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ABSTRACT

We model a compact black hole-accretion disk system in the collapsar scenario with full transport,
frequency dependent, general relativistic radiation magnetohydrodynamics. We examine whether or
not winds from a collapsar disk can undergo rapid neutron capture (r-process) nucleosynthesis and
significantly contribute to solar r-process abundances. We find the inclusion of accurate transport has
significant effects on outflows, raising the electron fraction above Y, ~ 0.3 and preventing third peak
r-process material from being synthesized. We compare our model to semi-analytic expectations and
argue that accurate neutrino transport and realistic initial and boundary conditions are required to

capture the dynamics and nucleosynthetic outcome of a collapsar.

1. INTRODUCTION

When a massive rapidly rotating star collapses, it may
fail to explode and cut off accretion before the proto-
neutron star collapses and forms a black hole. In this
scenario, stellar material eventually circularizes and ac-
cretes onto the central black hole. Woosley (1993) coined
this a “failed” supernova, with “failed” in quotes, since
an accretion-driven jet may indeed cause an explosion.
MacFadyen and Woosley (1999) coined this the collap-
sar scenario, and this system a collapsar. These events
are commonly invoked as the sources of long gamma
ray bursts (GRBs), and observational evidence is con-
sistent with this hypothesis (Woosley and Bloom 2006;
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Ghirlanda et al. 2009; Hjorth and Bloom 2012).

The dynamics of stellar collapse and the formation
of a GRB engine has thus been studied extensively, see
Woosley (1993); MacFadyen and Woosley (1999); Mac-
Fadyen et al. (2001); Proga et al. (2003); Heger et al.
(2003); Mizuno et al. (2004); Fujimoto et al. (2006); Na-
gataki et al. (2007); Rockefeller et al. (2006); Uzden-
sky and MacFadyen (2007); Morsony et al. (2007); Buc-
ciantini et al. (2008); Lazzati et al. (2008); Kumar et al.
(2008); Nagakura et al. (2011); Taylor et al. (2011); Ott
et al. (2011); Lindner et al. (2012); Lépez-Camara et al.
(2013); Batta and Lee (2014) and references therein. Re-
cently, attention has been devoted to the related case
where a rapidly rotating star collapses to a protoneutron
star and black hole formation is either delayed or does
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Fi1G. 1.— Density p (left) and electron fraction Y (right) at
t=05x103GMpp/c3, or = 74 ms. Contours are for p = 102, 1010
g/cm? and Y. = 0.2,0.3 respectively. Both quantities are averaged
over azimuthal angle ¢.

not happen at all (Thompson et al. 2004; Metzger et al.
2008; Winteler et al. 2012; Mosta et al. 2014, 2018; Halevi
and Mosta 2018).

MacFadyen and Woosley (1999) realized that the dy-
namics of collapsar disks are similar to other neutron-
rich compact accretion flows such as those formed by a
binary neutron star merger. This implies that collapsar
disks may be a proposed site of rapid neutron capture or
r-process nucleosynthesis, the mechanism by which the
heaviest elements in our universe are formed (Blinnikov
et al. 1984; Lattimer and Schramm 1976; Lattimer et al.
1977). Nucleosynthesis in rapidly rotating core collapse—
with and without black hole formation—has been ex-
plored by several groups (Popham et al. 1999; Di Matteo
et al. 2002; Surman and McLaughlin 2004; McLaughlin
and Surman 2005; Surman et al. 2006; Thompson et al.
2004; Rockefeller et al. 2008; Metzger et al. 2008; Win-
teler et al. 2012; Mosta et al. 2014, 2018; Halevi and
Mosta 2018).

