to an axis
ratio R,/R, = 0.6 (Re ~ 17.6 km) and spin period P ~ 1.11 ms. We also run two cases of
intermediate rotation, R,/R, = 0.7 (rot.7-MR; P = 1.15 ms) and R,/R, = 0.9 (rot.9-MR;

P =1.78 ms). Further details on the models are given in Table 2.1.
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Table 2.1: Suite of 1.4My PNS Simulations

Model | RS | P® | R, /RS [T/ W@ | /0l [ RY (L,Y® | (L; Y™ [ (E,)D | (Ey )0

- (km) | (ms) - - - (km) (erg s"l) (erg s"l) (MeV) | (MeV)
nrot-LR | 12.7 | n/a 1 0 0 12.1 5.3¢51 | 8.5ehl | 125 18.0
nrot-MR | 12.7 | n/a 1 0 0 11.4 4.1e51 | 6.7e51 | 13.3 17.8
nrot-HR* | 12.7 | n/a 1 0 0 10.5 2.5e51 | 4.2e51 | 128 18.3
rot.9-MR | 134 | 1.78 | 0.9 2662 | 040 | 105-11.7 | 2.9e51 | 4.4ebl | 125 18.4
rot.7-MR | 15.7 | 1.15 | 0.7 78¢2 | 0.75 | 98164 | 3.3¢5l | 5.2e51 | 12.0 17.1
rot.6-MR | 17.6 | 1.11 | 0.6 94e2 | 0094 |10.0-17.5| 3.0e51 | 4.9e51 | 11.7 17.0

(a) Initial equatorial radius. (b) Spin period. (c¢) Initial ratio of polar to equatorial radius.
(d) Ratio of total rotational energy to gravitational binding energy. (e) Ratio of rotational
frequency to Keplerian frequency at stellar equator, Qx = VGM/R2. (f) Steady-state
radius of the anti-electron neutrinosphere (or range of radii, in rotating cases). (g) — (J)
Luminosities and mean energies of electron neutrinos and anti-neutrinos, averaged over the
final factor of three in simulation time. Model names ending in HR, MR, LR have smallest
box resolutions of 225, 450, 620m, respectively.

*Fiducial non-rotating wind model shown in Figs. 2.2, 2.3.

2.1.3 Conditions for r-process nucleosynthesis

Before describing the results of our simulations, we briefly review the physical processes
in the PNS wind that determine whether a successful r-process can take place. The surface
of the PNS and the inner regions of the wind are sufficiently hot that protons and neutrons
exist as free nucleons. Free nuclei recombine into a-particles at radii in the wind where
the temperature decreases to T < 5 x 107 K, as typically occurs ~ 50 — 100 km above the
PNS surface in our models (cf. Figs. 2.2 and 2.5). Heavier elements then begin to form
as the temperature decreases further, starting with the reaction *He(an,y)?Be(a,n)'2C for
Y, < 0.5. After 2C forms, additional @ particle captures produce heavy seed nuclei with
characteristic mass A ~ 90 — 120 and charge Z (“alpha-process”™; e.g., Woosley and Hoffman
1992). Finally, the r-process itself occurs, as the remaining free neutrons (if any) capture
onto these seed nuclei.

The maximum atomic mass Apax to which the r-process can proceed depends on the

ratio of free neutrons to seed nuclei following the completion of the a-process. Because 12C-
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formation is the rate-limiting step to forming the seeds, the neutron to seed ratio (and hence
Amax) depends on the electron fraction Y,, asymptotic wind entropy s, and expansion time
Texp through the seed formation region (Meyer and Brown, 1997; Hoffman, Woosley, and

Qian, 1997). We follow Hoffman, Woosley, and Qian (1997) in defining the latter as®

1 -1

Texp = ;

dInT
dr

(2.7)

T=0.5MeV

For Z/A =~ 0.35-0.4 <Y, < 0.5, the condition for the r-process to reach the second or third

[

peak can be expressed as?

3

(o)

S

3
Y e Texp

4% 107 if Apax ~ 135 (2nd peak)
Z Nthr = R (28)
9x 109 if Apax ~ 195 (3rd peak)

where s is expressed® in k;, baryon™! and Texp i seconds. Thus, the ratio 5/m, serves as
a “figure of merit” for the potential success of a given r-process site in the 0.4 <Y, < 0.5
regime.

Previous studies of the r-process in spherical non-rotating PNS winds typically find n <«
Ntnr, thus disfavoring these events as sources of heavy r-process nuclei unless ¥, < 0.4.
Furthermore, if ¥, > 0.5, as suggested by some recent cooling calculations of non-rotating
PNS (e.g., Pascal, Novak, and Oertel 2022), then an r-process will not be achieved for any

value of n (however, see Meyer 2002 for an exception).

3Thompson, Burrows, and Meyer (2001) define a similar quantity, but in terms of the gradient of the
density profile rather than the temperature (7exp,). Given that entropy obeys s o T3/p for a radiation-
dominated plasma and that s is roughly constant in the wind outside the gain region, it follows that Texp =
3 Texp,p-

4The combination s3 /Texp enters because the abundance of 12C nuclei (and hence the number of seed
nuclei) created in the wind is equal to an integral of the effective 4-body *He(an,y)?Be(a,n)'2C reaction rate
o p3 times the timescale available for formation o Tgyn; for radiation-dominated conditions s o T3/p and so
p o« s~ given that seed nuclei form at roughly a fixed temperature.

5Throughout the remainder of the paper, specific entropy is expressed in units of kg baryon~! for nota-
tional brevity.
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On the other hand, if ¥, < Z/A ~ 0.35 — 0.4, then an r-process is possible for n < npr,
with third-peak element production occurring for ¥, < 0.25 (Lippuner and Roberts, 2015).
The latter is the regime encountered in the dynamical and disk-wind ejecta of neutron star
mergers (e.g., Freiburghaus, Rosswog, and Thielemann 1999; Siegel and Metzger 2017) and,
potentially, the winds from rapidly spinning proto-magnetars (e.g., Metzger, Thompson, and

Quataert 2007; Metzger, Thompson, and Quataert 2018).

2.2 Results

2.2.1 Non-Rotating PNS Wind

Figures 2.2-2.4 illustrate our results for the fiducial non-rotating model nrot-HR. Fig-
ure 2.2 shows snapshots through the meridional (y = 0) plane of various quantities near the
end of the simulation at r = 152 ms, once the wind has achieved an approximate steady-state
(defined such that the asymptotic wind properties have reached a state of being approxi-
mately radially and temporally constant). Figure 2.3 shows angle-averaged radial profiles of
the density p, temperature T, radial velocity v, net specific heating rate ¢, mass-loss rate
M, specific entropy s, and electron fraction Y, at different snapshots in time, starting from
t ~ 30 ms and going through to the end of the simulation at t ~ 142 ms. The net specific

heating rate is given by

4net = q+ - q_ = Z KV,- (nv,-/p)Evi - Z q-sff, (29)
Vi

Ve,Ve

where «,,, n,,, and E, denote the neutrino opacities, number densities, and mean ener-
gies, respectively, and c]fﬁff are the total specific cooling rates for each neutrino species
vi = {ve,Ve,vx}. Here, vy collectively labels the heavy-lepton neutrinos and antineutri-
nos. The time evolution of the outflowing wind properties, angle-averaged across a spherical

surface of radius 60 km, are shown in Figure 2.4.
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Figure 2.2: Snapshots of various quantities from our fiducial non-rotating model nrot-HR
showing a slice through the y = 0 plane at = 152 ms, with contours at the neutrinosphere
(17, = 1; red), Etor = 0 (white), the a-particle formation surface (teal; Xpyc refers to the mass
fraction of all nuclei excluding individual nucleons), and the sonic surface (where v = cj;
white dotted). The top left panel shows the density p and temperature T. The top right
panel shows the specific entropy s and the electron fraction Y,. The bottom left panel shows
Eot, the total specific energy of wind matter as measured at infinity (Etot = —hu, — 1, where
h is the specific enthalpy and u, is the time component of the four-velocity), and the net
neutrino heating rate ¢net. The bottom right panel shows the radial velocity v and the
isotropic-equivalent mass loss rate M. Please note the different radial scale on the bottom
right sub-panel compared to the other sub-panels.
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Figure 2.3: Radial profiles of angle-averaged quantities for model nrot-HR at several times
(from dark to light): r =30, 49, 68, 87, 105, 124, and 142 ms. Plotted are (a) temperature,
T; (b) mass density, p; (c) net specific neutrino heating rate, ¢net; (d) electron fraction,
Y, (solid), and limited equilibrium electron fraction YZEZ (dotted); (e) total specific energy,
Eyot; (f) specific entropy, s; (g) mass outflow rate, M; (h) radial velocity, v". The red vertical
dashed line denotes the location of the v, neutrinosphere. The 17, =1 and a-formation surface
(Xnue = 0.5, where Xy, is the mass fraction of all nuclei excluding individual nucleons) at
t =152 ms (corresponding to the snapshot in Fig. 2.2) are indicated by red dashed and teal
dotted lines in panels (a)—(d) and (f), respectively. Red circles denote the sonic surface at
which the radial velocity v equals the sound speed; there are only three such circles because
the sonic surface does not enter the grid until the final three snapshots. Please note the

different radial scales for quantities shown in the left and right columns.
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After a transient phase, the density profile close to the PNS surface settles into an
exponentially declining profile of a hydrostatic atmosphere, which then transitions at larger
radii to a more gradual power-law decline characteristic of a wind (Figs. 2.2, 2.3). The v,
neutrinosphere is indicated by a red line and a red dashed vertical line in Figs. 2.2 and 2.3,
respectively.

The radial profiles of the matter density, temperature, and net specific neutrino heating
rate (gnet = g7 —¢~; heating minus cooling) settle into an approximate steady state by t ~ 68
ms (Figs. 2.2, 2.3a—c). By this time, the neutrino luminosities and energies also stabilize
(Fig. 2.4, middle row), with L,, ~2.5x10°! ergs7!, L;, ~4.2x10°! erg s}, E,, ~ 13 MeV,
and Ey, ~ 18 MeV (Table 2.1). Over this same period, the radius of the neutrinosphere
(taken to be that of v,) grows from ~ 10 km to 10.5 km. These PNS luminosities and radii
correspond to those achieved on timescales of a few seconds after a successful core collapse
supernovae (e.g., Pons et al. 1999; Scheck et al. 2006; Roberts et al. 2012b), the same epoch
over which the bulk of the total PNS mass-loss occurs.

Close to the PNS surface, heating from neutrino captures balance cooling from pair
captures (Eq. 2.1). Moving above the surface, the temperature drops (Figs. 2.2, 2.3a) and
neutrino cooling from pair captures on nuclei (¢~ o T%) plummets, while the heating rate ¢*
remains roughly constant with radius. Consequently, a “gain layer" of net neutrino heating
gnet = ¢* — ¢~ > 0 forms at radii » ~ 10 — 50 km (Fig. 2.2, 2.3¢). This heating causes the
entropy of the outflowing material to rise, s = f dq/T, in the gain layer and then plateau at
larger radii to s ~ 74 (Fig.2.2, 2.31).

The a-particle formation surface lies at r = 45 km, where the temperature has dropped
to = 0.5 —0.7 MeV. We define this surface here as that beyond which the mass fraction Xy
of all nuclei excluding individual nucleons becomes larger than 50%. Heat released during
a recombination reactions introduces an increase in the wind entropy, which can be seen as
the bright ring in the top right panel of Fig. 2.2, or the fluctuations at » = 30 — 60 km in the

entropy radial profiles of Figs. 2.2, 2.3 1.
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Radiation pressure dominates over gas pressure in the high-entropy outflow near and
above the gain layer, and the resulting radial pressure gradient causes material to accelerate
outwards. The radial velocity, plotted in Figs. 2.2, 2.3h, increases with radius. Material
becomes unbound from the PNS around r ~ 30 — 40 km, as indicated by a positive total
specific energy Eio = —hu, — 1 (Figs. 2.2 and 2.3e).

By ¢t ~ 105 ms, a sonic surface, at which the radial velocity equals the sound speed,
has been established around r = 300km (denoted by red circles in Fig. 2.3h). By the
end of the simulation the sonic surface is approaching ~ 400km (see also Fig. 2.2) and
the wind has attained a velocity v 2 0.06c. The sonic radius agrees with those found by
Thompson, Burrows, and Meyer (2001) for similar wind parameters. Though the wind is
still accelerating, its total energy Eyo has plateaued to a value ~ 3 MeV per baryon, which
will translate (once the enthalpy is converted into bulk kinetic energy) into an asymptotic
speed Voo = V2Eiot = 0.09 c. By the final snapshot, the mass loss rate approaches the radially
constant profile expected of a steady-state wind (Figs. 2.2, 2.3 g), reaching an asymptotic
value M ~ 3.2 x 10™*Mg s7L.

Absorption of neutrinos by the wind material also causes the electron fraction Y, to rise
with radius from its low value near the neutrinosphere (Fig. 2.4, bottom row). Neglecting
relativistic effects, the electron fraction in an outflowing fluid element evolves according to

the reactions in Eq. (2.1),

dY,
dt

= (/l€+ +/1vg) (1 - Ye) - (ﬁe‘ +/117€) Y, (2.10)

where 4.+ and 4,, are the positron and electron neutrino capture rates on neutrons, and A,-
and Ay, are the electron and electron anti-neutrino capture rates on protons, respectively.

The equilibrium electron fraction at any location can be defined as the value Y, = Y, for
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which dY,/dt = 0. This equilibrium is approached on the characteristic timescale,

1
T8 = .
P e +4,) (1= Y + (A +25,) Yo

(2.11)

Near the PNS surface, where the radial velocity is low, 73 is much shorter than the expansion
time of the outflow (7exp ~ p/p) and hence Y, =~ ¥, is well-satisfied. However, as the wind
accelerates at larger radii, Texp decreases, until eventually 73 2 Texp, causing Y, to freeze out.

In PNS winds, the temperatures are sufficiently low by the radii at which Y, freeze-out
occurs that the pair capture reactions (de+, 4,-) are negligible compared to the neutrino ab-
sorption reactions (4y,, 4y,). Thus, around the point of freeze-out, a limited equilibrium has
been achieved, in which v, absorption reactions on protons balance v, absorption reactions
on neutrons.® The electron fraction corresponding to this limited equilibrium, Y, 2?2, depends
exclusively on the v, /v, neutrino radiation fields (Qian et al. 1993, Qian and Woosley 1996),

Viz.

e

Yabs /lV
el A, + Ay

Ly, (e7,) — 2A + 1.2A%/{€7,)
Ly, {€,) —2A+1.2A2/(¢,,)]

-1
1+

(2.12)

where A = m, —m, ~ 1.293 MeV is the proton-neutron mass-difference and (e,) = (E%)/(E,)
is the corresponding ratio of mean neutrino energy moments.

Figure 2.3d shows that the non-rotating PNS wind achieves ¥, < Y2P near the PNS

e.eq

Yabs

surface at early times, but that Y, approaches Y.y

at large radii and late times. At larger
radii » > 15 km, both Y2’ and Y, are roughly constant with radius, as expected since the

eeq

neutrino radiation field is fixed well above the neutrinosphere and weak interactions have

6The fact that ¥, ~ Y;‘ZZ in PNS winds can also be understood from an energetic argument (e.g., Metzger,
Thompson, and Quataert 2008): (1) the wind is unbound from the gravitational potential well of the PNS
by neutrino heating; (2) because the gravitational binding energy per nucleon ~ 200 MeV greatly exceeds
the mean energy of the neutrinos absorbed by the wind material < 20 MeV, each nucleon must absorb
several neutrinos on average to become unbound; (3) from these multiple absorptions per nucleon, the wind
necessarily “forgets” about the initial ratio of protons to neutrons on the PNS surface in favor of Y;®.
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frozen out, respectively.

Figure 2.4 (bottom row) shows that by ¢ ~ 100 ms, Y;‘gg has settled close to a value of
~0.35, with Y, approaching this value as well, from below. These Y, values are lower than
predicted by detailed PNS cooling calculations at epochs of comparable neutrino luminosities
to those of our solutions (e.g., Roberts, Reddy, and Shen 2012; Martinez-Pinedo et al. 2012;
Pascal, Novak, and Oertel 2022); this is not surprising because our initial conditions are not
based on the self-consistent outcome of a successful supernova and because the decoupling
region which determines the neutrino luminosities and energies is not well-resolved (Fig. 2.1).

The black lines in Fig. 2.7 show the time-averaged wind properties through two different
spherical surfaces (r = 60,120 km) as a function of polar angle 6 with respect to the z-axis.
With the exception of the isotropic neutrino luminosity right along the pole (6 = 0, where
luminosity is is suppressed due to the MO spherical grid boundary conditions), most of the

wind quantities are roughly spherically symmetric and show no major effects of the grid

< 2 across all § and the other quantities

Y

boundaries, with M and v" varying by factors
varying by < 10%.

Table 2.2 summarizes the asymptotic wind properties, including M, se, Ye, and ve. These
are usefully compared to time-independent 1D wind solutions available in the literature (e.g.,
Thompson, Burrows, and Meyer 2001). The model of Thompson, Burrows, and Meyer (2001)
which has neutrino and PNS properties closest to those from our non-rotating models is their
M = 1.4Mg model with L,, = 3.1x10%erg s71, L;, = 4x 10°! erg s71, for which they obtain:
M ~1.63x10°Mg 57!, 5o = 98, and v ~ 0.08¢ (their Table 1; hereafter model Thompson).
As summarized in Table 2.2, other than the value of Y, (which is not expected to agree
given the different L,, /Ly, /E,, /Ey, values), the Thompson, Burrows, and Meyer (2001)
wind properties broadly agree with those of our non-rotating PNS wind solutions. This
agreement is further improved if the wind properties are scaled to ours using the analytic
formulae of Qian and Woosley (1996) given our solutions’ respective neutrino luminosities

and energies.
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Figure 2.4: Time evolution of angle-averaged wind properties (as measured through a r = 60
km spherical surface) for the non-rotating models of low resolution nrot-LR (purple), medium
resolution nrot-MR (green), and high resolution rot-HR (black). Asymptotic wind prop-
erties such as the mass-loss rate and specific entropy are not converged with resolution
because the neutrino decoupling region which sets the neutrino radiation field is not re-
solved (Fig. 2.1). However, when the wind properties are scaled following the Qian and
Woosley (1996) analytic formulae to results from 1D time-independent models Thompson,
Burrows, and Meyer (2001), or to each another, based on their respective neutrino luminosi-
ties/energies/neutrinosphere radii, they come into better agreement (Table 2.3).
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To verify that our wind properties converge, we compare results from three otherwise sim-
ilar non-rotating wind simulations with different resolutions in Fig 2.4. Figure 2.1 shows that
we do not resolve the neutrino decoupling region in any of the models, as this would require
a tenfold increase in spatial resolution. As such, the predicted properties of the neutrino
radiation field {Ly,, L,,, Ey,, Ey,} and the neutrinosphere radii {Ry,, R,,} vary significantly
between the models in Fig 2.4. However, after scaling the steady-state wind quantities M
and s to the closest equivalent model of Thompson, Burrows, and Meyer (2001) and to
each other based on their respective neutrino properties following the analytic formulae from
Qian and Woosley (1996), the wind quantities come into approximate agreement (within
tens of percent; Table 2.3).