For r-process elements to be synthesized, the central
engine must produce outflows with low electron fraction
Y,. A robust r-process typically requires Y, < 0.25. Early
semi-analytic work found that collapsar outflows are in-
sufficiently neutron-rich (Popham et al. 1999; Di Matteo
et al. 2002; Surman and McLaughlin 2004; McLaughlin
and Surman 2005; Surman et al. 2006). In the magne-
tar case, where no black hole formation occurs, three-
dimensional simulations show it is difficult to eject a suf-
ficient amount of low Y. material (Mosta et al. 2014,
2018; Halevi and Mosta 2018).

One proposed mechanism for producing massive,
neutron-rich outflows is that material may be entrained
in a low-density relativistic jet (Fujimoto et al. 2007;
Ono et al. 2012; Nakamura et al. 2015; Soker and Gilkis
2017; Hayakawa and Maeda 2018). One promising as-
pect of this approach is that material entrained in the
jet may have high entropy, which means that it may un-
dergo rapid neutron capture even with higher Y,. Most
of these works assume axisymmetry, which means they
do not properly account for the non-axisymmetric kink
instability (Mosta et al. 2014) and suffer from the anti-
dynamo theorem (Cowling 1933; Cowling 1957). Another
issue is that if a jet is loaded with too much material, it
cannot reach large Lorentz factors, meaning there is a
tension between producing a robust jet and producing a

sufficient amount of r-process material. It remains to be
seen whether this mechanism holds up for realistic three-
dimensional models and whether or not it can provide a
meaningful contribution to abundances of r-process ele-
ments in the universe.

Recently Siegel et al. (2019) argued that collapsar fall-
back and subsequent accretion onto the central black hole
can be approximately modeled by a magnetohydrody-
namically driven accretion disk. They performed a suite
of three-dimensional magnetohydrodynamic simulations,
each corresponding to a different accretion rate, and thus
a different phase of the core-collapse fallback. They find
that the outflow from their simulation with the highest
accretion rate is neutron-rich and they use this result to
argue that collapsars are a primary source of r-process
elements in the universe. In addition to the nucleosyn-
thetic implications, Siegel et al. (2019) make an observ-
able prediction about long GRBs. Assuming a long GRB
is driven by a collapsar, the radioactive decay of r-process
elements from the outflow implies an infra-red excess in
the afterglow of such an event.

Siegel et al. (2019) modeled neutrino radiation with a
leakage scheme (Liebendorfer 2005; O’Connor and Ott
2010). However, neutrino transport can have significant
effects on the electron fraction and nucleosynthesis in
compact accretion flows (Miller et al. 2019a). We there-
fore wish to see how improved transport effects the col-
lapsar scenario. We model the highest accretion rate and
thus densest, highest temperature, lowest electron frac-
tion and most nucleosynthetically optimistic disk from
Siegel et al. (2019) with full frequency dependent gen-
eral relativistic neutrino radiation magnetohydrodynam-
ics. We then perform r-process nucleosynthesis calcula-
tions on the resulting outflow in post-processing.

We find that neutrino transport has significant effects
on the disk outflow. In particular, although rapid neu-
tron capture occurs, Y, is not low enough in the outflow
to produce third-peak r-process material. We also use
our model to explore the hypothesis that a compact ac-
cretion disk is a sufficiently descriptive surrogate for a
full collapsar. Although we are unable to make strong
claims on the validity of using a single disk as a proxy
for a collapsar, we argue that models with better initial
and boundary conditions will continue to lack 3rd-peak
r-process elements. However, further work is required to
more deeply understand the system as a whole.

In section 2, we describe the physical system we simu-
late. In section 3, we describe our numerical method and
discuss resolution requirements. In section 4, we present
results from our simulation, including steady-state disk
properties, outflow statistics, and nucleosynthetic yield.
In section 5, we examine systematic effects in our simu-
lation. We discuss the importance of full neutrino trans-
port and neutrino absorption in achieving our steady-
state disk and outflow properties and we comment on
the influence of the initial and boundary conditions and
discuss the prospect of outflow material escaping the star.
Finally, in section 6, we summarize our results and dis-
cuss some implications of our work.

2. THE MODEL

We solve the equations of general relativistic ideal mag-
netohydrodynamics (MHD)
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where the energy-momentum tensor 7%, is assumed to be

1
T+ = (po +u+ P+ b*) ufu, + <P+2b2) Sl —bb
(5)

for metric g, rest energy po fluid four-velocity u*, inter-
nal energy density u, pressure P, and Christoffel connec-
tion I'g, . (Here and in the remainder of the text, unless
otherwise specified, we set G = c=1.)

Equation (1) represents conservation of baryon num-
ber. Equation (2) represents conservation of energy-
momentum, subject to the radiation four-force G,,. Equa-
tion (3) describes the evolution of magnetic fields, where

comprise the magnetic field components of the Maxwell
tensor F),, and b* is the magnetic field four-vector

CFHY = b — b, (7)

Equation (4) describes the conservation of lepton num-
ber. Gy is a source term describing the rate at which
lepton density is transferred between the fluid and the
radiation field.

We close our system with the SFHo equation of state,
described in Steiner et al. (2013) and tabulated in
O’Connor and Ott (2010), which relates the pressure P
and specific internal energy ¢ to the density p, tempera-
ture T', and electron fraction Y,:

P=P(p,T,Yc) (8)
e=e(p, T,Ye). 9)

We evolve p and Y, but not 7" or P. So at a given time,
we find T by inverting equation (9) before plugging it
into equation (8) to find P.

We approximate our neutrinos as massless such that
they obey the standard radiative transfer equation
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where D/d) is the derivative along a neutrino trajectory

in phase space, I s is the intensity of the neutrino field
of flavor f € {ve, Ue, vy },

Xef = Qef +0¢ (11)

is the extinction coefficient that combines absorption co-
efficient a s and scattering extinction o for scattering

interaction a and

Ne.f = Je.f + 0 sUe.f) (12)

is the emissivity combining fluid emissivity j. ; and emis-
sion due to scattering from 7 ;. Here h is Planck’s con-
stant, € is the energy of a neutrino with wavevector k*
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as measured by an observer traveling along a timelike
Killing vector n*.

Neutrinos can interact with matter via emission, ab-
sorption, or scattering. The latter does not change elec-
tron fraction Y., while the former two do. For emission
and absorption, we use the charged and neutral current
interactions as tabulated in Skinner et al. (2019) and
summarized in Burrows et al. (2006). Our scattering is
implemented as described in Miller et al. (2019b).

3. METHODS

We simulate a disk of accretion rate M ~ 107! M /s in
a stationary Kerr black hole spacetime (Kerr 1963) for a
black hole of mass Mpy = 3Mg and dimensionless spin
a = 0.8, corresponding to the most nucleosynthetically
optimistic (and highest M) case presented in Siegel et al.
(2019). To form the accretion disk, we begin with a torus
in hydrostatic equilibrium (Fishbone and Moncrief 1976)
of constant specific angular momentum, constant entropy
of s = 8k /baryon, constant electron fraction Y, = 0.5,
and total mass of My = 0.02M. These conditions im-
ply our torus has an inner radius of 5.5 GMpg/c* and a
radius of peak pressure of 12.525 GMpg/c*. Our torus
starts with a single poloidal magnetic field loop with a
minimum ratio of gas to magnetic pressure 8 of 100.
As the system evolves, the magneto-rotational instability
(MRI, Balbus and Hawley 1991) self-consistently drives
the disk to a turbulent state, which provides the turbu-
lent viscosity necessary for the disk to accrete (Shakura
and Sunyaev 1973).