The parameter n = s3,/(Y27exp) (Eq. (2.8)) quantifies the potential to form heavy r-
process elements at large radii in the wind via the a-rich freeze-out mechanism (Sec. 2.1.3).
Given the asymptotic wind entropy (s« & 74) and expansion time through the seed-formation
region (Texp ~ 21.5 ms) of our non-rotating model, this yields a value n = 4.5 x 10® (Ta-
ble 2.2), well below the threshold value ny,, ~ 9x 10? to achieve even a second-peak r-process
(Eq. (2.8)) for values of the electron fraction ¥, > Z/A ~ 0.4 regime. The inability of
spherically symmetric non-rotating purely-neutrino-driven winds to yield a successful heavy
r-process is consistent with previous findings (see discussion and references in Sec. 3). The

next subsection addresses whether these conclusions change in the presence of rapid rotation.

2.2.2  Rapidly Rotating PNS Winds

Rotation is expected to have a significant impact on the dynamics of the wind, at least in
the equatorial regions of the flow, if the rotational velocity v ~ R,Q near the neutrinosphere
radius R, exceeds the sound speed, cg, in the gain region (which has the effect of increasing the
pressure scale height; see the discussion on M later in this section). Gas pressure dominates
radiation pressure near the neutrinosphere at the base of the approximately isothermal gain

layer (s ~ Prad/Pgas 2 1; Figs. 2.2, 2.3f), such that ¢g =~ (kT/mp)l/Z. Approximating the
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Table 2.2: Asymptotic Properties of Rotating and Non-Rotating PNS Winds

Model Soo Yo | 1/0erit (Eq. 2.8) | Texp M vfxc,)

- [kp baryon™!] - - [ms| Mo s71] [c]
nrot-HR 73.9 0.34 4.9% 1072 21.5 | 7.40x 107 | > 0.09
Thompson' 98.4 0.47 3.9 x 1072 23.79 | 1.63x 107 | ~ 0.08

nrot-HR scaled* to Thompson 85.1 0.47 1.9x 1072 32.5 [ 1.80x 107° -

rot.6-MR (0 < 6 < 180°) 28.6 0.33 2.2x 1073 31.1 [ 1.19x 1073 | 0.037
rot.6-MR (Polar?) 56.9 0.35 1.4x 1072 152 | 1.37x107% | 0.096
rot.6-MR (Equatorial?) 19.2 0.30 1.0x 1073 49.3 [ 6.09x107* | 0.019

All quantities are averaged over the final third of the simulation run (e.g., 100 — 150 ms for
nrot-HR). “Averaged over 6 € [0,30°] and 6 € [150°, 180°]; ® Averaged over 6 € [60°, 120°];
¢ Asymptotic wind velocity, calculated from the total energy of the wind at large radii
according to Ve = V2Eior; 'From the M = 1.4M,, Ly, =4x% 10°! erg s7! model of
Thompson, Burrows, and Meyer (2001) (Row 6 of their Table 1); *Expressions for entropy,
mass-loss rate, and dynamical time obtained by rescaling the results of model nrot-HR to
the neutrino luminosities, energies, and neutrinosphere radii of model Thompson following
analytic expressions from Qian and Woosley (1996), e.g. M o Divev, 7 L15,/3E30/3R§/3;

-1 -2
& Zv=ve,17€ LV Ev RV'

o0 0 Tomrs, Ly OB PR,

v ; Texp

Table 2.3: Resolution Study of Non-Rotating PNS Wind Properties

Model Soo Seo (scaled)i M M (scaled):
- |kg baryon~!] | [kp baryon™!| | [Mg s7!] [Mg s71]
Thompson' 98.4 - 1.63x 107° -
nrot-HR 73.9 85.1 7.40x107° | 1.80x 107
nrot-MR 67.6 90.2 2.02x 107* | 2.00 x 107
nrot-LR 58.7 85.0 3.71x 107 | 1.89 x 1077

Quantities are averaged over polar angle 8 € [0,180°], and in time from ¢ = 100 to 150 ms.
"From the M = 1.4Mg, Ly, = 4 x 10°! erg s7' model of Thompson, Burrows, and Meyer
(2001) (Row 6 of their Table 1).

tEntropy and mass-loss rate scaled to the Thompson model in the same way as described in

Table 2.2.
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Figure 2.5: Similar to Fig. 2.2, except now showing snapshots at ¢+ = 100 ms of 2D slices
through the rotational axis for model rot.6-MR, and including new quantities, such as az-
imuthal velocity v?, electron anti-neutrino flux Fy,, and mean energy Ey,. Please note the
different radial scales in the top two rows compared to the bottom row.
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Figure 2.6: Temperature (left) and electron anti-neutrino mean energy (right) close to the
PNS surface in the meridional plane for the maximally rotating model rot.6-MR. The ap-
proximate neutrinosphere surfaces (contours 7,,, 7y, = 1) for v, and v, are shown as blue
and red curves, respectively. A bulge due to rapid rotation pushes out the location of the
neutrinosphere near the equator, decreasing the T = 1 temperatures and reducing the mean
neutrino energies in the equatorial regions relative to the polar regions.

single-species neutrino luminosity L, ~ 4x(7/8)R20°T* as that of a Fermi-Dirac blackbody,
rotation will become dynamically important in the PNS atmosphere for spin periods P =
21t /Q below a critical value (e.g., Thompson, Chang, and Quataert 2004),

5/4 -1/8
R, R, L,
P.~2n— =~ 3.4 . 2.13

S e (12 km) (1052 ergs‘l) (2.13)

We focus our discussion on the most rapidly-rotating model, rot.6-MR, with axis ratio
R,/R, = 0.6 and spin period of P = 1.11 ms < P, (Table 2.1). Figure 2.5 shows 2D snapshots
of various kinematic and thermodynamic quantities in the meridional (x-z) plane for model
rot.6-MR near the end of the simulation at # = 100 ms. Angular profiles (where 6 is measured
from the axis of rotation) of wind quantities through spherical surfaces of radius r = 60 km
and r = 120 km are shown in Fig. 2.7, comparing the results of rot.6-MR to those of the
non-rotating model nrot-HR (for which the wind properties are expected and seen to be
approximately uniform with angle).

Broadly speaking, our simulations reveal that the rotating wind can be divided into two
angular regions with qualitatively distinct properties: (1) a fast polar outflow that develops

quickly with properties across this region qualitatively similar to those of a non-rotating
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Figure 2.7: Wind properties as a function of polar angle 6, measured from the z—axis (ro-
tation axis in rotating models), through spherical surfaces at r = 60 km (left) and r = 120
km (right) from the non-rotating model nrot-HR (non-rotating; black) and rotating models
rot.9-MR (orange), rot.7-MR (red), and rot.6-MR (blue), time-averaged over the final third
of the simulation run (e.g. 100 — 150 ms for nrot-HR). From top to bottom, the quantities
shown include: isotropic mass-loss rate M, radial velocity v", specific entropy s, isotropic
electron anti-neutrino luminosity L;,, mean electron anti-neutrino energy Ej,, and electron
fraction Y,. Dotted lines in the bottom panel show our estimate of the equilibrium electron
fraction Y2bs
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Figure 2.8: Similar to Fig. 2.4, except now comparing angle-averaged wind properties in
the non-rotating model nrot-HR (black), and rotating models rot.9-MR (orange), rot.7-MR
(red), and rot.6-MR (blue) as measured through a spherical surface of radius r = 60 km.

PNS; (2) a slower, denser equatorial outflow whose properties differ markedly from the non-
rotating case, and which dominates the total mass-loss rate from the star.

After an initial transient phase, the density settles into an approximate steady state with
an equatorial bulge of density p ~ 102 g ecm™ extending out to a cylindrical radius o ~ 30
km (Fig. 2.5), compared to the steeper density profile along the polar axis, which falls to

2> 15 km. The neutrinosphere surface is likewise oblate in shape,

Y

p <108 g em™ by z
bulging out to o ~ 17 km in the equatorial plane compared to z ~ 10 km along the polar axis
(Fig. 2.6), the latter being similar to the spherical neutrinosphere radius in the non-rotating
model nrot-HR. The time- and angle-averaged v, and v, luminosities of model rot.6-MR are
similar to those of nrot-HR (Table 2.1). These differences are small enough that comparing
these models allows us to roughly isolate the effects of rotation on the wind properties at a
fixed epoch in the PNS cooling evolution (i.e., at approximately fixed neutrino luminosity).

Matter near the PNS surface in the rotational equator has high azimuthal velocity v¢ >
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0.2c due to the rapid rotation. Moving above the stellar surface, v® « 1/0, consistent with
conservation of specific angular momentum in the wind, £ = ov? = const. (Fig. 2.5).

The isothermal surfaces are also oblate in shape, with a slightly higher neutrinosphere
temperature (and hence mean neutrino energy) along the polar axis than in the equator
(Fig. 2.6). This difference may in part be attributable to the Zeipel (1924) effect, whereby
the effective temperature scales with the effective surface gravity Tog o gi}éA‘. Given that
Seff (Req) /8ett (Rp) ~ [1 - QQ/Q%(] ~ 0.1 for model rot.6-MR, this would predict Teg(Req) S
0.67;(Req), close to the ratio of polar and equatorial mean neutrino energies (Fig. 2.7).

The gain region around where ¢net peaks is also more radially extended in the equatorial
region, but the peak heating rate ¢pet is noticeably higher in the polar region, where it again
resembles that seen of the non-rotating case. This enhancement of the polar heating rate
results from the greater neutrino flux in this region and the higher mean neutrino energy
(Fig. 2.5). The neutrino heating rate drops off abruptly outside of the a-particle formation
surface (see below), because the neutrino absorption cross section of @-particles is much
smaller than that of free nucleons.

The isotropic mass-loss rate M ~ 10™*M¢ s~! along the polar direction in model rot .6-MR,
is similar to that of the non-rotating model nrot-HR (Fig. 2.7). By contrast, the values of
M in the equatorial plane are larger than those in the non-rotating case by 1 — 2 orders of
magnitude, ~ 1073 — 1072M, s~!. Rotational enhancement of the mass-loss rate is a well
known-effect in thermally-driven winds (e.g., Lamers and Cassinelli 1999, and references
therein). Rotation has the effect of expanding the density scale-height of the atmosphere
H ~ cg /e, Where gof = g —a., and g and a, are the gravitational and centripetal accelera-
tion experienced by material in the equator, respectively. A larger scale height exponentially

~H/™) | thus boosting M at the equator

increases the mass in the gain region (since p « e
relative to the pole, despite the lower specific neutrino heating rate in the equatorial regions.
Latitudinal mixing of the wind material occurs moving outwards with radius; however, an

order of magnitude pole-to-equator difference in M is preserved to large radii > 120 km

~Y
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(Fig. 2.7), outside the sonic surface where further mixing is unlikely to occur.

Another consequence of the lower specific heating rate in the equatorial plane is a suppres-
sion of the wind entropy with increasing polar angle. The entropy along the polar direction,
s ~ 70, is similar to that of the non-rotating PNS wind solution, compared to s = 20 in the
equatorial plane (Fig. 2.7).

Since material in the rotational equator starts out more weakly bound to the star and
receives less heating, the radial velocity v" is lower there (< 0.05¢) and matter is slower to
become unbound. In the polar region, where the net neutrino heating is maximal, matter
accelerates to supersonic velocities v ~ 0.1¢ within a few hundred km (Fig. 2.5), significantly
closer to the PNS than in the non-rotating case (Fig. 2.2). This higher polar acceleration
may result from “focusing” of the polar flow by the denser equatorial outflow (somewhat akin
to the ‘de Laval nozzle’ effect; Blandford and Rees 1974), which causes the areal function
of the polar flow-lines to decrease with radius differently than the o 1/r2 spherical outflow
case.

Matter attains Eio > 0 and becomes unbound from the PNS along the polar directions
by radii z » 20 km, while in the equatorial regions this is only achieved outside the a-
formation surface at radii 2 90 km (Fig. 2.5). The significant heating due to a-particle
formation (~ 7 MeV per nucleon) helps unbind still-marginally bound material, similar to
as found in simulations of viscously spreading accretion disks in neutron star mergers (e.g.,
Ferndndez and Metzger 2013; Siegel and Metzger 2018b). Given the low entropy of the
outflow, just outside this surface, the a-particles rapidly assemble into seed nuclei, releasing
further energy.

The asymptotic value of the wind electron fraction Y, along the polar directions is =
0.35, similar or moderately lower than that achieved in the non-rotating model (Fig. 2.7).
However, outflows from the equator regions are significantly more neutron-rich, with 0.25 <
Y, < 0.3. In both the polar and equatorial outflow regions, the wind composition still

approaches equilibrium with the neutrino radiation field, as evidenced by Y, = Yea,le); The
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Figure 2.9: R-process figure-of-merit parameter n = 53,/ (Ye?’TeXp) (Eq. (2.8)) as a function of
outflow polar angle 6, where the relevant quantities are time-averaged and measured through
the T = 0.5 MeV surface, shown separately for the models nrot-HR, rot.9-MR, rot.7-MR,
rot.6-MR as marked. For comparison we show the threshold value ny,, (Eq. (2.8)) required
for neutron captures to reach the 2nd (purple dotted line) and 3rd (green dotted line) r-
process peaks (Hoffman, Woosley, and Qian, 1997). A dotted line-style to the right of the
solid triangles in the rapidly rotating models (rot.6-MR, rot.7-MR) denotes the angles over
which Y, is 10% lower than its average value along the polar angles 0° < 6 < 30° (the latter
is roughly similar to that obtained from a non-rotating wind for the same neutrino emission
properties); the outflow from such regions may be capable of a successful r-process even
absent an a-rich freeze-out (i.e., even if n < Ny ).

lower value of YQEZ (Eq. (2.12)) and hence Y, in the equatorial outflow results from the
suppression of L,, relative to Ly, in this region, due to greater v, optical depth through the
neutron-rich equatorial bulge. The large contrast between the temperatures at the v, and v,
neutrinospheres in the equatorial plane (Fig. 2.6) gives rise to the distinct average neutrino
energies of v, and v, along these directions.

The strong angular dependence of several wind quantities also impacts the angular av-
eraged wind properties as illustrated in Fig. 2.8 (see also Tab. 2.2). Notably, the overall

mass-loss rate is enhanced by 1-2 orders of magnitude for the most rapidly rotating model

relative to the non-rotating model, while the overall entropy of the wind decreases to less
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than half of the value of the non-rotating model. As expected from the angular trends in
Fig. 2.7, Fig. 2.8 also shows somewhat larger electron anti-neutrino luminosities, smaller
electron anti-neutrino mean energies, and a smaller overall ¥,.

As a result of the strong angular dependence of {Y,, v", s, T} in the rotating models, the
r-process figure of merit n also varies as a function of polar angle 6. Figure 2.9 compares
the angular profile of  from the rotating star simulations to the non-rotating model. In the
polar region, the rotating and non-rotating models achieve a similar value n ~ 3 — 6 x 10%.
However, in the equatorial region, n is significantly suppressed for the rotating models, with
n being =~ 2 orders of magnitude lower for rot.7-MR and rot.6-MR. Taken together, the
value of n lies well below the minimum threshold for 2nd or 3rd peak r-process element
production for all outflow angles and all models. This disfavors rapidly spinning PNS as
r-process sources via the a-rich freeze-out mechanism.

At face value, rotation appears to be detrimental to the r-process in PNS winds. However,
this does not account for the effect of a lower Y, alone, absent an a-rich freeze-out. The value
of Y, in our most rapidly rotating models is ~ 10% smaller in the equatorial direction than
along the pole (we denote the Y,-suppressed region with a dashed linestyle in Fig. 2.9) or in
the non-rotating wind model with otherwise similar neutrino luminosities and energies. Thus,
for example, if the “true” wind electron fraction at a given point in the cooling evolution of
a non-rotating PNS were Y, o ~ 0.45 — 0.5, (e.g., Roberts et al. 2012b; their Fig. 5), rotation
could act to reduce Y, to = 0.9Y,9 =~ 0.4 — 0.45, sufficient to produce neutron-rich light
element primary-process (LEPP) nuclei with 38 < Z < 47 (e.g., Arcones and Montes 2011),

even absent an @-rich freeze-out (i.e., even for arbitrarily low values of n).

2.3 Summary and Conclusions

We have explored the effects of rapid rotation on the properties of neutrino-heated PNS

winds by means of three-dimensional GRHD simulations with M0 neutrino transport.
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We calculate a suite of 1.4Mg PNS models corresponding to different solid-body rotation
rates (Tab. 2.1), ranging from the non-rotating case studied in most previous works (Q = 0)
to stars rotating near break-up (Q/Qk =~ 0.94; P ~ 1.11 ms). We initialize the axisymmetric
PNS structure using the RNS code integrated via a novel procedure with the SFHo tabu-
lated EOS. Rather than following the self-consistent cooling evolution of the PNS from an
initial post-explosion or post-merger state, we initialize the PNS temperature and Y, radial
profiles in B-equilibrium following Kaplan et al. (2014). The chosen temperature normaliza-
tion generates steady-state neutrino luminosities and energies close to those achieved on a
timescale of seconds after a supernova explosion, and over which the bulk of the integrated
wind mass-loss will occur.

Our focus is on studying the wind properties in the gain layer above the PNS surface and
out to large radii (~ 1000 km); however, we are not able to fully resolve the neutrinosphere
decoupling region (Fig. 2.1). As a consequence of this, as well as of our idealized initial
temperature/Y, structure, the partitioning between v, and v, luminosities and their energies

in our simulations do not match those predicted by supernova simulations, nor the resulting

Yabs

wind electron fractions ¥, = Y20

(Ly,y,, Ey,y,). Specifically, our non-rotating wind solutions
achieve values Y, ~ 0.34 (Fig. 2.4) significantly lower than those found by detailed PNS
cooling calculations, Y, ~ 0.45 — 0.55 (e.g., Roberts and Reddy 2017; Pascal, Novak, and
Oertel 2022). Nevertheless, our simulations can still be used to explore the relative effects
of rotation on Y, through a comparison to otherwise equivalent non-rotating models with

similar neutrino emission properties.

Our main conclusions can be summarized as follows.

e After an initial transient phase, all of our models reach approximately steady outflow
solutions with positive energies Eio¢ > 0 and sonic surfaces captured on the computa-
tional grid, on timescales ~ 100 ms (Fig. 2.2, 2.3). We validate our non-rotating solu-
tions by comparing them to time-independent spherical wind calculations (Tab. 2.3).

Scaling our wind properties (M, se, Texps Vo) based on analytic expressions from Qian
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and Woosley (1996) given the relative neutrino properties (L,, E,, R,), we obtain good

agreement (to within < 10%) with Thompson, Burrows, and Meyer (2001).

Our non-rotating and slower rotating models (rot.9-MR; Q/Qxk ~ 0.4) exhibit approxi-
mately spherical outflow properties. In contrast, the fastest rotating models (rot.7-MR,
rot.6-MR; Q/Qg = 0.75) generate outflows with distinct properties near the equatorial
plane versus higher latitudes closer to the rotational axis (Fig. 2.5, Table 2.2). The
outflow properties along the rotational axis (6 < 30°) are qualitatively similar to those
of the slowly rotating models in their key properties (e.g., M, Y., Seo, Ly, E,; Fig. 2.7),
as would be expected because centrifugal effects are weak along these directions. How-
ever, outflows from intermediate latitudes accelerate faster to higher speeds compared
to a spherical wind (Fig. 2.7); these features may result from ‘de Laval’-like focusing

of polar streamlines by the denser equatorial outflow.

The equatorial outflows from rapidly rotating PNS exhibit qualitative differences from
the non-rotating case (Fig. 2.7), as expected because centrifugal forces have a large
effect on the hydrostatic structure of the atmosphere for spin periods P < P. ~ 3 ms
(Eq. (2.13)). Relative to slowly rotating models, the equatorial outflows from rapid
rotators possess: higher mass-loss rates M by over an order of magnitude in the fastest
spinning case; slower acceleration and lower asymptotic radial velocities; and lower
entropy s by a factor up to ~ 4. These features may be understood as a consequence
of the rotation-induced reduction in the effective gravitational mass, when applied to
analytic predictions for the M-dependence of the wind properties (Qian and Woosley,
1996).

The equatorial outflows of the rapidly rotating solutions are also characterized by lower
neutrino energies and a larger contrast between the v, and v, neutrinospheres and their
respective temperatures/luminosities; these features result from the presence of a dense

neutron-rich equatorial bulge/decretion disk near the surface of the star (Fig. 2.6).
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These changes in the v,/v, properties reduce the equilibrium electron fraction ¥g'op

(Eq. (2.12); and hence Y, < 0.3) of the equatorial outflows relative to the slowly

rotating case.

Rapid rotation tends to reduce so and to increase ey, as a result of the slower expan-
sion speed in the dense equatorial outflow; both effects act to reduce the key parameter
n =53/ (texp¥?) (Eq. (2.8)) by over an order of magnitude in the rotating wind case
(Fig. 2.9). We conclude that rotation (at least absent a strong magnetic field) does

not facilitate a successful 2nd or 3rd r-process via the a-rich freeze-out mechanism.

On the other hand, outflows near the equatorial plane in our fastest rotating models
possess Y, smaller by ~ 10 — 15% compared to the otherwise equivalent non-rotating
case. The winds from very rapidly spinning PNS could therefore generate nucleosyn-
thetic abundance patters which are quantitatively distinct from those of slowly rotating
PNS, even neglecting potential rotation-induced changes to the PNS cooling evolution.
For example, if slowly rotating PNS winds achieve Y, 2 0.5-0.55 (e.g., Pascal, Novak,
and Oertel 2022) and generate mostly iron group elements and p-nuclei via the rp-
process and vp-process (e.g., Frohlich et al. 2006; Roberts, Woosley, and Hoffman 2010;
Fischer et al. 2010), rotating PNS winds could obtain ¥, < 0.5 and would instead syn-
thesize neutron-rich LEPP or light r-process nuclei (e.g., Qian and Wasserburg 2007;

Arcones and Montes 2011).

The neutrino luminosities achieved by our models ~few x10°! erg s7! will last for a
timescale 7. ~ 3 seconds after a successful supernova explosion (Roberts and Reddy
2017; their Fig. 3). Although our simulations are not run this long, our most rapidly
spinning PNS solutions therefore predict a total wind-ejecta mass ~ M1, ~ 3x 1073 M,
comprised of more neutron-rich nuclei than would accompany the birth of a slowly
rotating PNS of otherwise similar properties (which produce only ~ 10™*Mg in total

wind-ejecta; e.g., Thompson, Burrows, and Meyer 2001).
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Several strains of observational (e.g., Faucher-Giguére and Kaspi 2006; Vink and
Kuiper 2006; Perna et al. 2008) and theoretical (e.g., Ma and Fuller 2019) evidence
indicate that the birth of neutron stars with rapid spin periods P = 1 ms are rare in
nature among the core collapse population. However, given their larger wind ejecta
mass-yields (by a factor 2 10), even if such rapidly spinning PNS are formed in only
~ 10% of all core collapse supernovae, their total nucleosynthetic contribution may
be competitive with “ordinary” supernovae birthing slowly spinning PNS. Broad-lined
supernovae with atypically large ejecta kinetic energies (hinting at an important role
of rotation in facilitating the explosion) indeed represent ~ 10% of core collapse explo-
sions (e.g., Perley et al. 2020). The contributions of rapidly spinning PNS on individual
“pollution events” observed in the surface abundances of halo stars (e.g., Honda et al.
2006b; Spite et al. 2018) will be further enhanced if stellar cores retain greater angular

momentum at core collapse at lower metallicity (e.g., Yoon and Langer 2005).

Hot, rapidly spinning PNS-like stars are also generated from the merger of binary
neutron stars (e.g., Dessart et al. 2009), albeit with higher masses 2 2M, than assumed
in our models. However, the limited lifetimes of most such objects before they lose
rotational support and collapse into a black hole, may limit the contribution of their
neutrino-driven winds relative to other sources of mass ejection during the merger and
its aftermath (though strong magnetic fields may change this picture; e.g., Siegel, Ciolfi,

and Rezzolla 2014; Metzger, Thompson, and Quataert 2018; Curtis et al. 2021).

Our present set-up incorporates neutrino transport using an M0 scheme, which neglects

the effects of lateral transport. This is likely a good approximation in our case because

deviations from spherical symmetry are fairly modest and (compared, e.g. to simulations of

the supernova explosion; Skinner, Burrows, and Dolence 2016) we are mainly interested in

the properties of the outflows above the neutrino decoupling region. However, future work

should aim to explore the impact of more accurate neutrino transport in the rapidly rotating
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In this paper, we have focused on an idealized numerical experiment to explore the
effects of rotation on PNS winds in a controlled and general way. However, with the results
now benchmarked, we can explore more realistic (albeit specific) PNS configurations from
core-collapse SNe or NS mergers with the same code infrastructure. In the context of a
self-consistent core-collapse SN or NS merger, the specifics of the neutrino luminosities and
energies, Y, profile near the PNS surface, and the large-scale environment, will differ from
those we have assumed. As an example of the latter, in a NS merger the PNS will be
surrounded by an accretion torus, which generates its own outflow that may interact with
the PNS wind (e.g., Metzger and Fernandez 2014; Perego et al. 2014); likewise, at early times
after a SN explosion, the PNS wind may catch up to the SN shock (e.g., Arcones, Janka,
and Scheck 2007). Although quantitative features of the wind, particularly the asymptotic
Y, values, may differ substantially due to these effects, the qualitative features (and the
quantitative results for other properties set near the PNS surface such as M and the outflow
entropy) are likely to be robust.

The study presented here also lays the groundwork for future 3D simulation work includ-
ing additional physical effects. One of the most important are those arising from strong,
ordered magnetic field, which may accompany the birth of rapidly spinning PNS as a re-
sult of dynamo processes which tap into the energy available in rotation or convection (e.g.,
Thompson and Duncan 1993; Siegel et al. 2013; Mosta et al. 2014; Raynaud et al. 2020).
Magnetic fields of strength > 10 — 10'® G comparable to those of Galactic magnetars have
been shown to have major effects on the PNS wind properties and their efficacy in gener-
ating r-process elements, both with (e.g., Thompson, Chang, and Quataert 2004; Metzger,
Thompson, and Quataert 2007; Winteler et al. 2012; Vlasov, Metzger, and Thompson 2014;
Vlasov et al. 2017) and without (e.g., Thompson 2003; Thompson and ud-Doula 2018) rapid

rotation.
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Chapter 3: Neutrino-Driven Winds from Magnetized Protoneutron

Stars

This work has published and may be found here.

Magnetars are neutron stars with exceptionally high surface magnetic field strengths
~ 10 -10'° G (e.g., Kouveliotou et al. 1998; Kaspi and Beloborodov 2017), which comprise
2 30% of the young neutron star population (Woods and Thompson, 2006; Beniamini et al.,
2019). These strong magnetic fields affect the appearance of magnetars throughout their
active lifetimes, for example by providing an additional source of heating due to magnetic
dissipation and by powering transient outbursts and flares (e.g., Coti Zelati et al. 2018;
Beniamini et al. 2019; CHIME/FRB Collaboration et al. 2020). In this paper we shall
explore one way in which such strong magnetic fields also affect the very first moments in a
magnetar’s life.

Whether formed from the core-collapse of a massive star (e.g., Burrows, Hayes, and
Fryxell 1995; Janka et al. 2007), the accretion-induced collapse of a white dwarf (e.g., Dessart
et al. 2006), or the merger of two neutron stars (e.g., Dessart et al. 2009; Giacomazzo and
Perna 2013; Perego et al. 2014; Kaplan et al. 2014; Metzger, Thompson, and Quataert
2018), all neutron stars begin as hot “proto-neutron stars” (PNS; e.g., Burrows and Lattimer
1986; Pons et al. 1999), which cool and contract via optically-thick neutrino emission for
the first tens of seconds following their creation. As neutrinos stream outwards from the
neutrinosphere through the atmosphere of the PNS, the heat they deposit in the surface
layers drives a thermally-driven outflow of baryons, known as the “neutrino-driven” wind
(e.g., Duncan, Shapiro, and Wasserman 1986; Qian and Woosley 1996; Thompson, Burrows,

and Meyer 2001). Neutrino-driven winds have received extensive interest as potential sites
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for the nucleosynthesis of rare heavy isotopes, particularly via the rapid neutron capture
process (r-process; e.g., Meyer et al. 1992; Takahashi, Witti, and Janka 1994; Woosley et
al. 1994). However, previous studies have shown that the roughly spherically symmetric
winds from (slowly-rotating, unmagnetized) PNS fail to achieve the requisite combination
of high entropy and short outflow expansion time through the seed nucleus formation region
(Hoffman, Woosley, and Qian 1997; Meyer and Brown 1997; Meyer et al. 1992) to enable the
high ratio of neutrons to seeds necessary to achieve a successful 2nd or 3rd peak r-process
(e.g., Kajino et al. 2000; Sumiyoshi et al. 2000; Otsuki et al. 2000; Thompson, Burrows, and
Meyer 2001; Arcones, Janka, and Scheck 2007; Fischer et al. 2010; Roberts, Woosley, and
Hoffman 2010; Arcones and Montes 2011; Roberts et al. 2012b; Martinez-Pinedo et al. 2012;
Fischer et al. 2012). Waves driven by convection, which steepen above the PNS surface and
deposit additional entropy in the outflow, offer one possible mechanism to boost their r-
process potential (e.g., Suzuki and Nagataki 2005; Metzger, Thompson, and Quataert 2007;
Gossan, Fuller, and Roberts 2020; Nevins and Roberts 2023).

As prefaced above, most previous studies of PNS winds also neglect the impact of two
other neutron star properties: rotation and magnetic fields. In recent work (Desai, Siegel,
and Metzger 2022 — hereafter Paper I) we explored the effects of rapid rotation on the wind
properties by means of three-dimensional general-relativistic (GR) hydrodynamic simula-
tions. These simulations revealed that, while rapid rotation (spin periods P < few ms) acts
to increase the mass-loss rate of the PNS near the rotational equator, the entropy and veloc-
ity of such outflows are suppressed compared to an otherwise equivalent non-rotating star,
precluding r-process production via an alpha-rich freeze-out. On the other hand, extremely
rapid rotation approaching centrifugal break-out (P ~ 1 ms), was found to reduce the out-
flow electron fraction compared to the equivalent non-rotating wind model, thus potentially
enabling the production of light r-process or light elementary primary process (LEPP) nuclei
even absent an alpha-rich freeze-out.

The prevalence of such very rapidly spinning PNS in nature is not clear, however. He-
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lioseismology observations and theoretical modeling suggest that angular momentum may
be transferred out of the core of a massive star prior to core collapse with higher efficiency
than had been previously assumed (e.g., Cantiello, Fuller, and Bildsten 2016; Fuller, Piro,
and Jermyn 2019). Another potential consequence of rapid birth rotation, which may limit
its prevalence in nature, is to endow the PNS with a strong magnetic field > 10'° G via a
dynamo process (e.g., Thompson and Duncan 1993; Price and Rosswog 2006; Siegel et al.
2013; Mosta et al. 2015; Raynaud et al. 2020; Reboul-Salze et al. 2022; White et al. 2022).
While such “millisecond magnetars”, formed in magnetorotational core-collapse supernovae
(e.g., Obergaulinger and Aloy 2021; Bugli, Guilet, and Obergaulinger 2021; Bugli et al. 2023
for recent work) or neutron star mergers (e.g., Kiuchi et al. 2018; Mésta et al. 2020; Combi
and Siegel 2023), are a contender for the central engines behind energetic transients such
as engine-powered supernovae and gamma-ray bursts (e.g., Usov 1992a; Wang et al. 2001;
Thompson, Chang, and Quataert 2004; Bucciantini et al. 2007; Metzger, Thompson, and
Quataert 2007; Bucciantini et al. 2009; Metzger et al. 2011; Prasanna et al. 2023), these
explosions are so rare as to represent at most only a tiny fraction of all magnetar births
(e.g., Vink and Kuiper 2006; Fuller and Lu 2022). Nevertheless, if such objects exist, recent
works studying the dynamics and nucleosynthesis of magnetorotational supernovae, find that
the combination of rapid rotation and magnetic fields can indeed give rise to conditions that
would allow for 2nd and potentially 3rd peak r—process element production (e.g., (Winteler
et al., 2012; Kuroda et al., 2020; Reichert et al., 2023)).

On the other hand, rapid rotation may not be the only mechanism to generate magnetar-
strength fields, which in principle could originate from flux freezing from the pre-collapse
stellar core (Woltjer, 1964; Ruderman, 1972; Ferrario and Wickramasinghe, 2006; Cantiello,
Fuller, and Bildsten, 2016) or dynamos during the PNS phase which require less extreme core
angular momentum (White et al., 2022; Barrére et al., 2022). This motivates considering
the effects of a strong magnetic field on PNS birth even in the absence of rapid rotation.

In this work (Paper IT) we perform general-relativistic magnetohydrodynamical (GRMHD)
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simulations which explore the impact of strong (B > 10'* — 10 G) dipole magnetic fields
on the properties of neutrino-heated outflows from non-rotating PNS winds. We are mo-
tivated by the work of Thompson (2003), who showed that a magnetar-strength field can
initially trap plasma close to the PNS surface, where it can be heated by neutrinos to a
higher entropy than achieved in an otherwise equivalent freely outflowing wind. Thompson
and ud-Doula (2018) studied this problem numerically by means of 2D axisymmetric MHD
simulations with Newtonian gravity, using an approximate inner boundary condition near
the PNS neutrinosphere and a prescribed free-streaming neutrino radiation field above. They
found that a moderate fraction ~ 1-10% of the wind material may be ejected in high-entropy
outflows capable of r-process via an alpha-rich freezeout. Likewise, Prasanna et al. (2022)
performed similar simulations but covering a wider parameter space of the neutrino-driven
winds from slowly rotating magnetars, focusing on the effects that neutrino-driven mass-
loss has in opening magnetic field lines and enhancing the star’s spin-down rate relative to
the magnetic dipole rate. Our goal here is to explore a similar setup using 3D GRMHD
simulations including neutrino transport via an MO scheme, thus paving the way for future
simulations within this numerical setup that include both magnetic fields and rapid rotation
together.

This paper is organized as follows. In Section 3.1 we introduce the numerical code
and models run. In Section 3.2, we compare outflows from magnetars of various magnetic
field strengths. In Section 3.3 we summarize and compare our results to outflows from
un-magnetized winds, and further discuss viability of r-process nucleosynthesis in magnetar

winds.
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3.1 Methodology

3.1.1 Numerical Evolution Code, PNS Initial Data & Grid Setup

We perform GRMHD simulations of magnetized PNS winds using a modified version
of GRHydro (Mosta et al., 2014) as described in Siegel and Metzger (2018b), built on the
open-source Einstein Toolkit!(Goodale et al., 2003; Schnetter, Hawley, and Hawke, 2004;
Thornburg, 2004; Loffler et al., 2012; Babiuc-Hamilton et al., 2019). The initial conditions
reflect the state of a PNS in its cooling phase (~ 1 s post-bounce, e.g. Fig. 3 of Roberts and
Reddy (2017)), following the end of the dynamical accretion phase responsible for forming
the PNS. As in Paper I, we do not evolve spacetime for the current models. Instead, we
evolve the GRMHD equations on a fixed background metric, determined at the start of
the simulation by our initial data solver, for computational efficiency. This assumption is
justified by the fact that only a tiny fraction ~ 107 of the star’s mass is removed over the
course of the simulation and the total energy in the magnetic field is < 1077 of the star’s
gravitational energy.

We include weak interactions via a leakage scheme based on the formalism of Bruenn
(1985) and Ruffert, Janka, and Schaefer (1996), following the implementation in Galeazzi
et al. (2013) and Radice et al. (2016) (see also Siegel and Metzger 2018b). In the presence
of strong magnetic fields, the neutrino heating and cooling rates will be altered with respect
to a non-magnetized setup, due to the impact of Landau quantization on the available
electron/positron states (e.g., Lai and Qian 1998; Duan and Qian 2004). However, as we
show in Appendix A.1.4, these effects are small, even for the strongest magnetic field strength
cases explored in this work. We are thus justified in neglecting these corrections.

As in Paper I, we employ a one-moment approximation to the general-relativistic Boltz-

mann equation (‘MO0’) to describe neutrino transport. It is implemented as a ray-by-ray

thttp://einsteintoolkit.org
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scheme (Radice et al., 2016) in our enhanced version of GRHydro, in which neutrino mean
energies and number densities are evolved along null radial coordinate rays (see also Combi
and Siegel 2022). The MO radiation transport grid is separate from that of the GRMHD
variables. It uses spherical coordinates centered on the PNS, uniformly spaced in {r, 0, ¢}
extending out to radii of 200 km, with the number of grid points (n,, ng,ng) = (600, 20, 40).
It thus covers the density range p > 10* g ecm™, for which weak interactions are relevant,
to ensure accuracy of the model (see Paper I for more details).

Our magnetized PNS models use as initial conditions unmagnetized PNS wind solutions
similar to those presented in Paper I, run sufficiently long for the wind to achieve a quasi-
steady-state, but short compared to the Kelvin-Helmholtz cooling timescale of the PNS.
These unmagnetized wind solutions are then endowed with a large-scale dipolar magnetic
field (see Sec. 3.1.2 for more details). Here, we briefly review the setup of the unmagnetized
models.