We use our code vbhlight (Miller et al. 2019b), based
on bhlight (Ryan et al. 2015), which uses operator
splitting to couple GRMHD via finite volume methods
with constrained transport (Gammie et al. 2003) to neu-
trino transport via Monte Carlo methods (Dolence et al.
2009). We use a radially logarithmic, quasi-spherical grid
in horizon penetrating coordinates, as first presented in
Gammie et al. (2003) with N, x Ng x Ny = 192 x 168 x 66

grid points with approximately 3x 107 Monte Carlo pack-
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F1a. 2.— Paths of a selection of tracer particles in 3d. We split the
tracers into those with Ye < 0.35 (left) and those with Y. > 0.35
(right). Broadly, tracers with lower electron fraction spend more
time near the polar axis, while tracers with higher electron fraction
spend less time. Colors highlight different traces to guide the eye.
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ets. Although our code is Eulerian, we track Lagrangian
fluid packets with approximately 1.5 x 10° “tracer par-
ticles,” of which approximately 5 x 10° become gravita-
tionally unbound. Following Bovard and Rezzolla (2017),
our tracer particles are initialized within the disk so that
they uniformly sample disk material by volume. For more
information on our code implementation and verifica-
tion, see Miller et al. (2019b). For a first application
of vbhlight in the context of neutron star mergers, see
Miller et al. (2019a).

We run our simulation for approximately
10*GMpg/c®, or 148 ms, which allows us to ob-
serve the disk in a quasistationary turbulent state. In
the collapsar paradigm, the disk is fed by circularized
fallback from the progenitor star as it undergoes gravita-
tional collapse. The initial phase of our simulation, where
we relax an equilibrium torus, comprises an unphysical
transient, and we wish to ignore material driven off the
disk in this transient phase. We therefore neglect outflow
which reaches a surface of r = 250GMpy/c® within
the first half of the simulation, ¢t < 5 x 103GMpg/c>.
Note that this corresponds to material ejected from the
disk at much earlier times. We experimented with the
amount of time we neglect and found that it does not
significantly change the results presented below.

An accurate magnetohydrodynamic model of turbulent
viscosity requires capturing the MRI (Balbus and Hawley
1991). Following Sano et al. (2004), we define a quality
factor

27b(%)
Az vw + 520’
for the MRI to be the number of grid points per minimum
unstable MRI wavelength inside the disk. Here b(?) is the
6-component of the magnetic field four-vector, Az(?) is
grid spacing in the 6 direction, w is the enthalpy of the
fluid, € is the angular velocity of the flow, and b* = b*b,,
is total magnetic field strength. To resolve the MRI, one

needs at least ten grid points per smallest unstable MRI
wavelength (Hawley et al. 2013). Our measurements of

QY. = (13)

our disk satisfy this requirement, with Qfgr)i > 10 within
the disk for all times.

Our simulation is not only magnetohydrodynamic, but
radiation magnetohydrodynamic. Therefore, it is impor-
tant also to ensure we are using a sufficient number of
Monte Carlo packets to capture the relevant interactions
between the gas and radiation field. Following Miller
et al. (2019a), we define the Monte Carlo quality factor

. (ONu
Qraq = min <W?> ; (14)
minimized over the simulation domain. N is the number
of emitted Monte Carlo packets, u is gas internal energy
density by volume, and J is the total frequency and angle
integrated neutrino emissivity. QQ;aq roughly encodes how
well resolved the radiation field is, with Q,.q = 10 a
marginal value. In our simulation, we find Qyaq = 100
for all time.

4. RESULTS
4.1. Steady-State Structure

Figure 1 shows the density p and electron fraction Y,
in the disk after the transient cutoff of 5 x 103G Mpg /c?,
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Fi1G. 3.— Electron fraction Ye in outflow (top) vs angle and (bot-
tom) binned by mass. The electron fraction is universally large,
higher than Y. > 0.25. Y is lower for more polar outflow. The
spike in Y. & 0.5 is from viscous spreading at the back of the disk,
which never drops from its initial Ye to low electron fraction.
which is about 74 ms. The densities closest to the black
hole are as large as 10'° g/cm3. In the mid-plane, the
disk attains low electron fraction, with Y, ~ 0.15, simi-
lar to that in the neutron star merger disk case (Miller
et al. 2019a). However, at higher latitudes, the electron
fraction in the disk is higher.

4.2. Outflow

Figure 2 shows the paths of a selection of gravita-
tionally unbound Lagrangian tracer particles.! We split
the tracers into those with Y, < 0.35 and those with
Y. > 0.35. Qualitatively, we find that tracers with lower
electron fraction tend to spend more time close to the po-
lar axis. About 1 in 100 tracers have near-vertical trajec-
tories, implying they may be entrained in the jet or that
they are interacting with the funnel wall. The prospect
of nucleosynthetic material entrained in the jet has been
explored in a number of works and is potentially con-
sistent with our results. See Fujimoto et al. (2007); Ono
et al. (2012); Nakamura et al. (2015); Soker and Gilkis

I Here we define “gravitationally unbound” as reaching an ex-
traction radius of 250 GMpg /c? with a positive Bernoulli param-
eter. More distant choices of extraction radius do not change the
results presented here.



(2017); Hayakawa and Maeda (2018) for some examples.

The electron fraction in the outflow is bounded from
below by Y, 2 0.25. The polar outflow has lower electron
fraction than the mid-plane outflow, as shown in figure
3. This is in contrast to the neutron star merger case,
where the polar outflow had higher electron fraction than
the mid-plane (Miller et al. 2019a). This may or may be
related to the different initial conditions—in Miller et al.
(2019a), the initial torus had Y, = 0.1.

As the disk accretes, magnetically-driven turbulence
transports mass in the mid-plane radially inward and an-
gular momentum radially outward. Some material must
carry this angular momentum to infinity. The outflow
driven by momentum conservation and turbulent viscos-
ity is sometimes referred to as the viscous spreading of
the disk. In the neutron star merger case, this viscous
spreading is physically meaningful; the disk is not fed,
but rather develops from material close to the black hole
left over from the merger event. In contrast, in the jet-
driven supernova case, the disk is fed by fallback material
from the stellar envelope. For completeness, we record
this material and count it in our analysis. However, it is
not clear that mid-planar outflow will escape the star or
that it is physically meaningful.

Although the electron fraction is above Y, ~ 0.25,
which is the approximate threshold for robust r-process
nucleosynthesis, entropy can play a role in the nucleosyn-
thetic yields as well. In particular, high entropy material
may undergo robust r-process even in a less neutron-
rich environment. For example, material with entropy
of s = 100k, /baryon and Y., = 0.35 may undergo a ro-
bust r-process. High-velocity, shocked material entrained
in the jet might become high entropy. Magnetic recon-
nection in the jet may also drive up entropy. Therefore,
we investigate the velocity and entropy of the outflow.

Figure 4 plots the entropy and radial velocity v, =
Or /0t (for proper time 7) of gravitationally unbound
material, integrated over simulation time. The angle and
radial velocity are measured at an extraction radius of
250Mpy or about 1000 km. The entropy is measured
when the material drops below a temperature of 5GK.
We find that most material has low entropy, around 17
ky/baryon, and a velocity of about 0.05¢. Both distri-
butions have short tails, with entropies as large as 65
Ky /baryon and velocities as large as 0.2c. Note that this is
qualitatively different from the neutron star merger case,
where both disk wind and dynamical ejecta can move at
a significant fraction of the speed of light (Miller et al.
2019a). Understanding this difference will be the focus of
future work.

Figure 5 compares entropy and velocity with electron
fraction in the gravitationally unbound material. Higher
entropy material, correlates with lower Y, while velocity
seems roughly uncorrelated.