The initial conditions for the PNS structure are determined by the Tolman-Oppenheimer-
Volkoff equations, employing a density-dependent initial temperature and Y, profile (com-
puted by imposing B-equilibrium), following the approach by Kaplan et al. (2014). We use
the SFHo equation of state (Steiner, Hempel, and Fischer 2013) in tabular form as provided
by O’Connor and Ott (2010)2. We do not self-consistently follow PNS cooling evolution to
arrive at initial conditions for our models; thus the final electron fraction Y, in the outflows,
which depends sensitively on the neutrinosphere properties, will not be physically accurate.
Nevertheless, we can draw conclusions regarding the effects (if any) of strong magnetic fields
on the wind composition by comparing Y, from our magnetized models to those obtained
from otherwise equivalent unmagnetized models.

Our fiducial model employs a grid hierarchy consisting of a base Cartesian grid and six
fixed nested refinement levels. We improve upon the resolution used in the models from

Paper I. The smallest and finest grid is a 30 X 30 x 30 km box centered at the origin now with

Zhttps:/ /stellarcollapse.org/equationofstate.html
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a resolution of 150 m, while the size of the base grid is 960 x 960 x 960 km. As discussed
in Paper I, this grid setup allows us to simultaneously capture the wind zone on scales of
~100—1000 km, while providing enough resolution from the finest grid to capture the details
of outflows from the PNS surface. For this resolution, the magnetic pressure scale height
H,, =|dnpg /dr|™! is resolved by at least 10 grid points throughout the entire domain of
the simulation (see Appendix A.1.1, Fig. A.1). As in Paper I, the neutrinosphere is only
marginally resolved, with the grid resolution approximately equal to the optical depth scale
height (see Appendix A.1.1, Fig. A.1). This issue is not critical for the purposes of this
study, as the neutrino energies and luminosities determined at the neutrinosphere serve as a
boundary condition for heating that occurs at larger radii, a region that by comparison is well
resolved. Most of our calculations employ reflection symmetry across the equatorial (z = 0)
plane for computational efficiency. We have checked that our results for the time-averaged
wind properties are not appreciably affected by this assumption, by performing a full-domain

simulation and a side-by-side comparison to the half-domain case (see Appendix A.1.2).

3.1.2 Addition of a Dipole Magnetic Field

We evolve the unmagnetized PNS and its wind for ~150 ms, the last ~50 ms over which
the wind has achieved a quasi-steady state. At this point, we superimpose a large scale
magnetic field onto the stationary wind solution. As in Siegel, Ciolfi, and Rezzolla (2014)
and similar to the configurations in Shibata et al. (2011) and Kiuchi, Kyutoku, and Shibata
(2012), we define this large-scale, dipole-like magnetic field by initializing the components of

the vector potential as A, = Ag =0, and

2
A? = Agg 5 wo’dQ/\/_ 372 (3.1)
(re+ @y, /2)
where Ag 4 tunes the overall field strength, @ is the cylindrical radius, r? = w?+72, and

@o,4 ~ 8 km is the ‘neutral point’. The neutral point corresponds to a ring-like current in
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Model BY | RV | RY [ (L) | (L)@ [ (E,)D | (E;)®

- (101% G) | (km) (kr;l) (erg s7') | (ergs™) | (MeV) | (MeV)
no-B* 0.0 13 10 | 2.2e51 | 3.9e51 13 18
lo-B 0.61 13 10 | 2.2e51 | 3.9e51 13 18
hi-B 2.5 13 10 | 2.3e51 | 3.8e51 13 18
sym-B' 2.1 13 11 4.3e51 | 6.0e51 13 17
no-sym-B' 2.2 13 11 4.1e51 | 6.8e51 13 18

Table 3.1: Suite of PNS Wind Simulations: Magnetic Field and Neutrino Prop-
erties

(a) Magnetic field strength as measured along the polar axis at the radius of the v, neutri-
nosphere; (b) Initial equatorial radius of the star; (¢) Steady-state v, neutrinosphere radius;
(d) — (g) Luminosities and mean energies of electron neutrinos and anti-neutrinos, averaged
over the final factor of three in simulation time.

*Fiducial unmagnetized wind model (Fig. 3.3, left panels). TAll simulations employ the same
grid geometry, but these models are run with three times poorer resolution compared to the
models in the first 3 rows (i.e., Ax = 450 m for the finest grid).

the equatorial (z = 0) plane centered at the origin. We require this neutral point to lie within
the star (of radius Rpng =~ 12 km) so as to yield a plausible, nearly point-like dipole field that
is non-singular everywhere. The magnetic field is then obtained via B =V X A, yielding the
initial configuration shown in Fig. 3.1. The dipole geometry is symmetric across the z = 0
plane at initialization. Although the current sheet that forms in this plane can “wobble", we
find that when averaged over time, these wobbles smooth out (Fig. A.2 of Appendix A.1.2).
Hence, the time-averaged wind outflow properties should also be roughly symmetric across
the z = 0 plane, justifying our use of equatorial symmetry for computational efficiency.

We activate the magnetic field after running the non-magnetized PNS wind evolution for
roughly ~ 176 ms, at which point we “reset” the clock and hereafter refer to this time as
t = 0. In order to explore different physical regimes of magnetized winds, we consider models
which span two different initial surface magnetic field strengths but are otherwise identical.
We distinguish these models by their polar magnetic field strength Bg at the neutrinosphere,
with Bg ~ [6.1x 104 G, 2.5x10'° G], referred to as 1o-B and hi-B, respectively (see Tab. 3.1
and Fig. 3.1 for further details). In addition to the magnetized models, we run in parallel a

non-magnetized model (Bg = 0, referred to as no-B), which provides a set of comparison wind
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Figure 3.1: Initial magnetic-to-fluid pressure ratio f~! with magnetic field line geometry
overlaid. We show models 1o-B (left) and hi-B (right) in a slice through the magnetic
dipole axis (y = 0 plane), soon after the magnetic field is turned on at + = 0 ms. This
magnetic field configuration was added onto an unmagnetized PNS wind solution previously
evolved for about 176 ms to steady state. For model hi-B, magnetic pressure dominates over
fluid pressure in the polar regions above the PNS surface out to ~60 km.

properties over the same time interval (i.e., for the same PNS neutrino cooling evolution).

The magnetic field does not significantly impact the hydrostatic structure of the PNS.
At the time the field is initialized, the magnetic-to-fluid pressure ratio 8~ = Pg/P + obeys
< 1072 for all the models we consider (see Fig. 3.1). This ratio similarly shows that the
gradient of the magnetic field is negligible with respect to the fluid pressure gradient. The
magnetic field is not dynamically relevant; only the wind region is potentially impacted by
its presence.

The toroidal component of the magnetic field remains subdominant compared to the
poloidal component at all epochs and for all models (see Appendix A.1.3). This is expected
because the initial magnetic field configuration is purely poloidal and there is no significant

active mechanism, such as rotation, winding up magnetic fields on large scales.
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Figure 3.2: Snapshots of the outflow properties as a cross-section through the magnetic
dipole axis (y = 0 plane) at # ~ 55ms after B-field initialization for models 1o-B (left) and
hi-B (right). Colors show the rest-mass density p, with the magnetic field line geometry
overlaid in white. The neutrinosphere (77, = 1 surface) is shown with a red contour. The
field lines have been nearly completely torn open radially in the weakly magnetized model,
while an equatorial belt of closed field lines persists in the strongly magnetized case.

100

—100 0 100

Figure 3.3: Snapshots showing outflow properties as a cross-section through the magnetic
dipole axis (y = 0 plane) at r ~ 55ms after B-field initialization for models no-B (unmag-
netized, left) and lo-B (weakly magnetized, right). From top to bottom: specific entropy
s, electron fraction Y,, radial velocity v". The green contour represents the alpha-particle
formation surface (X, = 0.5), around which r-process seed nuclei begin to form, while the
red contour represents the location of the neutrinosphere (1, = 1 surface).
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3.2 Results

The presence of a magnetic field can significantly impact the dynamics of the PNS wind
in regions where the magnetic pressure Py = B%/87 greatly exceeds the fluid pressure P r
(Thompson 2003; Thompson and ud-Doula 2018; Prasanna et al. 2022). In the gain region
just above the PNS surface, where neutrino heating begins to exceed neutrino cooling, ra-
diation pressure of photons and electron/positrons dominates over gas pressure and hence
Py ~ Prq = (11/ 12)aT?, where a is the radiation constant. Just below this point closer
to the star, the specific neutrino heating rate o Lvef /r? and neutrino cooling rate o T
(due to pair capture reactions on free nucleons) balance, resulting in a roughly isothermal
atmosphere of temperature (e.g., Qian and Woosley 1996)

1/6 -1/3
Teq ~ 1 LY/ (Es,niev) RS MeV, (3.2)

where Ry, = Ry, 6 X 105 cm Ly, = Ly, 51 X 10°! erg s7!, and (Ey,) = (Ey, Mev)X MeV are
the PNS radius, electron antineutrino luminosity, and mean electron antineutrino energy,
respectively.

Equation 3.2 reveals that Pg > P.,q for magnetic field strengths above a critical value

1 2 2
L- 3 E- 3({ R- 3
o~ 14 Ve,0l Ve Ve
Beriy ~ 7% 10 G( - )(18MeV) (10km) . (3.3)

Thus, for surface dipole fields Bg > Bt we expect the wind dynamics to be significantly
altered by the presence of the magnetic field.

We begin in Sec. 3.2.1 by presenting results for a relatively weakly magnetized model
(Lo-B), for which Bg < Bgit and hence the wind dynamics are expected to be similar to the
unmagnetized wind. In Sec. 3.2.2, we move onto describing a strongly magnetized model

(hi-B) for which Bg > Beit and discuss prospects for r-process nucleosynthesis in Sec. 3.2.3.
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3.2.1 Weakly Magnetized Model

The left panel of Fig. 3.1 shows the magnetic-to-fluid pressure ratio ~! = Pg/P; and
magnetic field line geometry for the weakly magnetized model 1o-B at the moment of mag-
netic field initialization. Figure 3.3 shows a comparison of key quantities from the magnetized
and unmagnetized models (1o-B and no-B, respectively) 55 ms after a weak magnetic field
is turned on.

Before the magnetic field is activated, the PNS wind has achieved an approximately
steady state, as detailed in Paper I. At the moment the magnetic field is initialized, magnetic
field lines reflect a dipole geometry and B~! = Pp/P; of the wind is < 1, indicating that
fluid pressure dominates over magnetic pressure from the start (Fig. 3.1). As the wind
subsequently evolves, the dipole magnetic field structure is disrupted, as evidenced by the
field line geometry at late times (Fig. 3.2, left panel). The magnetic field is ‘frozen in” within
the radial fluid flow (see the velocity field in Fig. 3.3, bottom panel). By ~ 55 ms after
magnetic field initialization, outflows in models 10-B (Bs = 6.1 x 1014 G) and no-B (Bg = 0)
are nearly indistinguishable (Fig. 3.3).

Because fluid pressure exceeds magnetic pressure upon magnetic field initialization nearly
everywhere (87! < 1 in Fig. 3.1, left), and since magnetic fields are frozen into the fluid flow,
magnetic field lines follow the mostly radial outflow of the neutrino-driven wind. The mag-
netic field thus tears open from its initial dipole configuration within milliseconds, approach-
ing a split monopole configuration (see left panel of Fig. 3.2). For such a split-monopole
solution, B(r) o r=2, rather than B(r) o r73, as for the dipole geometry (e.g., Weber and
Davis 1967). This is illustrated in Fig. 3.4, which shows angle-averaged radial profiles of the
poloidal magnetic field strength in the polar region for models 1o0-B and hi-B at the time the
magnetic field is initialized (solid lines, for which B(r) o r73) as well as ~30 ms later (dashed
lines, for which B(r) o r~2). A thin ‘current sheet’ region forms in the equatorial plane

with a low magnetic-to-fluid pressure ratio f~! as the wind evolves to t ~ 55 ms (Fig. 3.2,
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left panel). Here, magnetic field lines of opposite polarities from the northern and southern
hemispheres reconnect and heat the fluid (however, note that the physical thickness of the
current sheet is not resolved by the simulation because the resistivity is numerical in this
ideal MHD setup).

Aside from the magnetic field properties, all of the asymptotic wind properties remain
largely unaffected compared to the prior unmagnetized state. The PNS hydrostatic structure
and neutrino energies as well as luminosities are essentially unchanged with respect to the
unmagnetized model (see Tab. 3.1). Consequently, the net specific heating rate gmet, which
depends on neutrino properties and temperature, retains a similar radial profile. After an
initial transient phase, the outflow properties of model 1o-B such as the specific entropy s,
electron fraction Y,, and radial velocity v, and the asymptotic wind properties are also very
similar to the no-B model (Fig. 3.3, Tab. 3.2).

Because the temperature and density profiles change little after the magnetic field is
activated, the surface at which a-particles form (roughly where T < 5 x 10? K) remains at
r ~ 45 km, close to the outer edge of the gain region (Fig. 3.3). As outlined by Qian and
Woosley (1996) and reviewed in Paper I, the ability of the PNS wind to generate r-process

nuclei yields depends on s, Y., and the expansion timescale texp, which we define as

, (3.4)

-1
L1n dT)
Xuue=0.5

t =1|v
exPp ( dr

where we have defined Xy, = 0.5 as the a-particle surface (Xpye is the mass fraction of all
nuclei excluding protons and neutrons), as typically located 50 — 100 km above the PNS
surface. In particular, the r-process figure of merit defined by (Hoffman, Woosley, and Qian,

1997)

53

n= (3.5)
Y3 texp
is a rough measure of success for heavy element nucleosynthesis due to alpha-rich freeze-out,

where here and hereafter ey, is measured in seconds and s is meausred in kg per baryon.
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Figure 3.4: Radial profiles of the poloidal magnetic field strength Bp for models 10-B and
hi-B, taken from a slice through the magnetic dipole axis (y = 0), angle-averaged in the polar
region from 8 = 0° to 6 = 45°. Solid lines show Bp time-averaged from ¢ =~ 0 — 5 ms after the
magnetic field is activated, while dashed lines represent Bp time-averaged from ¢ ~ 25 — 35
ms. To guide the eye, thick solid lines show power-laws r~2 (blue) and =3 (green). Both
models approach the split monopole solution (e 7~2) in the polar region.

Threshold values of 7 > 4 x 10? and 1 > 9 x 10? are required for neutron capture to proceed
to the 2nd and 3rd r-process peak, respectively. As found in Paper I, and consistent with
past findings (e.g., Qian and Woosley 1996; Hoffman, Woosley, and Qian 1997; Thompson,
Burrows, and Meyer 2001), unmagnetized PNS winds (model no-B) generally have n <«
1 % 10?, insufficient for an r-process. Not surprisingly then, our weakly magnetized model

1o-B is also not capable of an r-process (Tab. 3.2).

3.2.2  Strongly Magnetized Model

We now consider results for the strongly magnetized model (hi-B) with Bg = 2.5 X
10 G > Beyit. Immediately after the magnetic field is activated, its dipole geometry is
identical to that of model 1o-B, with the poloidal field strength following the expected

r=3 radial profile (Fig. 3.4). The magnetic-to-fluid pressure ratio, however, is much larger
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Model

Sector™

<M>(a)

(Ex))

<S)(C)

60 km 60 km 60 km + 05 <teXp>€(3§)km * Otexp <Ye ég)km 0y, <n>ég)km *0y
- - (Mg s74) | (ergs™) kg baryon~! (ms) - [10%]
no-B* tot. 5.5e-5 5.4e45 78+0.9 2049 0.40+0.003 5.6+2
lo-B tot. 5.6e-5 5.1e4b 78+1.9, (78—>78) 21+6 0.36+0.003 5.3+2 (5.2—5.3)
hi-B tot. 3.8e-5 3.1e4b 82+5 29+20 0.37+0.002 5.1+4
hi-B pol. 2.9e-5 2.3e45 80+4 (80—80) 32+10 0.37+0.002 3.8+2 (3.5—3.9)
hi-B equat. 4.3e-5 3.6e45 84+6 (83—85) 25+20 0.37+0.02 6.5+4 (5.7—7.8)
sym-B' tot. 1.6e-4 3.6e46 67+3 16+10 0.38+0.02 4.6+2
no-sym-B' tot. 1.8e-4 5.4e46 68+3 21440 0.38+0.03 4.6+3

Table 3.2: Time-Averaged Outflow Properties

We report wind properties time-averaged from ¢ = 25 — 55 ms for models no-B, 10-B, and
hi-B, and from ¢ ~ 0—20 ms for models sym-B and no-sym-B. Entries of the format (¢ — ¢’)
refer to the same quantity time-averaged from ¢ ~ 25 — 35 ms (g) and from ¢ ~ 45 — 55 ms

(@)

(@) isotropic mass-loss rate; (b) kinetic energy; (c) specific entropy with standard deviation;
(d) expansion timescale with standard deviation; (e) electron fraction with standard devia-
tion; (f) r—process figure of merit n = s3/(Y, g’texp) with standard deviation.
*Fiducial unmagnetized wind model shown in Fig. 3.3 (left-hand panels). TAll simulations
in the table use the same grid geometry, but these models are run with a third of the
resolution compared to the models in the first three rows (i.e. Ax = 450 m for the finest
grid). TQuantities are averaged over different angular sectors in polar angle #: ‘equat.’
(45° < 0 < 135°), ‘pol.” (0° < 6 < 45° and 135° < 0 < 180°), and ‘tot.” (0° < 6 < 180°).
Isotropic equivalent quantities are reported for (M) and (Eg) at a radius r = 60 km.
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compared to the weakly magnetized model, reaching 8~! ~ 10 near the polar regions for
model hi-B (Fig. 3.1). Right after the magnetic field is initialized, the radial velocity v"
is negative in a region extending from slightly above the neutrinosphere at r ~ 15 km to
r =~ 50 km, as a result of the previously outflowing wind plasma being trapped by the strong
magnetic field.

The mass-loss rate M through a fixed surface of radius ~ 60 km is also suppressed after
the magnetic field is initialized (¢ ~ 0) by almost a factor of 2 from its original value, from
M ~ 56 % 10°My s to M ~ 3.2x 107°Mg s~! (top panel of Fig. 3.5). Dividing the
outflow into separate polar (8 = 0 —45°, 135 — 180°) and equatorial (6 = 45° — 135°) angular
sectors, we see that the isotropic-equivalent mass-loss rate Mg, along the equatorial direction
has returned to its original value by ¢+ ~ 35 ms and continues to increase, approaching
Migo = 1074My, s7! by t ~ 55 ms. By contrast, Mis, in the polar region remains significantly
suppressed for the entirety of the simulation. As we describe below, this suppression is the
result of the extra work the polar outflows must perform to open field lines in this region
and escape to infinity.

As shown in Fig. 3.7, the radial velocity remains small or negative [v"| < 0.01c in the
equatorial region between r =~ 15 km and » ~ 100 km, indicating the presence of a sustained
‘trapped zone’ at low latitudes. The magnetic-to-fluid pressure ratio S~ begins to rise in the
polar region and to drop in the equatorial region (Fig. 3.6). At the same time, the specific
entropy in the 6 = 60° — 120° equatorial trapped belt between r = 15 km and r = 100 km
rises from s ~ 75 to s ~ 100 by ¢ ~ 55 ms (Fig. 3.8).

Since magnetic fields do not strongly impact the hydrostatic structure of the PNS at-
mosphere near the neutrinosphere, neither the neutrino luminosities/energies nor the neu-
trinosphere radii are altered significantly by the magnetic field (Tab. 3.1). Insofar as the
neutrino fluxes and energies determine the relative rate of v, and v, absorption by the wind
material, the wind’s electron fraction is not altered considerably compared to the unmag-

netized model (Fig. 3.9). The density and temperature profile, particularly of the inner
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hydrostatic atmosphere, also remain only mildly affected by the presence of the magnetic
field (Fig. 3.10).

As discussed at the beginning of Sec. 3.2, the impact of the magnetic field on the wind
dynamics can be understood in terms of the high magnetic-to-fluid pressure ratio in model
hi-B (Fig. 3.1, right panel). Outflowing matter in the polar regions tear open originally
closed magnetic field lines, resulting in a split-monopole geometry at high latitudes (similar
to that achieved across all outflow directions in model 1o0-B). Given that the surface magnetic
field strength is fixed, the transformation from B oc 773 to oc =2 by ~ 30 ms (Fig. 3.4) causes
the magnetic to fluid pressure ratio above the surface at high latitudes to increase with time.

In addition, matter that would otherwise have traveled radially in the polar region is
partially redirected along magnetic field lines, which bend towards lower latitudes. This
suppresses Mis, in the polar region (Fig. 3.5, top panel, dashed line). Field lines at mid-
latitudes (6 ~ 30° — 60° and 120° — 150°) are gradually opened (‘peeled off’ from originally
closed field lines at low latitudes) and the pressure ratio there similarly increases (Fig. 3.6).
In the equatorial region (6 ~ 60° — 120°), however, magnetic tension remains high enough
to oppose radial fluid motion, which is orthogonal to magnetic field lines in this region as a
result of the dipole geometry. The resulting ‘trapped zone’ extends to r ~ 50 km.

To better understand the wind dynamics, Fig. 3.11 shows the cumulative change of
various energies interior to a given radius above the PNS surface, over the ~ 55 ms duration
of the simulation, again broken down separately into polar (left panel) and equatorial angular
sectors (right panel). In both latitude ranges, the increase in the magnetic energy (black
lines) exceeds the increases in the wind thermal (green lines) or kinetic (blue lines) energies.
This illustrates that most of the energy deposited by neutrino heating (red lines) is used to
open magnetic field lines, rather than powering the wind. The energy being expended to open
field lines is not available to unbind matter from the gravitational potential well of the PNS
and hence contributes to the initial suppression of the wind mass-loss rate and kinetic power

shown in Fig. 3.5. Indeed, the magnetic energy rises with a greater delay in the equatorial
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Figure 3.5: Mass-loss rate M (top), kinetic power Ex = (W — 1)M (center), where W is the
Lorentz factor, and M-weighted average specific entropy s (bottom) of outflows through a
spherical surface of radius r = 60 km, as a function of time since magnetic field initialization.
For all models no-B (black, X), Lo-B (blue circles), and hi-B (red triangles) these quantities
are shown across the full 47 solid angle. For model hi-B (red), we show separately the
isotropic equivalent mass-loss rate as well as kinetic power, and average-entropy across a
solid angle at high latitudes close to the poles (6 = 0° —45° and 6 = 135° — 180°; dotted line)
and near the equatorial plane (6 = 45° — 135°; solid line).
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Figure 3.6: Snapshots of the magnetic-to-fluid pressure ratio 87! in the y = 0 magnetic dipole
axis plane for models 10-B and hi-B. The top panel shows the moment the magnetic field
is initialized (¢ ~ 0 ms), while the middle and bottom panels are at t ~ 31 ms and 7 ~ 55 ms,
respectively. A cyan contour represents the alpha particle formation surface (X, = 0.5)
around which r-process seed nuclei begin to form, while the red contour represents the
neutrinosphere surface (73, = 1).
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Figure 3.7: Same as Fig. 3.6, but for radial velocity v". The lower velocities of matter in the
equatorial closed zone region, particularly in the first two snapshots, is apparent.
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Figure 3.8: Same as Fig. 3.6, but for specific entropy s. The effect of the enhanced heating
of matter in the equatorial closed zone is apparent.

Figure 3.9: Same as Fig. 3.6, but for Y,.
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Figure 3.10: Same as Fig. 3.6, but for temperature T.
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Figure 3.11: Change in the energy contained within the volume extending from r = 15
km to an outer radius r between t ~ 15 ms and ¢t = 55 ms following the initialization
of the magnetic field for model hi-B. Left: Polar component, averaged azimuthally and
over polar angles § = 0° — 45° and 135° — 180°. Right: Equatorial component, averaged
azimuthally and over polar angles 8 = 45° — 135°. The energies are defined as follows:
kinetic energy Ex = f(W— DpWAfy d3x (blue); thermal energy Ey, = / epWAly d3x (green);
electromagnetic energy Egpy = / n#nyTgf\/aW d3x (black); net integrated neutrino heating
Onet = / f dnetPWAly d3x dt (red). Here, TSK/I is the electromagnetic stress-energy tensor,
n* the 4-velocity of the Eulerian observer, W the Lorentz factor associated with the total
4-velocity, and vy the determinant of the 3-metric. The specific net neutrino heating rate gpet
is integrated over the time interval; all other quantities are evaluated at the final and initial
times, with their difference plotted.
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Figure 3.12: Same as Fig. 3.6, but for total specific energy Eiq, including the effects of
magnetic tension (Eq. 3.6). The energy grows in the equatorial belt due to neutrino heating
of matter trapped in the closed zone, becoming positive by the final snapshots across a greater
region extending to smaller radii approaching the PNS surface. As this high-entropy matter
expands through the seed formation region (outside the cyan contour) it can potentially
generate the conditions necessary for 2nd or 3rd-peak r-process nucleosynthesis.

belt relative to the polar regions, because it takes longer to open the closed magnetic field
lines at lower latitudes (which are initially oriented perpendicular to fluid flow) through
neutrino heating. This is counterbalanced by a greater fraction of the neutrino heating
rate being deposited into thermal energy in the equatorial region (the ratio of the black to
red lines in Fig. 3.5) compared to the polar region, because of the longer residence time of
the matter trapped in the closed portion of the magnetosphere compared to the expansion
time of a continuous outflow. Moreover, the ‘equatorial’ region corresponding to Fig. 3.5 is
defined as the broad angular sector with polar angle 6 = 45° —90°; polar outflowing material
is diverted by field lines to the equatorial angular sector, which contributes to the steady
rise in equatorial Migo.
The trapped zone is further illustrated by Fig. 3.12, which shows the total specific energy
of the fluid,
Etot = =h'u; - 1, (3.6)
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Figure 3.13: Top: Closed-zone ejection timescale te; (Eq. 3.9) computed just after magnetic
field initialization (left) and 30 ms later (right) for model hi-B in a slice through the y =0
plane. Bottom: Snapshots from model hi-B showing (left) the final entropy sproj of the
closed zone material achieved after a time f¢; (Eq. 3.9 from Thompson 2003 applied to the
initial snapshot) in comparison to (right) the actual entropy s from the simulation at ¢ ~ 55
ms after magnetic field initialization. The red contour represents the neutrinosphere surface
(13, = 1). The analytic estimate is roughly consistent with the actual entropy achieved in
the trapped zone of the wind.

where we have now modified the specific enthalpy & to include the effects of magnetic tension

according to

Pr—P
W=l+e+ L 2T (3.7)
0
Here, u, is the O-component of the four-velocity, € is the specific internal energy, and
B2( R,
Ppm=sina— | ——|, 3.8
BT smcx4ﬂ (Rc(r, 9)) (38)

is the effective confining pressure of magnetic tension, where a is the local angle between
the radial direction and the magnetic field line direction and R, is the radius of curvature.
The bound region Eiyx < 0 under this definition extends to 50 km in equatorial regions for
model hi-B, consistent with the geometry of a trapped zone evident in the velocity field as
discussed above (Fig. 3.7).

Since the neutrino properties are not significantly altered by the strong magnetic field, the
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gain region remains almost identical to that in models no-B and lo-B, starting at the PNS
surface and extending out to ~50km. As a result, the trapped zone experiences additional
neutrino heating, increasing the ratio of fluid pressure to magnetic tension pressure (Fig. 3.6).
Unlike for the quasi steady-wind solutions achieved in models no-B and lo-B, the specific
entropy in the trapped magnetosphere, As = f gnet/Tdt, thus rises monotonically with time
(Fig. 3.8).

Eventually, once the trapped zone is heated sufficiently for the fluid pressure to ex-
ceed the magnetic pressure, the field lines should open and the high-entropy matter will be
ejected. The timescale over which this occurs, #ej, can be estimated by (e.g. Thompson 2003;

Thompson and Doula 2018)

tej = PBq’_TTf. (3.9)
The top panel of Fig. 3.13 shows the ejection time #¢; (Eq. 3.9) computed for model hi-B

at two times: just after the magnetic field is initialized (left panel) and at a snapshot taken

~31 ms later (right panel). Initially, #o; peaks in the equatorial belt above the PNS surface

at a value ~ 50ms. By = 31ms the trapped region has shrunk in size, and the maximum

ejection time has dropped to f; = 20 ms, roughly as expected given the amount of time

elapsed. The entropy of the trapped zone material at the time of ejection t = f¢; can be

estimated as (e.g. Thompson 2003)
Sproj ¥ § + tejq.net/Ta (310)

where fejgnet /T is the projected entropy gain at the approximate time of ejection (Eq. 3.9).
The bottom panel of Fig. 3.13 compares this future-projected final entropy sproj at the time
of magnetic field initialization (left panel) to the actual entropy achieved f¢; ~ 55 ms later
(right panel), around when trapped zone material is expected to be ejected. The fact that
the maximum value of the entropy achieved in the equatorial region roughly agrees with the

projected entropy sproj in this region, suggests that complete ejection of the closed zone is
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imminent by the end of our simulation.

Unlike the equatorial region, the polar region is not trapped by the magnetic field; thus
the material there does not experience additional heating and the entropy of the outflow-
ing material is similar to that obtained in the weakly magnetized models 10-B and no-B
(Fig. 3.8). The bottom panel of Fig. 3.5 shows for model hi-B how the entropy in the equa-
torial region at radius ~ 60 km grows in time (solid red line, bottom panel) in comparison to
the roughly constant entropy of 1o-B and no-B (blue and black lines) and for polar outflows
in model hi-B. Given the neutrino luminosities/energies and the strength of the magnetic
field of our simulations, the entropy gain we find agrees with that found by Thompson and
Doula (2018) (see their Fig. 5).

Figure 3.8 shows that the alpha-particle formation surface (cyan contour) passes through
the equatorial trapped zone region. Thompson and ud-Doula (2018) found that neutrino
heating of material in the trapped zone increases the ratio of gas to magnetic pressure until
aminimum B! is reached, after which the closed zone is ejected as a single coherent structure.
In our hi-B model we find that material from the trapped zone already has begun to leak
out by r 2 35 ms. We speculate that the energy released by alpha-particle recombination,
neglected by Thompson and ud-Doula 2018, contributes to unbinding matter from the edge

of the closed zone in our simulation, in addition to neutrino heating.

3.2.3 Implications for r-process nucleosynthesis

Figure 3.14 shows angle- and time-sampled histograms of the outflow properties relevant
to r-process nucleosynthesis as measured through a spherical surface of radius ~ 60 km for
models no-B and 1o-B (left column). We also show results for model hi-B (right column),
in this case broken down separately into polar and equatorial outflows and (since the highly
magnetized case has not reached a steady state) shown in separate time intervals 25 — 35
ms and 45 — 55 ms after activation of the magnetic field, respectively. Some of these time-

averaged wind properties are also summarized in Tab. 3.2.
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Figure 3.14: Histograms of various quantities relevant to r-process nucleosynthesis as mea-
sured through a 60 km spherical shell. The left panel shows the unmagnetized (no-B, black)
and weakly magnetized (lo-B, blue) models, while the strongly magnetized model (hi-B)
is shown on the right, broken down separately into the polar (purple) and equatorial (red)
outflows, respectively (defined over the same angular domains as in Fig. 3.5). For the un-
magnetized models we show results over the full time interval 25-55 ms, because the outflow
is approximately time-stationary, while for the magnetized models we separately bin results
for 25-35ms (thin lines) and 45-55 ms (thick lines). At a given time, quantities are weighted
pointwise on the spherical grid by the local mass outflow, they are binned and normalized
by the total mass outflow through the entire surface over the time interval. We approximate
the outflow expansion time (Eq. 3.4) as texpl@3R/v(R), where v(R) is the total wind speed
measured at the shell. Threshold values for n (Eq. 3.5) required for neutron captures to

reach the 2nd (yellow dashed vertical line) and 3rd (green dotted vertical line) r-process



The Y, distributions for all models are isotropic and nearly identical to one another
(see also Fig. 3.9); this is as expected because the outflow speeds are sufficiently low that
neutrino absorptions have time to bring Y, into equilibrium, and as already mentioned, the
properties of the neutrino radiation are similar between the magnetized and unmagnetized
models (Tab. 3.1). The entropy distributions for the weakly magnetized models 1o-B and
no-B are nearly identical to each other, centered around s ~ 78 with a relatively narrow
spread of As ~ +1 (Tab. 3.2). This is also as expected given the previously noted similarities
between the unmagnetized and weakly magnetized models, for both of which the outflow
reaches an approximate steady-state (Sec. 3.2.1).

In the strongly magnetized model hi-B, the entropy distribution of the polar outflows
overlaps that of the weakly magnetized case, though with a significantly larger spread As =
+3.6. By contrast, the mean entropy of the equatorial hi-B outflows is shifted to a higher
value s = 80, with an even greater spread As ~ +6 in the distribution. Furthermore, the
mean entropy rises significantly in time (compare the 25-35ms vs. 45-55 ms samples in
Fig. 3.14), such that by the end of the simulation values as high as s 2 100 are achieved (see
also Fig. 3.8).

The expansion timescale distribution for models 10-B and no-B are again nearly identical,
centered around ~ 20 ms. For both polar and equatorial ejecta in model hi-B the distribution
extends to larger expansion times than the weakly magnetized cases, due to the significant
trapping effect of the magnetic field. The nearly indistinguishable {Y,, s, fexp} distributions
between models 1o-B and no-B imply that the distribution of  (Eq. 3.5) should also agree;
this is seen in the bottom panel of Fig. 3.14. As already noted (Sec. 3.2.1), both models
remain well below the required threshold 5 for 2nd-peak r-process production.

By contrast, for the strongly magnetized model hi-B, the n distribution of the equatorial
outflows extend to higher values due to the higher entropy (n o s3). Over the course of
the simulation, n increases from a mean value of ~ 4 x 10® to ~ 1 x 10, with the high-n

tail (about 0.4% of equatorial material) achieving values > 4 x 10 necessary for 2nd peak
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r-process production = 45—55 ms after the magnetic field is initialized. We conclude that—all
else being equal (e.g., in terms of their neutrino emission properties)—strongly magnetized
PNS are more promising r-process sources than weakly magnetized PNS.

The outflow entropies for our model hi-B are broadly consistent with those found by
Thompson and ud-Doula (2018) using 2D axisymmetric MHD simulations, for roughly the
same surface magnetic field strength. These authors also found that a small fraction of

010, sufficient for a 2nd or even 3rd peak r-process,

the ejecta reaches large values of n 2> 1
due to the transient ejection of high-entropy matter from the closed zone. Although the
evolution of our hi-B model indeed resembles a single episode of closed-zone inflation and
eruption, our simulations unfortunately cannot be run as long as those by Thompson and
ud-Doula (2018) and Prasanna et al. (2022) due to the higher computational cost of our 3D
GRMHD simulations that aim to marginally resolve the neutrinosphere, versus axisymmetric
2D simulations.

Beyond their computational cost, the duration of our simulations are also limited by
numerical issues: at late times ¢t 2 60 ms, spurious violations of V- B = 0 at refinement level
boundaries of our fixed Cartesian grid hierarchy of concentric boxes at a level of ~1% have
accumulated due to interpolation operations over a total of 2210 ms of evolution and residual
violations introduced by initializing a large-scale dipole magnetic field. At this level, we do
not entirely trust subsequent results and choose not to consider those data in our analyses,
even though the conditions for heavy r-process nucleosynthesis are seen to be improving

with time as higher entropy material expands through the seed formation region. We refer

to Appendix A.1.5 for a more detailed discussion of the issue of V- B = 0 violation.

3.3 Summary and Conclusions

We have performed 3D GRMHD simulations including M0 neutrino transport of mag-

netized PNS winds to explore the impact that magnetar-strength dipole surface magnetic
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fields have on the outflow properties, with a particular focus on the conditions necessary for
a successful r-process via the @-rich freeze-out mechanism in mildly neutron-rich winds. Our

results can be summarized as follows.

e For even the strongest magnetic fields that we consider (Bg = 2.5x10% G; model hi-B),
magnetic forces do not appreciably impact the hydrostatic structure of the wind near
the neutrinosphere radii. As a result, the properties of the neutrino radiation (L,, Ey,
R,) which dictate the equilibrium electron fraction and specific heating rate in the gain

region, are similar between the magnetized and unmagnetized models.

e In the case of a relatively weak magnetic field (Bg =~ 6.1 x 10'* G; Bs < Beyit; model
1o-B) for which g~! = Pg/P; < 1, the dipole field structure is torn open by neutrino-
driven outflows within ~ 10 ms, and the magnetic field takes on a split-monopole
configuration by ~40 ms (Figs. 3.2, 3.4). Outflow properties such as the mass-loss rate
and entropy are approximately spherical and quantitatively similar to those from the

otherwise similar unmagnetized PNS model no-B (e.g., Figs. 3.3, 3.14).

e In stark contrast, the wind structure of the highly magnetized model (Bg =~ 2.5 x 101°
G Bs > Bgit; model hi-B) differs qualitatively from the weakly magnetized cases.
Outflows that emerge along the polar axis of the dipole follow open magnetic field
lines and are broadly similar in their isotropic-equivalent properties to the spherical
unmagnetized and weakly magnetized winds. One exception is the isotropic mass-loss
rate, which is initially suppressed compared to a weakly magnetized wind, because a
significant portion of the energy deposition from neutrino heating goes into opening
polar magnetic field lines rather than lifting matter out of the gravitational potential
of the star (Fig. 3.11). Furthermore, as a result of opening-up field lines, a fraction of
the polar outflows are diverted toward intermediate latitudes in the equatorial region,

which enhances the equatorial isotropic equivalent mass flux.