4.3. Nucleosynthesis

For each of the gravitationally unbound tracer particles
of Sec. 4.2, we perform nucleosynthesis calculations using
the nuclear reaction network Portable Routines for Inte-
grated nucleoSynthesis Modeling (PRISM) (Mumpower
et al. 2017; Coté et al. 2018; Zhu et al. 2018; Sprouse
et al. 2019). For charged particle reaction rates, we imple-
ment the Reaclib Database (Cyburt et al. 2010). Neutron
capture rates are calculated using the Los Alamos Na-
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Fia. 4.— Histograms of entropy s (left) and velocity (right)
of gravitationally unbound material. The top row compares these
quantities to distance from the mid-plane |90° — 6;|. The bottom
simply bins by mass. Most of the material is slow moving and low
entropy. However, there is a short tail to the distribution, with en-
tropies as large as 100 kjp/baryon and velocities as large as 0.2¢c.
This tail is not statistically well-resolved by the number of tracer
particles we use.

tional Laboratory (LANL) statistical Hauser-Feshbach
code of Kawano et al. (2016), assuming nuclear masses
of FRDM2012 (Moller et al. 2012). Beta~-decay proper-
ties are similarly calculated using the LANL QRPA+HF
framework (Mumpower et al. 2016; Mumpower et al.
2018; Moller et al. 2019). Finally, we supplement these
datasets with the nuclear decay properties of the Nubase
2016 evaluation (Audi et al. 2017) and AME2016 (Wang
et al. 2017) where appropriate.

Figure 6 shows the mass-weighted nucleosynthetic
yields at 1 Gyr. As expected given the electron frac-
tion distribution, we find the outflow produces first- and
(marginally) second-peak elements but no third-peak ele-
ments. Indeed, almost no elements with A > 130 are pro-
duced. Nucleosynthetic yields vary greatly tracer across
tracer particles, however the overall average abundances
and the lack of heavy nuclei are robust.

5. SYSTEMATICS

Following Siegel et al. (2019), our model assumes that a
phase of fallback and subsequent accretion in a collapsar
can be mapped to an accretion disk that has relaxed from
a compact torus with Y, = 0.5 in hydrostatic equilibrium
(Fishbone and Moncrief 1976). 2 (See section 3 for more
details.) Here we examine this assumption.

5.1. How is Material Deleptonized?

2 Note that this torus is in hydrostatic equilibrium. It is not in
equilibrium with neutrino radiation field.
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Material in our simulation deleptonizes close to the
black hole as the initial torus disrupts. In a real collap-
sar, material deleptonizes as it falls back onto the black
hole, potentially from far away. To better understand the
effects of the compact torus, we briefly investigate models
that do make a more direct fallback assumption.

We examine the model of Popham et al. (1999) and
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Fic. 7.— Electron fraction as a function of radius for several

semi-analytic models, reproduced from (Surman and McLaughlin
2004). For comparison, we include the spherically averaged electron
fraction computed in this work.

Di Matteo et al. (2002), which analytically incorporates
several important neutrino emission and absorption pro-
cesses and a 5-piece equation of state. These models
assume a self-similar thin disk solution beginning at
roughly 100km, which forms the outer boundary con-
dition of a steady-state @ model (Shakura and Sunyaev
1973). Although this model neglects much of the physics
included in our simulation, the important difference in
boundary conditions makes it worth discussing.
Neutrino emission and absorption rates can be esti-
mated from the temperature and density in the disk.
Surman and McLaughlin (2004) calculated the electron
fraction of the disk at a given radius by balancing the
time scale of deleptonization due to electron capture and
subsequent neutrino emission against the time required
to accrete to a given radius. Figure 7 shows the electron
fraction for several analytic models computed by Surman
and McLaughlin (2004). For comparison, we include the
spherically averaged, density weighted electron fraction

2 Yepy/—qgdS)
(Ye)gapw (1) = f?"y,)p—F%

from this work, where g is the determinant of the metric
and the integrals are over the 2-sphere. Recall that in the
case of our full three-dimensional model, we used a black
hole of mass 3Mg and a dimensionless spin parameter
of a = 0.8. Note that these averages do not reflect the
diversity of physical conditions present in a simulation.
They capture the location of the disk as far as it has
viscously spread, but they do not show properties of,
e.g., disk turbulence, the jet, or the wind.