By contrast, outflowing material in the equatorial regions of the wind are initially

111



trapped by the non-radial magnetic field at lower latitudes (Figs. 3.5, 3.7, 3.13), with
the magnetosphere in this region maintaining a dipole field structure well above the
PNS surface (Fig. 3.2). Neutrino heating raises the thermal pressure of the trapped
fluid in the equatorial region until it obeys Py > Pp (Thompson, 2003; Prasanna et
al., 2022), at which point fluid begins to escape and the closed zone begins to shrink
from the outside inwards. Energy input from a-particle formation appears to aid
the ejection of matter from the equatorial regions, and by the end of the simulation
the isotropic-equivalent mass-loss rate even slightly overshoots that of the otherwise

equivalent unmagnetized wind (Fig. 3.5).

e The weakly magnetized wind model achieves a rough steady-state and does not show
significant entropy growth relative to the unmagnetized model, because matter is not
trapped by the magnetic field (Fig. 3.3, top panel; Fig. 3.5, bottom panel). By con-
trast, plasma trapped in the strongly magnetized model causes the mean entropy of
the trapped and eventually outflowing material from the equatorial region to rise, its
standard deviation grows concurrently (Fig. 3.14, second row, right panel), over the
course of ~ 50 — 60 ms. The mean expansion time of the equatorial outflows through
the seed formation region is also moderately larger compared to the weakly magnetized

cases because of the suppressed outflow speed.

e For the strongly magnetized model, the heating profile and magnetic field strength
in the trapped equatorial belt imply an ejection timescale of the trapped plasma of
~ 50 ms, following the analytic estimates of Thompson and Doula (2018) (Fig. 3.13);
although we do not see a discrete ejection event, a continuous slow but accelerating
“peeling” of the trapped zone is observed to occur on this timescale. The projected
entropy gain (Thompson, 2003) broadly agrees with the rise in entropy we observe in

the simulation.

e The r-process figure-of-merit parameter n for unmagnetized and weakly magnetized
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models are similar (< 10%), remaining well below the required threshold (x 4 x 10%) to
produce 2nd peak r-process elements (Fig. 3.14). By contrast in the strongly magne-
tized model, due to the monotonic rise in the mean entropy of the equatorial outflows
(particularly a “tail” of matter extending to high entropy s = 100), sufficiently high
n may be achieved for a small subset (= 0.4%) of equatorial material, within ~50 ms
of magnetic field initialization. Following this trend to later times than the duration
of our simulation, we conclude that a moderate fraction of the time-averaged wind
material could well attain values of 1 that surpass the 2nd and potentially also 3rd
r-process peaks. Though due to numerical limitations we cannot follow the multiple
cycles of trapped-zone inflation and mass ejection seen by Thompson and ud-Doula
(2018) and Prasanna et al. (2022), our results are in broad agreement with the findings

of these authors.

Paper I demonstrated that rapid rotation in unmagnetized PNS winds tends to reduce the
entropy of neutrino-driven outflows, while in the present paper we have shown that a strong
magnetic field tends to increase the wind entropy. Although some aspects of the phenomena
we have studied will be “additive” (i.e., neutrino-heating driven ejections from a rotating mag-
netosphere), qualitatively new features of the wind properties, such as magneto-centrifugal
acceleration, are expected to emerge through the combined impact of rapid rotation and
strong magnetic fields (e.g., Thompson, Chang, and Quataert 2004; Metzger, Thompson,
and Quataert 2007; Vlasov et al. 2017; Prasanna et al. 2022; Combi and Siegel 2023; Raives,
Coleman, and Thompson 2023; Prasanna et al. 2023). Rotating proto-magnetar winds will

be the focus of future work.
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Chapter 4: Imprints of r-process heating on fall-back accretion:
distinguishing black hole-neutron star from double neutron star

mergers

This work has published and may be found here.

Short-duration gamma ray bursts (SGRBs) are commonly believed to be powered by
rapid accretion onto a rapidly-spinning black hole, following the coalescence of a compact
binary system (e.g. Narayan, Paczynski, and Piran 1992). The latter may be comprised
either of two neutron stars (NS-NS) or a neutron star and a stellar-mass black hole (NS-
BH). The recent discovery of an SGRB (LIGO+17Fermi) coincident with the gravitational
wave event GW170817 (Abbott et al., 2017b), as well as non-thermal emission from the off-
axis afterglow of a relativistic jet (e.g. Hallinan, Corsi, et al. 2017; Alexander et al. 2017;
Margutti et al. 2017; Troja, Piro, van Eerten, et al. 2017; Haggard et al. 2017), provided
compelling evidence that at least some SGRBs arise from NS-NS mergers (Blinnikov et al.,
1984; Paczynski, 1986; Goodman, 1986; Eichler et al., 1989). Although no NS-BH binaries
are currently known, they are theoretically predicted to exist and may also give rise to SGRB
emission in cases where the merger results in the creation of an accretion disk (e.g. Rosswog
2005; Kyutoku et al. 2011; Foucart et al. 2013; Foucart et al. 2014; Foucart et al. 2016;
Paschalidis, Ruiz, and Shapiro 2015; Bhattacharya, Kumar, and Smoot 2018). This latter
condition requires that the BH be of sufficiently low mass and/or rapidly spinning in the
prograde direction with respect to the binary orbit, such that the NS will be tidally disrupted
before falling into the BH horizon (e.g. Foucart 2012).

At least ~ 20% of SGRBs are followed by temporally-extended X-ray emission, which

lasts ~ 10 — 1000 s or longer after the initial prompt gamma-ray burst (Norris and Bonnell
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2006; Gehrels et al. 2006; Perley et al. 2009; Norris, Gehrels, and Scargle 2010; Minaev,
Pozanenko, and Loznikov 2010; Kaneko et al. 2015; Kisaka, Ioka, and Sakamoto 2017; Burns
et al. 2018); Fig. 4.1 shows the light curves in two clear cases. This “extended emission” is
too luminous and time variable to be synchrotron afterglow emission generated as the GRB
jet interacts with the interstellar medium. Instead, it likely results from ongoing activity
(e.g. prompt energy release in the form of a relativistic jet) from the central compact object
remnant left by the merger (however, see Eichler, Guetta, and Manis 2009; Eichler 2017 for
an alternative interpretation).

Several models have been proposed for the engine behind the extended emission. These
include the electromagnetic spin-down of a long-lived millisecond magnetar generated from
a NS-NS merger (e.g. Metzger, Thompson, and Quataert 2008; Bucciantini et al. 2012;
Rowlinson et al. 2013; Gao et al. 2013; Gompertz, O’Brien, and Wynn 2014; Gibson et al.
2017). While this model remains in contention, the lack of late-time radio detections of
short GRBs is beginning to place constraints on the amount of rotational energy released
from such magnetar remnants (Metzger and Bower, 2014; Horesh et al., 2016; Fong et al.,
2016). A stable magnetar is also disfavored in GW170817 by the relatively weak afterglow
(Margutti et al., 2018; Pooley et al., 2018) and the red colors of the late kilonova emission
indicative of black hole formation (Metzger and Fernandez, 2014); however, no extended
prompt emission was observed in this event (LIGO+17Fermi).

Another possibility is that the extended emission is powered by late-time accretion ("fall-
back") onto the black hole of tidal matter which is marginally bound to the system after the
merger event (Rosswog, 2007). However, a glaring issue with this model are the observed
evolution of the extended emission light curves. The rate of mass fall-back after the merger,
which is generally taken as a proxy for engine activity, is usually predicted to follow an

17513 starting from very early times < 0.1 s after the merger.

uninterrupted power law, M «
This result follows from a distribution of ejecta mass with energy, dM/dE o« E® that is

relatively flat (¢ ~ 0) around E = 0 (Rees 1988). Fig. 4.1 shows that a single power-law
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decay is incompatible with observed extended emission light curves, which generally show
a lull and delay until peak of a few to tens of seconds after the initial gamma-ray burst.
Explanations proposed for this behavior include a transition in the jet launching mechanism
from neutrino-driven to MHD-powered (Barkov and Pozanenko, 2011), or differences in the
rate of accretion of mass versus magnetic flux (Tchekhovskoy and Giannios, 2015; Kisaka and
loka, 2015), as the latter controls the jet power in the Blanford-Znajek process (however,
Parfrey, Giannios, and Beloborodov 2015 argue that a jet may be produced even in the
absence of net magnetic flux).

Studies of fall-back accretion in neutron star mergers also generally neglect a robust
physical process: the dynamical influence of radioactive heating by heavy nuclei synthesized
by rapid neutron captures (r-process) in the decompressing material (Metzger et al., 2010a).
This same heating within the unbound debris is responsible for powering the "kilonova"
emission (Li and Paczyniski, 1998; Metzger et al., 2010b) days to weeks after the merger,
as was observed following GW170817 (e.g. Coulter et al. 2017; Soares-Santos et al. 2017;
Cowperthwaite et al. 2017; Drout et al. 2017). However, at earlier times, less than a few
seconds following mass ejection from the merger, the r-process heating rate is orders of
magnitude higher. Energy released by the r-process does not qualitatively alter the dynamics
of the bulk of the unbound ejecta (Rosswog et al., 2014). However, it can increase the quantity
of ejecta and critically shape the dynamics of the marginally bound ejecta responsible for fall-
back accretion, particularly on the second to minute timescales of relevance to the observed
extended emission (Metzger et al., 2010a).

Depending on the electron fraction of the ejecta, Y, ~ 0.02 — 0.3, the r-process releases
a total energy of Qot ~ 1 —3 MeV per nucleon, mostly through beta-decays, at an approx-
imately constant rate over a characteristic heating timescale f1e,¢t ~ 1 s following ejection
(see Fig. 4.2). Then, at times 7 > tpeqt (€.g. relevant to the kilonova), the heating rate ap-
proaches an asymptotic power-law decay ¢ oc t~13 (Metzger et al., 2010b). A nucleon (mass

my) which is marginally gravitationally bound to the black hole of mass M, on an orbit of
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energy per nucleon |Eot| = GMm,/2a and semi-major axis a (under the approximation of
Newtonian gravity), returns to the hole and circularizes into the accretion disk on a timescale
given by its orbital period,

3 \1/2 -3/2

a |Etot| M
tory = 27 [ —|  ~1.6 4.1
orb ”(GM) S(lMeV) (5M@) (4.1)

This expression reveals several important facts. First, the total energy available from the
r-process, Qiot, exceeds the binding energy of orbits with fall-back times comparable to
observed extended emission after SGRBs (2 10 s; Fig. 4.1); including the effects of r-process
heating is thus crucial to determining the late-time fall-back rate (Metzger et al., 2010a).
Also of interest is the apparent coincidence that the fall-back time of matter with energy
|Etot] ~ QOtot is comparable to the timescale fpeat ~ 1 8 over which the bulk of the heating
occurs. This means that different parts of the debris could receive different amounts of the
total available heating, depending on their fall-back time. Metzger et al. (2010a) show that
this can imprint a more complex mass fall-back evolution than the standard o 1%/ decay,
instead generating either temporal gaps of several seconds or sharp cut-offs in the fall-back
rate after a certain time, depending on the ratio of 7o, (|Etot| = Qtot) and fpeat-

In this paper we apply the model of Metzger et al. (2010a) in order to estimate the
effects of r-process heating on the energy distribution of the merger ejecta and its resulting
mass fall-back rate, using for the first time initial conditions for the debris properties taken
directly from a numerical relativity simulation of a NS-BH merger (Foucart et al., 2016). We
also explore what effects the Y,-dependent nuclear heating rate has, given a realistic spread
in the debris properties, on the predicted range of fall-back behavior. In § 4.1 we describe
the problem setup, our treatment of the nuclear heating, and the numerical technique. In
§ 4.2, we present our results for the mass fall-back rate. Finally, in § 4.3 we map our findings
onto mergers leaving BHs of different mass scales to demonstrate how NS-NS and NS-BH

mergers might in principle be distinguished based on the properties of their late-time X-ray
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Figure 4.1: Swift BAT X-ray light curves of two SGRBs, GRB080503 (Perley et al., 2009) and
GRB 060614 (Gehrels et al., 2006), which show their temporally-extended prompt emission.
Both cases show remarkably similar light curves, which peak on a timescale ~ 30 s after the
prompt SGRB spike of duration < 2 s (gray region; not shown at the chosen time binning).
The lull in emission from ¢ ~ 2 — 30 s contrasts with the naive expectation that the X-ray
luminosity track the oc 753 mass fall-back accretion (shown for comparison with a pink
line).

light curves.

4.1 Model

4.1.1 Numerical Simulation Data

We use 3D position/velocity data taken from the grid points of the NS-BH merger sim-
ulation “M5-S7-160" performed by Foucart et al. (2016) using the numerical code SpEC!
(Kidder et al., 2000). This simulation implemented the DD2 Equation of State (Hempel
et al., 2012) for a 1.4 Mg NS, and included a neutrino leakage scheme, as implemented in
Deaton et al. (2013). The initial mass of the BH is M; ~ 5 M. This is a precessing system,
with a dimensionless spin of y = 0.7 on the BH, prograde but misaligned by 60° with respect

to the orbital angular momentum. The final mass of the BH after the merger is M = 6.11 M.

!The Spectral Einstein Code: http://www.black-holes.org/SpEC.html
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Figure 4.2: Top: Nuclear heating rate of the unbound debris as a function of time since
ejection (blue lines), calculated for ~250 separate fluid elements from the NS-BH merger
simulation M7 S8 (Foucart et al., 2014) using the SkyNet nuclear reaction network (Lip-
puner et al., 2017). We have reduced the heating rate from the rate of nuclear energy by
a fraction (1 — f,) = 0.55 to account for fraction of the B—decay energy carried away by
neutrinos (eq. 4.3). A black line shows the step-function approximation employed in our
fall-back model (eq. 4.4), where in this example Qi = 3 MeV and ty,6,¢ = 1 s. Bottom:
Total heating rate Qiot for the same fluid elements as a function of their electron fraction

Y,. Shown for comparison is the analytic estimate from equation (4.3), for fixed values of
the parameters A/Z = 2.4, f, = 0.45, (%)S = 8.7 MeV nuc~! and (%)r =8 MeV nuc!.
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Figure 4.3: Mass-weighted distribution of the tidal tail ejecta, extracted from the NS-BH
merger simulation data at ¢t = 15 ms post-merger, in the space of initial energy, Eio, and
electron fraction, Y,. A dashed line at Eio; = 0 separates the debris which is initially bound
versus unbound to the black hole. Fluid elements above the solid blue line could be unbound
due to r-process heating along if the ejecta receives the total available heating, Q¢ot ~ 3 MeV
(Fig. 4.2, bottom panel).

We extract data on the ejecta tidal tail at a time ¢ =15 ms after merger. These are
then used as initial conditions in post-processing analysis, in which we evolve the fluid
elements further as non-interacting Lagrangian particles. Because initial energies, positions
and velocities used in our analysis were derived from a general relativistic simulation, they
are inconsistent with the Newtonian expression for total energy. We therefore rescale the
initial velocities from the simulations (Vgr) to their Newtonian equivalent according to

YGR
Varl

VN = [vn|, where

= Eiot, (4.2)

and Eyot = —mp(u, + 1) is an estimate of the specific binding energy (per nucleon) of the test
particle, assuming geodesic motion in a time-independent spacetime, and r is the distance
from the BH.

Fig. 4.3 shows the distribution of initial ejecta properties as a function of Ei, and elec-
tron fraction Y,, weighted by mass. Most of the debris is neutron-rich, with an electron

fraction Y, < 0.05. A dashed line separates ejecta which is initially gravitationally bound

~Y
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(Etot = 0) from unbound material (Eiot < 0). Of the total mass 0.116 M of the tidal ejecta,
approximately 1.23 x 1072M, is unbound. Even if they are initially bound to the black hole,
fluid elements above the solid blue line could in principle gain sufficient heating from the
r-process (Fig. 4.2, bottom panel) during their orbit to become unbound. As we discuss
later, depending on the timescale over which the r-process heating is released, matter near
this line can also remain bound but fall back to the black hole at a later time than had it

experienced zero heating.

4.1.2 R-Process Heating

We include the effects of r-process heating on the trajectories of the fall-back debris in
a post-processing step, similar to the model employed by Metzger et al. (2010a). The total
nuclear energy released as neutrons are captured onto seed nuclei during the r-process is

approximately given by the difference between the initial and final nuclear binding energies,

B

Qtot = (1 - fv) [(g) - Xs (Z) - XnAn] ) (43)

minus the fraction f, of energy lost to neutrino emission (f, ~ 1/2 at early times of interest).
Here X, = AY,/Z is the mass fraction of seed nuclei of average atomic mass number A and
charge Z; (%)S = 8.7 MeV nuc™! and (%)r = 8 MeV nuc™! are the average binding energies
of seed and final r-process nuclei, respectively; X, = 1 — X, is the neutron mass fraction; and
A, = (my, — mp)c2 = 1.293 MeV is the neutron-proton mass difference. For typical values
Y, ~ 0.05 (Fig. 4.3), A ~ 90, Z = 38, f, = 0.45, we find Qto; ~ 3 MeV, consistent with the
results of SkyNet nuclear reaction calculations (bottom panel of Fig. 4.2).

As shown in the top panel Fig. 4.2, the r-process heating in freely-expanding unbound
debris is approximately constant for a timescale of fjcat ~ 1 s, when most of the total energy

is released, before rapidly entering a power-law decline. We approximate this behavior by a
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function of the simple form,

) Otot/theats if 1 < theat andv, > 0
q= (4.4)
0, if > theatorv, <0,

where v, is the radial velocity of the fluid element and the values of Qiot ~ 3 MeV and
fheat ~ 1 s are parameters which we allow to vary modestly about these fiducial values.

The r-process heating, as described by equation (4.4), is assumed to terminate if and
once matter starts to return to the black hole (v, < 0), for reasons we now discuss. Although
the heating rate evolution shown in Fig. 4.2 was calculated for unbound debris, this behavior
is a good approximation also for bound debris during its initial outwards motion. However,
the heating is abruptly suppressed once matter reaches apocenter and begins to return to
the black hole (Metzger et al., 2010a). As matter undergoes re-compression, its temperature
rises adiabatically and the r-process path (which is determined at fixed Z by the equilibrium
between neutron capture (n,7y) and photodissociation (y,n) processes) is driven closer to
the stable valley, where the B—decay timescales, and thus neutron consumption and energy
release timescale, becomes much longer. Metzger et al. (2010a) show that to good approx-
imation the heating rate effectively shuts off once v, < 0, motivating us to neglect heating

entirely during re-compression.

4.1.3 Numerical Model

At early times after the merger, the ejecta is dense and highly opaque to photons, such
that all of the r-process heating (other than that which escapes as neutrinos) goes into
internal thermal energy. The fluid element orbits of interest possess high eccentricities e,

where

r r | Etot
l-e=-2%~0.03|2 . 4.5
‘T (5rg) (BMeV) (4:5)
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bound orbit

Figure 4.4: Schematic illustration of the tidal ejecta from NS-BH or NS-NS mergers, com-
paring the fluid element trajectories with (dashed lines) and without (solid lines) the effects
of r-process heating. The orbital streams are highly elliptical, such that pressure gradients
VP point almost radially outwards and energy released from the r-process is transferred
quickly (on the expansion timescale) into ejecta kinetic energy. The trajectories of tightly
bound (Eio < 0) or strongly unbound (Egy > 0) matter are not greatly altered. How-
ever, marginally bound material with E., 2 —Qtot and orbital periods comparable to the
timescale of the r-process experiences preferential heating relative to more tightly bound
debris. This opens a gap in the orbital energy distribution and a temporal gap or late-time
cut-off in the mass fall-back rate.
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Figure 4.5: Top Panel: Mass fall-back rate, M, as a function of time, tg,, after the NS-BH
merger, calculated for different assumptions regarding the total r-process heating experienced
Oiot and its characteristic duration te,;. Each case is labeled according to the general
behavior of the light curve, i.e. whether heating introduces a temporal gap, or a complete
cut-off, in the late-time fall-back rate. Bottom Panel: Distribution of the debris mass with
energy, dM /dE, comparing the initial distribution after the dynamical phase of the merger
to that imprinted by r-process heating, shown for the same models and color schemes used
in the top panel. r-process heating opens a gap in the energy distribution, which in turn
results in either a temporal gap or a complete cut-off in the fall-back rate, depending on
whether the energy gap overlaps with Eo = 0.
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Figure 4.6: Regimes of the impact of r-process heating on fall-back accretion in the space
of the total nuclear released energy, Qtot, and the timescale of the heating, feat- The value
of Qtot (left vertical axis) is mapped onto the initial electron fraction Y, (right vertical axis)
using eq. (4.3) as shown in the bottom panel of Fig. 4.2. A 2D colored histogram shows the
mass distribution of the ejecta in (Q+ot, theat ), calculated by mapping the ejecta properties of
our simulation for a NS-BH merger (M =~ 6M) into the r-process heating trajectories from
SkyNet calculations (Fig. 4.2). Symbols show the results of our parameter study in which we
assume a BH mass M ~ 6My and that all fluid elements experienced heating characterized
by fixed values of Qo and feat according to eq. 4.4 (see Fig. 4.5 for a few examples). Crosses
denote cases which result in a complete cutoff in the fall-back rate after a given time, while
circles show cases in which a temporal gap is opened in the fall-back curve (the duration of
the gap is denoted both by the radius and color of the circle using the legend given on the

right). Lines represent the critical condition (n = n. ~ 0.95; eq. 4.8) giving rise to a long

(~ 30 s) gap for different values of the mass of the central black hole as marked, ranging

from M =~ 2.5M relevant to NS-NS mergers to M ~ 6 — 20M, relevant to NS-BH mergers.

While the tidal ejecta from NS-NS mergers l'ga%'n the cut-off regime (5 > 1) for neutron-rich
ejecta ¥, < 0.2, the

< NS-BH merger case resides close to the gap regime (5 ~ ne ~ 0.95).



Here we have normalized the pericenter radius of the debris, r,, to the gravitational radius
of the BH, ro = GM/ c2. Temperature and density gradients in the ejecta are thus directed
nearly radially outwards, such that the r-process energy will be transferred through PdV
work into ejecta kinetic energy on the local expansion timescale. Fig. 4.4 shows a schematic
illustration of the influence of r-process heating on the trajectories of different fluid elements.

Following explicitly the effects of r-process heating on the debris dynamics would require
a three-dimensional hydrodynamical simulation across a large dynamical range in radius.
However, given the highly supersonic expansion velocities of the ejecta, such a treatment is
not necessary, as the main effect of the heating is a local slow acceleration of the ejecta along
the local pressure gradient radial direction and thus the adiabatic conversion of the injected
thermal energy to kinetic energy. Starting with fluid element velocities rescaled from the
simulation data (eq. 4.2), we directly increase the kinetic energy of the ith element according

to

d (1 )
= (ﬁmnvgl) = q;, (4.6)

where ¢; follows equation (4.4). For each fluid element, we follow its 3D trajectory until
either it reaches periapse, which we define as the fall-back time tg,, or once the simulation
terminates. We then record tg, for all bound material and use the total mass in different

bins of tg, to calculate the fall-back accretion rate.

4.2 Results for Mass Fall-Back

The top panel of Figure 4.5 shows examples of the fall-back accretion rate as a function
of time after the merger. In this initial analysis, for each model we assume that all fluid
elements experience r-process heating rate (according to eq. 4.4) characterized by the same
total amount Qo and characteristic duration, fre,t. The bottom panel of the figure shows
the final energy distribution of the ejecta mass for the same models as compared to the initial

energy distribution.
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When r-process heating is neglected (Qtot = 0), the roughly flat energy distribution
dM |dE =~ constant around Eio = 0, as imparted by the dynamical phase of the merger, is
unaltered and the fall-back rate follows the canonical prediction of an uninterrupted M o
175/3 decay. By contrast, including the effects of r-process heating for values of Qo ~ 1 — 3
MeV and tyeat ~ 1 s drastically changes the energy distribution around Eio¢ ~ 0 and results
in a more complex fall-back history. In particular, there are two possible outcomes in shape
of the fall-back curve: either an absolute cut-off after some time (e.g. as in the Qo = 2
MeV, theat = 2 s case), or a cut-off followed by re-emergence of fall-back, i.e. a "gap" (e.g.
as in the Qo = 1.5 MeV and fpeat = 1.5 s case). As we now discuss, these qualitatively
different behaviors can be understood by comparing the timescale over which the ejecta is
heated to its orbital timescale (eq. 4.1; see also Metzger et al. 2010a).

First consider the existence of a critical orbital period #y1, ¢, which corresponds to matter
bound to the BH by an energy equal to the energy =~ (Qtot/theat)forb it receives from the
r-process over the orbital period ty1, (when to1, < fheat). Using equation (4.1) for oy, this

gives

Qtot )_3/5 ( M )2/5 (theat)3/5 , (47)

forbc ~ 0.62
orbe i (3MeV 5Mo 1s

Ejecta which starts on an orbit of period ty,1, > foh always receives the full r-process
heating before reaching apocenter (at which point the matter starts to re-compress and
heating shuts off for reasons discussed earlier), while matter which starts very tightly bound
(forb < forh,c) may receive only a fraction foph/theat Of the total heating (if fheat 2 forb.c)-
Crucially, however, if fheat 2 forb.c €ven matter with an initial 74,4, which is slightly less
than to1, . can also receive the full heating because, as the energy of a fluid element increases,
its orbital period also grows, giving it more time to receive the full allotment of nuclear energy
(in other words, the final value of #,, diverges in a runaway process due to the r-process
heating). This preferential heating opens a gap in the energy distribution of the debris,
which can result in an absolute cut-off in the accretion rate, or a temporal gap, depending

on the location of the gap.
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Whether such behavior is possible depends on whether the r-process heating indeed acts

uniformly over the orbit, i.e. on a critical ratio:

_ Theat ~ 1.6 M 2/ Qtot 315 (theat)2/5 (4 8)
~forbe  \PMg 3MeV 1s '

If theat < forbe (7 > 1), then the heating is applied in a short burst uniformly to all fluid
elements and there is no runaway (preferential heating) of fluid elements as discussed above.
In this case no significant energy gap is opened; Mg, shows a slight dip around the time at
which fo1, ~ fheat ~ 1 8, but otherwise experiences no significant interruption of fall-back
activity and M still approaches a power-law o r75/3 decay at later times.

If theat 2 forbe (7 2 1) then an energy gap is opened in the debris. If fpeat > forbe
(n > 1), then only the most marginally-bound matter will receive enough heat to unbind
before arriving at apocenter and the energy gap extends to E > 0. This case produces an
absolute cut-off in dM /d|E| (and hence My,) for |Etot| < Ec, where E. is the energy of orbits
of period toh, = torb.c-

In intermediate cases for which tpeat ~ forbe (7 ~ 1), a large gap is opened in the energy
distribution of the debris, but now material with initial orbital periods toh S forbc remains
marginally bound despite the extra energy it receives, thus opening up a large temporal
gap in Mp, (see Fig. 4.4 for an illustration). Specifically, we find that a critical value of
n =ne = 0.95 is needed to generate a long cutoff of ~ 30 s, similar to the observed lulls
in the SGRB extended emission light curves (Fig. 4.1). As we discuss later, the black hole
mass-dependence of 77, may have implications for distinct fall-back behavior in NS-BH versus
NS-NS mergers.

Fig. 4.6 shows the results of a broader study of the outcomes of fall-back across the
parameter space of r-process heating parameters 1 < Qiot < 4 MeV and 0 < fleat < 3 .
Crosses denote runs resulting in cut-off behavior, while circles denote cases with gaps (with

the duration of gap indicated by the size of the circle and its color, based on the key given
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on the right of the diagram). To highlight the relevant region of parameter space we overlay
with a colored histogram the mass-weighted distribution of (Qyot, fheat ), Obtained by mapping
the ejecta properties from our NS-BH simulation data into the parameters extracted from
the SkyNet heating trajectories based on their Y, values (Fig. 4.2), where we define tpe,t as
the time at which the heating rate curve first decreases below half of its maximum value. We
also overlay with lines the condition n = 5. (eq. 4.8) for different assumptions about the BH
masses, ranging from low values M ~ 2.5M relevant to the remnants of NS-NS mergers to
higher values M ~ 6 —20M, appropriate to NS-BH mergers. This location of the crosses and
circles relative to the n = . line for the BH mass M ~ 6 M, corresponding to our simulation

verifies the validity of this criterion as that responsible for separating cut-off from gaps in

fall-back behavior.

4.2.1 Y,-dependent spread in fluid element heating

Our calculations shown in Fig. 4.5 were performed under the assumption that all fluid
elements experienced heating characterized by single values of Qo and fpear. While reason-
able as a first-order approximation (Fig. 4.2), in detail these parameters will vary between
fluid elements as a result of a finite spread in their initial electron fraction Y, and precise
thermodynamic conditions (e.g. entropy and expansion rate, which affect the properties of
the seed nuclei). It is thus important to address whether the different fall-back outcomes
discussed above, particularly the presence of long temporal gaps in accretion, are preserved
in the face of such realistic heating variations.

In order to explore the impact of a physical heating spread on our results, we vary the
value of Qo between fluid elements based on their Y, value (as taken from the simulation
data) using equation (4.3; see also Fig. 4.2, bottom panel). The other free parameters in the
equation (e.g. A/Z) are chosen to match the mean values of Qo and fpeat to the comparison

cases in which these values are fixed for all fluid elements (e.g., as in the cases shown in

Fig. 4.5)
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Figure 4.7: Top: Two models from Figure 4.5 showing temporal gaps in the fall-back rate,
but now calculated using a realistic spread in the r-process heating experienced by different
fluid elements due to variations in their Y, values (eq. 4.3) (see also Fig. 4.2, bottom panel).
The mean values for Qyq, around which the spread is centered, are shown in the figure. The
previous model with a large temporal gap in the fall-back rate (fheat = 1.75 s; blue) now
shows a complete cut-off, while the case with a shorter gap (fpeat = 1.5 8; red) has been
smoothed out to a lull in accretion. Bottom: Mass fall-back evolution calculated using
r-process heating curves taken directly from the output of SkyNet simulations (Fig. 4.2)
mapped into our NS-BH simulation data based on their Y, values. We see a gap behavior
because the ejecta properties lie close to the critical line n = 5 line for the M = 6 Mg black
hole (red solid line in Fig. 4.6), but again the gap is partially filled-in due to the spread in
heating properties.
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Figure 4.7 shows the effect of Y,-dependent heating on M(tg,) compared to the two
previous models from Figure 4.5 which showed gaps in the fall-back rate. The case with an
initially long gap of 2 30 s was transformed into a complete cut-off by the heating spread.
However, in the case with a shorter gap of ~ 20 s the effect of the finite heating spread is to
smooth out, but not eliminate, the gap in mass fall-back, in other words turning the "gap"
into a "lull". Our initial conclusion that r-process heating can lead to at least partial gaps
in the fall-back when the critical condition n ~ 1, is satisfied (where now 5 is defined using
the mass averaged values of Qo and feat) thus appears to be robust.

Our calculations thus far have employed a step-function heating profile as given by eq. 4.4.
To explore the sensitivity of our conclusions to this assumption, we perform an identical
calculation where we directly using the direct heating curves from SkyNet (Fig. 4.2, top
panel), which have been mapped onto the ejecta from our simulation data according to their
closest Y, value (e.g. 4.3). We still assume that heating for a given fluid element goes to
zero when re-compressing (v, < 0). The results of this simulation, as shown in the bottom
panel of Fig 4.7, is fall-back with a gap of about 10 seconds. This is because the heating
parameters for our fiducial simulation of a NS merging with a ¥ 6Mg BH overlaps with the

gap condition n ~ 1. (red solid line in Fig. 4.6).

4.3 Implications for Extended Emission in SGRBs

As described in §4.2, the condition n = n. ~ 0.95 separates two distinct regions in the
space of Qtot — fheat sShown in Fig. 4.6: the lower left corner (n < 7.), where fall-back has a
gap or is uninterrupted, and the upper right (n > n.), where fall-back exhibits a complete
cutoff.

The heating properties of the ejecta from our NS-BH simulation, which left a black hole

131



0.200 [—=;
0.175

0.150 SGRB
with EE

SGRB

without EE

R

K
0.100 n

0.125

NS-NS
Il
B

0.075

BH-NS

2 4 6 10 12 14

8
Mass of the BH [Mo)]

Figure 4.8: The critical condition = . (eq. 4.8) in the space of BH mass M and ejecta
electron fraction Y,, which separates a temporal gap, versus a cut-off, in the rate of fall-back
accretion. The value of 77 is calculated by mapping Qo to Y, using equation 4.3 for different
values of tyeqt as extracted from the results of our SkyNet calculations for the nuclear heating
rate. As long as the ejecta is sufficiently neutron-rich (¥, < 0.2), the low-mass black hole
remnants of NS-NS mergers are predicted to experience a cut-off in the fall-back rate, while
the more massive BHs from NS-BH mergers should experience a gap or lull in fall-back,
consistent with the extended emission observed after a fraction of SGRBs (Fig. 4.1).

of mass M ~ 6M,, lies in the gap region close to the solid red line. We have confirmed this
behavior by calculating the fall-back rate directly using SkyNet heating trajectories (Fig. 4.7,
bottom panel). However, because n o« M —2/5 (eq. 4.8), otherwise similar ejecta from a merger
that resulted in central black hole of lower or greater mass would instead result in n > 7,
or n < 1., respectively, and thus would exhibit qualitatively different fall-back behavior.
Figure 4.8 shows the condition = 1., now in the space of black hole mass M and electron
fraction Y,, where we have used the relationship Qyt(Y,) from eq. (4.3) (see bottom panel
of Fig. 4.2).

If the X-ray luminosity of the extended prompt emission following a short GRB is pro-
portional to the mass fall-back rate, Lx o« M, then this reasoning would suggest that NS-NS
mergers (M ~ 2.5My) with similar ejecta properties would lie in the regime n > n. and
thus should generate little or no late-time fall-back and hence would not be accompanied by

luminous extended X-ray emission. By contrast, NS-BH mergers, given their more massive
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BHs 2 5Mg, lie in the regime n ~ n. or n < 1 and thus could produce fall-back with tem-
poral gaps extending up to tens of seconds, in agreement with those short GRBs showing
extended emission (Fig. 4.1).

One caveat is that, while these conclusions hold for highly neutron-rich ejecta (¥, <
0.2), as characterizes the equatorial tidal tails in NS-NS and NS-BH mergers, it would
not necessarily apply to the most polar-concentrated shock-heated dynamical ejecta, which
experiences stronger weak interactions. At least in the case of NS-NS mergers, this has been
shown to give rise to a wider range of Y, (Wanajo et al., 2014; Goriely et al., 2015; Sekiguchi
et al., 2016), potentially extending to values ¥, 2 0.2 that would place even NS-NS mergers
into the n ~ n. regime and result in some fall-back. However, because in many cases the
quantity of high Y, matter is likely to be much less than the total, the amount of fall-back
from this component would be significantly smaller and the presence of a cut-off in the
fall-back rate might be preserved.

Our results suggest the possibility that the two apparent classes of SGRBs—those with
and those without extended emission—may be associated with NS-BH and NS-NS mergers,
respectively. Such a dichotomy of origin was previously suggested on the completely different
basis of the observed distribution of spatial offsets of short GRBs from their host galaxies
(Troja et al., 2008); however, the statistical significance of this difference was subsequently
challenged (Fong and Berger, 2013).

Is such a model consistent with current event rate constraints? A fraction fgg = 0.2 —
0.4 of SGRBs are accompanied by extended emission (Norris and Bonnell 2006). For our
progenitor dichotomy scenario to hold, the ratio of the volumetric rate of NS-BH mergers to
that NS-NS mergers must be at least as high as frg/fscrp, where we have assumed that
all NS-NS mergers are accompanied by a SGRB but only a fraction fsgrp < 1 of NS-BH
mergers do the same (as the latter requires rapid BH spin in the prograde direction relative
to the orbit for the NS to be tidally disrupted outside the BH horizon).

From the O1-O3 LIGO observing runs, the inferred volumetric rate is ~ 10 — 1700 Gpc™3
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yr~! for BNS mergers and ~ 8 — 140 Gpc™3 yr~! for BHNS mergers (Abbott et al., 2023).
The ratio of these rates is thus only weakly constrained at present, such that as long as a

moderate fraction of NS-BH mergers produce GRBs,

Rr
fsarB 2 fRE (—NSNS) 2 0.02 (—fEE) , (4.9)
RNSBH 0.3

one cannot yet rule out the possibility that NS-BH mergers are sufficiently common to
account for the population of SGRBs with extended emission (fgg 2 0.2 — 0.4). Thus far
only two NS-NS mergers and two NS-BH mergers have been discovered; as such, the statistics
of the current sample are obviously very small. If all extended emission is attributed to fall-
back accretion in NS-BH mergers, then our model implies that the steady-state discovery
rate of of NS-BH mergers will be significantly higher than that of NS-NS mergers (and that

a sizable fraction of the BHs in these systems are spinning in the prograde orbital direction).

4.4 Conclusions

Despite the recent discovery of a short burst of gamma-rays in association with the grav-
itational waves from a NS-NS merger, the origin of the temporally-extended X-ray emission
which is observed following a significant fraction of short GRBs remains a mystery. Late-
time activity from the black hole accretion disk powered by fall-back of marginally bound
debris, as would naively be expected in both NS-NS and NS-BH mergers, has been proposed
as a source of this behavior (e.g. Rosswog 2007). Following Metzger et al. (2010a), we have
employed a simple model to explore the impact of B—decay heating due to r-process nucle-
osynthesis on the time-dependence of the mass fall-back rate, using initial data on the ejecta
fluid elements (Fig. 4.3), and the properties of the r-process heating received (Fig. 4.2),
extracted directly from NS-BH merger simulations.

We confirm that this r-process heating significantly alters the fall-back rate from the

canonical M o t~°/3 behavior, generating instead either an abrupt cut-off, or temporal gap,
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in the fall-back rate on a timescale of ~ 10 — 100 s (Fig. 4.5, 4.6). This behavior is robust to
the presence of a realistic spread in the heating properties of the fluid elements imparted by a
realistic range in the electron fraction and thermodynamic history (Fig. 4.7). Whether a cut-
off or gap behavior is obtained depends on the value of a critical dimensionless parameter n
(eq. 4.8). The dependence of n on black hole mass suggests a possible distinction between cut-
off behavior in NS-NS mergers (low black hole mass) and delayed fall-back in NS-BH mergers
(high black hole mass), as illustrated in Fig. 4.8. The presence or absence, respectively, of
extended emission thus provides a possible way to distinguish NS-BH from NS-NS mergers.