Except in the innermost parts of the disk, the electron
fraction of the semi-analytic disk is well above the weak
equilibrium value. This is because the neutrino emission
is very sensitive to the temperature and is thus simply
too slow to deleptonize the disk before it accretes.

In the semi-analytic models, the in-falling matter is
neutral until densities and temperatures rise sufficiently,
at which point electron fraction drops quickly. In con-
trast, we begin with a compact torus. Ideally, after suf-
ficient time, this disk achieves a quasistationary state
and “forgets” its initial conditions. However, this as-
sumption is incompatible with the inflow-deleptonization

(15)



time scale assumption in the semi-analytic models. Mate-
rial in the disk has already deleptonized before viscously
spreading outward as it reaches a steady-state. Reconcil-
ing these two pictures requires performing a full physics
simulation with the correct in-fall initial and boundary
conditions.

McLaughlin and Surman (2005) and Surman et al.
(2006) combined the electron fraction in the disks of Sur-
man and McLaughlin (2004) with a wind model and cal-
culated the composition of the wind ejecta, including the
effects of absorption. They found that as material leaves
the disk, Y. rises and that subsequently very little low
Y. material is ejected in their models unless the accre-
tion rate exceeds 1 M s~!. Although these semi-analytic
models are very different from our full-physics simula-
tion, the key result is consistent.

5.2. The Stabilizing Effect of the Initial Transient

Although the core of the disk is low electron frac-
tion, as described in sections 4.2 and 4.3, we find that
almost none of the gravitationally unbound material is
sufficiently low Y, and high entropy to produce 3rd-peak
r-process elements.

Figure 8 shows how this scenario changes if absorp-
tion is neglected, which we calculate by separately track-
ing changes in Y, due to emission and absorption in our
simulation. In the no-absorption scenario, the average
electron fraction in the outflow erroneously drops from
Y. =~ 0.36 to Y. &~ 0.22. This comparison implies that in-
cluding absorption in these models is critical to correctly
predicting nucleosynthetic yields in the outflow.

At late times, the neutrino optical depth is small, and
yet we have found that treating absorption is critical to
capturing the electron fraction in the outflow. Here we
examine the initial transient that we neglect when con-
sidering the outflow. We find that this transient sets the
electron fraction in the steady-state flow at late times,
which may help keep the simulation consistent with a
flow state set by in-fall as described in section 5.1.

One way of characterizing how much absorption mat-
ters is the neutrino optical depth 7. 7 < 1 implies a free-
streaming limit, while 7 > 1 implies a diffusion limit
(Castor 2004).% Once the disk reaches a quasi-stationary
state, optical depths in the disk are low—of order 1073.
However, at early times, during the transient phase, op-
tical depths are of order unity.

The equilibrium torus used as an initial condition is
close to the black hole and degeneracy pressures are high,
causing disk material to rapidly deleptonize, as shown in
the right panel of figure 9. As the disk disrupts, densities
and temperatures rise near black hole, causing opacities,
and thus optical depths, to become significant, as shown
in the left panel of figure 9. The higher optical depths in
this region prevent the electron fraction from dropping
in this inner region. This inner material later sources the
outflow.

In other words, neutrino absorption in this early phase
sets the electron fraction of the outflow in the steady
state. Note this does not mean that the steady-state re-
members the initial conditions. Rather, it implies that,
for the disk to reach the correct steady state, absorption

3 Note that the relative volume density of leptons in the gas also
matters.
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F1c. 8.— Electron fraction Ye in the outflow, neglecting absorp-
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opacity must be accounted for.

5.3. Effect of Stellar Envelope

Section 4.2 assumes that all material with radius r, >
250G Mpp/c® and positive Bernoulli parameter is grav-
itationally unbound. For an accretion disk in vacuum
around a black hole, this is likely a reasonable assump-
tion. However, in a collapsar scenario, the black hole-disk
system is embedded in a collapsing star. For the wind to
escape, it needs not only to escape the gravitational pull
of the central black hole, but also of the star itself. Also
unaccounted for is the ram pressure of in-falling material,
as well as disruption of said fallback by the jet and con-
vection and advection from the dynamics of the fallback
material.

These effects, alone or together, may significantly
change the amount of nucleosynthetic material which can
escape the star. Understanding this requires better mod-
eling of the disk-wind-envelope system and will be the
subject of future work.

6. OUTLOOK AND IMPLICATIONS

We perform a three-dimensional general relativistic ra-
diation magnetohydrodynamics disk simulation of a nu-
cleosynthetically optimistic, high-accretion rate collapsar
disk—the first to incorporate full neutrino transport.

We find that a steady state disk forms with electron
fractions near the mid-plane as low as Y, ~ 0.15. At
higher latitudes, however, the electron fraction is signif-
icantly larger. This quasi-steady accretion flow drives a
relatively neutron-poor outflow; there is almost no un-
bound material produced with electron fraction less than
Y. ~0.3.

We simulate r-process nucleosynthesis in this outflow
via the PRISM reaction network (Mumpower et al. 2017;
Zhu et al. 2018; Sprouse et al. 2019) and find almost no
material with an atomic mass above A ~ 130 is pro-
duced. Our results thus imply that, even in the most
nucleosynthetically optimistic case, wind-driven off of ac-
cretion disks in collapsars likely cannot act as a source
for third-peak r-process elements. Indeed, since collap-
sars produce first- and second-peak r-process elements
but not third-peak ones, including them as a significant
source of light r-process elements at all may be in ten-
sion with the galactic chemical evolution and the solar
abundance pattern (Coté et al. 2018).

We compare our model to the GRMHD model of Siegel
et al. (2019) and the semi-analytic models developed in
the literature (Popham et al. 1999; Di Matteo et al. 2002;
Surman and McLaughlin 2004; McLaughlin and Surman
2005). We find the electron fraction in our disk is signif-
icantly higher than reported in Siegel et al. (2019), but
lower than predicted in Surman and McLaughlin (2004);
McLaughlin and Surman (2005). Moreover, we find that
the electron fraction in our outflow is consistent with the
semi-analytic picture.

A potential confounding factor in understanding the
electron fraction in both the disk and the outflow is our
use of a compact torus initial condition. This torus con-
struction is a standard in the disk community. However,
it is likely not appropriate for modeling a collapsar. First,
the compact torus chosen provides a reservoir of material
too close to the black hole, which means the gas does not

have time to naturally deleptonize as it accretes. Second,
the compact torus initial data ignores the presence of a
star around and feeding the disk. As we discussed in sec-
tion 5.3, the stellar envelope may have a significant effect
on the mass in the outflow.

We argue that our discrepancy with Siegel et al. (2019)
is related to how the initial conditions proceed to equi-
librium when absorption is or is not included. Including
absorption allows us to more closely match the flow state
of a collapsar, where the disk is fed by fallback.

However, an obvious improvement is to use an initial
condition that reflects the reality of a collapsing star.
This strategy, adopted in the early work of MacFadyen
and Woosley (1999). Such a strategy would also allow us
to better understand exactly how much ejecta escapes
the star. As discussed 5.3, this is difficult to address in
a simulation that begins with an equilibrium torus. We
will pursue such a program in future work.

We conclude by emphasizing three takeaway messages
from our work. First, accurate treatments of neutrino
transport and neutrino absorption are required to cap-
ture the evolution of Y,. Second, initial conditions should
be carefully considered for collapsar modeling. Finally,
our model supports previous conclusions that even under
optimistic assumptions, wind blown off of accretion disks
in collapsars cannot act as a robust source of r-process
material.
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