Our model could be improved or extended along several fronts in future work. In addition
to the BH mass, the critical parameter n depends on the total energy Qi,¢ and heating
timescale fe5t Of the r-process. These properties are related to the Q values and fS—decay
rates of neutron-rich isotopes whose masses and other properties have yet to be measured by
laboratory experiments (e.g. Horowitz et al. 2018 and references therein). A more thorough
parameter study of the range of fj0at and Qiot, €.g. assuming different theoretical models for
the nuclear masses, would provide an additional check on the robustness of our conclusions.

More ambitiously, multidimensional hydrodynamical simulations of the fall-back process,
accounting for the effects of r-process heating, are needed for a more robust assessment
of the gap or cut-off formation process. Our treatment of directly placing the r-process
thermal energy into debris kinetic energy neglects the transfer of thermal energy between
adjacent fluid elements, though the highly-supersonic and nearly radial motion of the debris
should mitigate these effects (Fig. 4.4). Models that do not self-consistently include the
back-reaction of the thermodynamics of the fluid elements on the r-process path (Rosswog
et al. 2014) may be inadequate, because once matter starts to recompress and adiabatically
heat, the rate of B—decay heating will be substantially suppressed as the r-process path
moves back towards the stable valley due to the higher temperatures (Metzger et al., 2010a).
This complex "feed-back" process may ultimately necessitate coupling at least a simplified

r-process network (e.g., a one-zone model such as that of Lattimer et al. 1977) directly into
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the hydrodynamical simulations.
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Conclusion

Summary of key results

The results of this thesis can be summarized as follows:

e We explore the effects of rapid rotation on the properties of neutrino-heated winds
from proto-neutron stars (PNS) formed in core-collapse supernovae or neutron-star
mergers by means of three-dimensional general-relativistic hydrodynamical
simulations with MO neutrino transport. We focus on conditions characteristic of a
few seconds into the PNS cooling evolution when the neutrino luminosities obey
Ly, + Ly, ~ 7x10°! erg s71, and over which most of the wind mass-loss will occur.
After an initial transient phase, all of our models reach approximately steady-state
outflow solutions with positive energies and sonic surfaces captured on the
computational grid. Our non-rotating and slower-rotating models (angular velocity
relative to Keplerian Q/Qg < 0.4; spin period P 2 2 ms) generate approximately
spherically symmetric outflows with properties in good agreement with previous PNS
wind studies. By contrast, our most rapidly spinning PNS solutions (/Qxk 2 0.75;
P ~ 1 ms) generate outflows focused in the rotational equatorial plane with much
higher mass-loss rates (by over an order of magnitude), lower velocities, lower
entropy, and lower asymptotic electron fractions, than otherwise similar non-rotating
wind solutions. Although such rapidly spinning PNS are likely rare in nature, their
atypical nucleosynthetic composition and outsized mass yields could render them

important contributors of light neutron-rich nuclei compared to more common slowly
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rotating PNS birth. Our calculations pave the way to including the combined effects
of rotation and a dynamically-important large-scale magnetic field on the wind

properties within a 3D GRMHD framework.

Formed in the aftermath of a core-collapse supernova or neutron star merger, a hot
proto-neutron star (PNS) launches an outflow driven by neutrino heating lasting for
up to tens of seconds. Though such winds are considered potential sites for the
nucleosynthesis of heavy elements via the rapid neutron capture process (r-process),
previous work has shown that unmagnetized PNS winds fail to achieve the necessary
combination of high entropy and/or short dynamical timescale in the seed nucleus
formation region. We present three-dimensional general-relativistic
magnetohydrodynamical (GRMHD) simulations of PNS winds which include the
effects of a dynamically strong (B > 10'®> G) dipole magnetic field. After initializing
the magnetic field, the wind quickly develops a helmet-streamer configuration,
characterized by outflows along open polar magnetic field lines and a “closed” zone of
trapped plasma at lower latitudes. Neutrino heating within the closed zone causes
the thermal pressure of the trapped material to rise in time compared to the polar
outflow regions, ultimately leading to the expulsion of this matter from the closed
zone on a timescale of ~60 ms, consistent with the predictions of Thompson (2003).
The high entropies of these transient ejecta are still growing at the end of our
simulations and are sufficient to enable a successful 2nd-peak r-process in at least a

modest 2 1% of the equatorial wind ejecta.

Mergers of compact binaries containing two neutron stars (NS-NS), or a neutron star
and a stellar-mass black hole (NS-BH), are likely progenitors of short-duration
gamma ray bursts (SGRBs). A fraction 2 20% of SGRBs are followed by
temporally-extended (2 minute-long), variable X-ray emission, attributed to ongoing

activity of the central engine. One source of late-time engine activity is fall-back
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accretion of bound tidal ejecta; however, observed extended emission light curves do
not track the naively-anticipated, uninterrupted =°/3 power-law decay, instead
showing a lull or gap in emission typically lasting tens of seconds after the burst.
Here, we re-examine the impact of heating due to rapid neutron capture (r-process)
nucleosynthesis on the rate of the fall-back accretion, using ejecta properties extracted
from numerical relativity simulations of NS-BH mergers. Depending on the electron
fraction of the ejecta and the mass of the remnant black hole, r-process heating can
imprint a range of fall-back behavior, ranging from temporal lulls of up to tens of
seconds to complete late-time cut-off in the accretion rate. This behavior is robust to
realistic variations in the nuclear heating experienced by different parts of the ejecta.
Central black holes with masses < 3M, typically experience absolute cut-offs in the
fall-back rate, while more massive 2 6 — 8 M black holes instead show temporal gaps.
We thus propose that SGRBs showing extended X-ray emission arise from NS-BH,
rather than NS-NS, mergers. Our model implies a NS-BH merger detection rate by

LIGO which, in steady-state, is comparable to or greater than that of NS-NS mergers.

Future directions: rotation + magnetic fields

Given the findings of this dissertation that separately rapid rotation and magnetic
fields can have important effects on the conditions in PNS winds and their ability to
synthesize r-process elements, a natural next step is to perform simulations of PNS winds
under the combined effects of rotation and magnetic fields. Thompson, Chang, and
Quataert (2004) performed analytic estimates of the effects of magnetic fields and rotation
on neutrino-driven winds, with a focus on whether such winds could provide central
engines for powering gamma-ray bursts. Metzger, Thompson, and Quataert (2007)
performed 1D MHD simulations of such winds (along open magnetic field lines in the
equatorial plane), exploring the parameter space of neutrino luminosities, magnetic field
strengths, and PNS rotation rates. 2D Special relativistic MHD simulations by Bucciantini

et al. (2009) have shown close agreement with results from (Metzger, Thompson, and
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Quataert, 2007) and explored the interaction of the wind with the surrounding envelope of
the exploding star; however, they did not include the effects of neutrino heating explicitly
(rather, they specified an inner boundary temperature consistent with that expected in the
gain region), and did not study the prospects for nucleosynthesis in the wind. By using
physically realistic and more self-consistent conditions (tabulated nuclear equation of state,
strong magnetic fields, neutrino absorption/emission), we are in a position to
self-consistently address the viability of the r—process. Prasanna et al. (2022, 2023)
perform ~seconds-long 2D magnetar wind simulations, varying rotation period, mass
outflow rate and PNS radius in order to study effects on dynamics and magnetar spin
down. Our simulations with more realistic gravity (GR versus Newtonian) and neutrino
transport would complement these results.

Rapidly rotating magnetars may form in the aftermath of energetic supernovae (Usov,
1992b; Wang et al., 2001; Thompson, Chang, and Quataert, 2004) or neutron star mergers
(Metzger, Thompson, and Quataert, 2018). In the model developed by the latter, Metzger,
Thompson, and Quataert (2018) inferred that the high mass/high-velocity blue component
of kilonova AT2017gfo can be explained by a rapidly rotating magnetar driving a
relativistic wind. NS mergers are often accompanied by disks; using disk models from
(Siegel and Metzger, 2018a) we can thus investigate the interaction between wind and disk

in our simulations.
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Appendix A: Appendix

A.1 Numerical Tests

This Appendix presents a number of tests we have performed on the simulation results,
which justify simplifications made in the grid setup and assumptions regarding the micro-

physics we have included.

A.1.1 Spatial Resolution

Figure A.1 shows the vertical scale-height of the magnetic field strength B and neutrino
optical depth 7y, as a function of radius for the strongly magnetized model hi-B. We resolve
the magnetic field by at least 10 grid points throughout the entire simulation domain. The
same conclusion holds for model 1o-B.

Although we only marginally resolve the neutrinosphere with ~ 1 grid point per scale
height at radii where 77, ~ 1, the main effect of this deficiency is on the properties (luminosity,
mean energy) of the escaping neutrino flux (Paper I). Although the asymptotic electron
fraction of the wind is very sensitive to these properties, the main focus of this study is on
the effects of a strong magnetic field for an otherwise fixed neutrino radiation field (and the
neutrino properties do not depend strongly on the magnetic field; see Tab. ??). Furthermore,
at larger radii, specifically in the gain region where net neutrino heating launches the wind,
we do sufficiently resolve the optical depth scale height. For the purposes of this study, the
resolution of our simulations is therefore sufficient to capture magnetic field effects and bulk

wind dynamics.
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Figure A.1: Vertical scale-height as a function of radius of the magnetic field B (black)
and neutrino optical depth 7y, (blue) for model hi-B, normalized by the grid step size Ax.
The radial profiles correspond to the slice through the magnetic dipole axis (y = 0 plane),
averaged over polar angle between 6§ = 0° and 6 = 45°, and time-averaged over the first 4 ms
after the magnetic field is initialized. Discontinuities at 15km and 30 km reflect refinement
level boundaries.
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Figure A.2: Comparison of wind properties with and without imposing reflection symmetry
across the equatorial plane. Shown are wind cross-sections in the plane of the magnetic
dipole axis for specific entropy (left panel) and magnetic-to-fluid pressure ratio (right panel)
time-averaged over the interval t ~ 30 — 35 ms after the B-field is initialized. For each panel:
the simulation is run across the full 8 € [0,7] domain (left; model no-sym-B); reflection
symmetry across the z = 0 plane is employed (right; model sym-B).
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A.1.2 Hemisphere Symmetry Assumption

We perform two otherwise identical simulations, with and without imposing reflection
symmetry across the equatorial (z = 0) plane, to check that the results of the half-hemisphere
simulations presented in this paper are independent of the use of this assumption (no-sym-B
and sym-B, Tab. ??). The two simulations use the same refinement level box sizes as those
of our fiducial models, but with the resolution of the smallest refinement level being 450 m
rather than 150 m, for reasons of computational expense associated with the full-domain
simulations. The set-up of the two models is similar to the fiducial magnetized models:
after reaching roughly steady-state wind properties with zero magnetic field, we initialize
the dipole magnetic field of strength By ~ 2.2 x 10'® G and further evolve the models for
~ 40 ms.

Broadly, the temporal evolution of the two simulations are qualitatively similar to those
of the hi-B model (Bg = 2.5 X 10%° G): a thin reconnection layer with low magnetic-to-
fluid pressure ratio 8~! forms in the equatorial plane, and high 87! in the polar region
due to magnetic field lines being torn open and approaching a split monopole-like solution
in that region. The half and full-domain simulations are even more similar to each other.
Figure A.2 shows a snapshot comparing the magnetic-to-fluid pressure ratio roughly 35
ms after the magnetic field has been initialized. Although the low B~! equatorial current
sheet /reconnection layer becomes slightly warped in the full-domain simulation (perhaps
due to reconnection related-instabilities), the reconnection layer appears nearly symmetric
and similar to the half-domain simulation when time-averaged over a 20 ms interval. We
conclude that while our half-domain simulation may miss some features of the dynamics near
the equatorial plane, the time-averaged wind properties will not be greatly effected by this

simplification.
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Figure A.3: Strength of the poloidal (left) and toroidal (right) magnetic field components for
model hi-B approximately 55 ms after initialization of the magnetic field. The red contour
indicates the location of the neutrinosphere.
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A.1.3 Toroidal Field

Absent any large-scale non-radial motions (due, e.g., to rotation), or the presence of
other non-axisymmetric instabilities such as convection, we should expect the strength of
the toroidal component of the magnetic field, Bt, to remain highly subdominant compared
to the poloidal field, Bp. We check this expectation in Fig. A.3 by showing Br and Bp from
a snapshot of our hi-B model at 60 ms. The ratio Bt/Bp achieves a maximum value 107!
inside the PNS, but has typical values < 1072 outside the neutrinosphere everywhere else
on the grid. As expected, the toroidal field should thus have no appreciable impact on the

wind dynamics in the case of a non-rotating PNS.

A.1.4 Landau Level Effects

Strong magnetic fields modify neutrino absorption and emission rates as well as the EOS
via quantization of electron and positron energy levels resulting from the quantization into
Landau levels of e* motion transverse to the magnetic field (Lai and Qian, 1998; Duan and
Qian, 2004, 2005). Such modifications become irrelevant for temperatures T 2 Tg or p > pg,

where Tp is a critical temperature

mec” ( [28 41 1) for
3o t1l— P = pPB
Ty =4 " \\VPa (A1)

%(1 +x2)71/2 for p > pp
and pp is a critical density
-1 3/2
Y, B
=223x 10" (=% (== -3, A2
pB (0.1) (1015 G) & (A.2)

defined as the density below which only the ground Landau level is populated by elec-
trons (Harding and Lai, 2006; Haensel, Potekhin, and Yakovlev, 2007). Here, m, is the
electron mass, ¢ is the speed of light, w. = eB/(m.c) is the cyclotron frequency, xrp =

(h/mec)(3n%Y,p/my)'/3 is the normalized relativistic Fermi momentum, m, the atomic mass
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Figure A.4: Cross-section of the y = 0 magnetic dipole axis plane for the 1o-B (left) and hi-B
run (right) ~55 ms after the magnetic field is initialized, showing the ratio of temperature
T (top) and density p (bottom) to their respective critical values T and pp below which
quantizing effects of the magnetic field on the EOS and weak interactions are expected
(Egs. A.1 and A.2). Since T/Tp > 1 everywhere, electrons and positrons populate many
Landau levels, even in the regime where p < pg. The magnetic winds are thus in the non-
quantizing regime, justifying our negligence of magnetic-field effects onto the EOS and weak
interactions. The red contour indicates the 73, = 1 neutrinosphere surface.

unit, and Bg = 4.414 X 1013 G is the critical QED magnetic field strength (obtained by
equating the cyclotron energy of an electron to m,c?). If either the density or temperature
is larger than their respective critical values, the e* distributions extend over many Landau
levels and the magnetic field does not have a quantizing effect. Figure A.4 shows the ratios
T /T and p/pp of our magnetized runs once a stationary PNS wind has emerged. Since
T > Tp everywhere, the magnetic field is non-quantizing, even in the polar regions where
o < pp, justifying our assumptions regarding the impact of magnetic fields on the EOS and

weak interactions.

A.1.5 Divergence-free Constraint Violations

The magnetic field in our simulations is evolved using the FluxCT method (T6th, 2000)
to maintain the solenoidal constraint V - B = 0 during evolution. While interior to re-

finement level boundaries this constrained transport algorithm preserves V - B to machine
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precision, spurious violations are introduced over time at refinement level boundaries due
to interpolation during prolongation and restriction operations, which do not preserve V- B
to machine precision. Although we use additional overlap zones at refinement boundaries
to minimize the impact of spurious violations on the evolution of the system, significant
violations in ghost zones may impact the solution quantitatively beyond a certain timescale,
which depends on the exact grid setup and the physical system. In the current case, spurious
violations introduced during the first ~ 150 ms of ‘pre-evolution’ to establish a stationary,
essentially non-magnetized wind (cf. Sec. ?7), as well as violations introduced during mag-
netic field initialization and subsequent strongly magnetized evolution give rise to spurious
accumulation of errors at refinement boundaries to the ~ 1% level by 2 60ms after the
large-scale dipole magnetic field is initialized. Figure A.5 illustrates the spurious growth of
V - B at refinement boundaries as a function of time after initialization of the dipole field.
At =~ 64 ms and onward, we consider the accumulated errors at refinement level boundaries
in the wind zone (~60km) prohibitive to fully trusting results from subsequent evolution
and thus choose not to include subsequent simulation data into our analyses. In order to
prevent effects of spurious V - B violations on the closed zone material while maintaining the
resolution requirements at the neutrinosphere (Appendix A.1.1) would require increasing the
innermost box to ~ 100km. The associated increase in computational cost by a factor of

~(100/15)3 ~ 300 would render these simulations computationally infeasible.
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Figure A.5: Equatorial plane (z = 0) cross-section at 3 snapshots in time (~ 31 ms, 55
ms, 64 ms after dipole magnetic field initialization) for models 1o-B (shown in the x < 0
domain) and hi-B (shown in the x > 0 domain). The color represents the relative level of
V - B violations, where Ax is the grid spacing, and B is the overall strength of the magnetic
field. While the constraint transport scheme maintains V - B to machine precision interior
to refinement level boundaries, spurious violations are introduced at refinement boundaries
due to interpolation operations.

188



	Acknowledgments
	Dedication
	Introduction
	The need for an alternate nucleosynthetic process
	Challenges to understanding the origin of the r-process

	Nuclear physics of the r-process
	Mechanism of the r-process 
	Requirements for a high ratio of neutrons to seed nuclei
	Computing nuclear abundance yields given astrophysical conditions
	Experimental developments in r-process studies

	Observational constraints on the r-process sites
	Evidence for universality of the r-process
	Evidence for rare, high-yield r-process sources
	Evidence for a prompt r-process site disfavors compact object mergers
	Evidence of multiple sites for LEPP elements

	Candidate astrophysical sites of the r-process
	Neutron star mergers
	Core-Collapse Supernovae
	The neutrino-driven wind
	This Dissertation: Rapid Rotation and Strong Magnetic Fields


	Neutrino-Driven Winds from Rotating Protoneutron Stars
	Methodology
	Numerical Evolution Code
	Neutron Star Models and Initial Conditions
	Conditions for r-process nucleosynthesis

	Results
	Non-Rotating PNS Wind
	Rapidly Rotating PNS Winds

	Summary and Conclusions

	Neutrino-Driven Winds from Magnetized Protoneutron Stars
	Methodology
	Numerical Evolution Code, PNS Initial Data & Grid Setup
	Addition of a Dipole Magnetic Field

	Results
	Weakly Magnetized Model
	Strongly Magnetized Model
	Implications for r-process nucleosynthesis

	Summary and Conclusions

	Imprints of r-process heating on fall-back accretion: distinguishing black hole-neutron star from double neutron star mergers
	Model
	Numerical Simulation Data
	R-Process Heating
	Numerical Model

	Results for Mass Fall-Back
	Ye-dependent spread in fluid element heating

	Implications for Extended Emission in SGRBs
	Conclusions

	Conclusion or Epilogue
	References
	Appendix
	Numerical Tests
	Spatial Resolution
	Hemisphere Symmetry Assumption
	Toroidal Field
	Landau Level Effects
	Divergence-free Constraint Violations



