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ABSTRACT

Context. Pulsational pair-instability supernovae (PPISNe) and pair instability supernovae (PISNe) are the result of a thermonuclear
runaway in the presence of a background electron-positron pair plasma. As such, their evolution and resultant black hole masses could
possibly be affected by screening corrections due to the electron pair plasma.

Aims. The sensitivity of PISNe and PPISNe to relativistic weak screening has been explored.

Methods. In this paper a weak screening model that includes effects from relativistic pair production has been developed and applied
at temperatures approaching and exceeding the threshold for pair production. This screening model replaces “classical” screening
commonly used in astrophysics. Modifications to the weak screening electron Debye length were incorporated in a computationally
tractable analytic form.

Results. In PPISNe the BH masses were found to increase somewhat at high temperatures, though this increase is small. The BH
collapse is also found to occur at earlier times, and the pulsational morphology also changes. In addition to the resultant BH mass, the
sensitivity to the screening model of the pulsational period, the pulse structure, the PPISN-to-PISN transition, and the shift in the BH

mass gap has been analyzed. The dependence of the composition of the ejected mass was also examined.

Key words. instabilities — nuclear reactions, nucleosynthesis, abundances — plasmas — relativistic processes — stars: massive

1. Introduction

Currently, there is considerable interest in the black hole mass
gap (BHMG). That is, black hole (BH) masses in the range of
~50-120 M,, are not expected to exist (Woosley et al. 2007,
Belczynski et al. 2016; Woosley 2017, 2019) because progen-
itor stars in this mass range are disrupted by pair-instability
supernovae (PISNe) or pulsational pair-instability supernovae
(PPISNe). The existence of this mass gap, however, has been
brought into question by the observed LIGO and VIRGO gravi-
tational wave event GW190521 (Abbott et al. 2020a) from which
two BHs of masses m; = 85*%; Mg and mp = 66f}g M, were
deduced. Since both of these merging BHs are well within the
putative BHMG, a re-examination of the constraints on BH
masses from the pair instability and PPISNe is warranted (see,
for example, Farmer et al. 2019; Marchant et al. 2019; Abbott
et al. 2020b; Croon et al. 2020; van Son et al. 2020; Woosley
& Heger 2021). Indeed, the existence of the BHMG and the
associated progenitor evolution is sensitive to a host of astro-
physical parameters as noted in Farmer et al. (2019), Sakstein
et al. (2020), and Woosley & Heger (2021). In this paper we
consider one additional sensitivity, that is the effects of relativis-
tic screening of the thermonuclear reaction rates in the back-
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ground associated pair plasma. Although, we find that the effects
on the BHMG are small, we point out a number of interesting
features regarding the evolution of the progenitors that depend
upon the nature of the electron screening. In what follows we
briefly summarize the physics of PISNe and PPISNe in Sect. 1.1.
We describe a model for electron screening in a relativistic pair
plasma in Sect. 1.2. The computations are described in Sect. 2,
and the results are given in Sect. 3. Section 4 contains the con-
clusions of this work.

Pair-instability supernovae are caused by the production of
electron-positron pairs in the cores of massive (Mzams = 80 M)
stars at the end of their lifetimes (Leung et al. 2019). At tempera-
tures >10° K, electron pairs are produced by the thermal plasma,
for example viay + ¥y & e~ +e*. As the photons are absorbed
into pair production, the radiation pressure support of the core
diminishes. Subsequently, the core contracts and the tempera-
ture rises. This leads to explosive thermonuclear oxygen burn-
ing. The release of this thermonuclear energy can be comparable
to the binding energy of the star and lead to substantial mass
ejection.

The details of the explosion and associated nucleosynthesis,
however, depend upon the mass and metallicity of the progen-
itor star. At low metallicity, Z ~ 10 3, stars in the mass range

A97, page 1 of 16



A&A 659, A97 (2022)

of ~50-90 M can experience a sequence of contractions and
explosions. This is referred to as a PPISN. Eventually, these stars
can return to hydrostatic equilibrium and then collapse. How-
ever, the resultant BHs are significantly less massive than they
would have been without the onset of the pair instability.

On the other hand, more massive progenitors with M >
90 M, experience such violent explosions that no BH remnant
remains. These have been dubbed as PISNe. The most mas-
sive BH that can be formed before mass loss from the PPISN
becomes significant defines the lower limit of the BHMG. In the
heaviest progenitors for which M > 240 M,,, the pair instability
is quenched because the interior temperatures are high enough
to photodisintegrate heavy elements. This precludes the onset of
runaway thermonuclear burning. The lightest BH formed in this
way (~120 M, after mass loss; Heger & Woosley 2002) defines
the upper edge of the BHMG.

Astrophysical reaction rates in stellar plasmas can be very
sensitive to the tails of the Coulomb potentials between two
reacting charged nuclei. This is because charged nuclei in astro-
physical environments have center-of-mass energies ~k7 well
below the height of the Coulomb barriers. For an environment
at a certain temperature, the average thermonuclear reaction
rates between charged particles are determined by integrating
the energy-dependent cross section times the Mawell-Boltzmann
energy distribution for the reactants involved to obtain the
average thermonuclear reaction rate (TRR), {(ov) (Boyd 2008;
Iliadis 2007). Resonances at specific energies are similarly
determined with a term in the cross section which defines the
resonance.

However, one must also account for screening between the
two reacting nuclei due to the background charges and (fully or
partially) ionized nuclei. Coulomb screening results in a reduc-
tion in the effective Coulomb barrier between the two reacting
nuclei and an increase in the penetrability of the barrier, leading
to an increase in the overall rate. This effect has been well stud
ied and is incorporated into multiple existing astrophysics calcu-
lations and codes (Wu & Palffy 2017; Liu 2016; Spitaleri et al.
2016; Kravchuk & Yakovlev 2014; Potekhin & Chabrier 2013;
Quarati & Scarfone 2007; Shaviv & Shaviv 2000; Adelbergeretal.
1998; Shalybkov & Yakovlev 1987; Wang et al. 2011; Wallace
etal. 1982; Itoh etal. 1977; Jancovici 1977; Graboske et al. 1973;
Dewitt et al. 1973; Salpeter & van Horn 1969; Salpeter 1954).

When evaluating the effects of electron screening on the
Coulomb potential, even a small shift in the potential can result
in significant changes in the nuclear reaction rates. For posi-
tively charged nuclei the overall reaction rates increase because
charges are re-distributed nonuniformly in the presence of the
central nuclear potential. That is, the electron number density is
higher in the vicinity of the central nucleus and lower farther
away, while the opposite is true for the surrounding positively-
charged nuclei. Despite the extensive development of nuclear
screening effects on thermonuclear reaction rates, relativistic
plasma effects have not yet been fully addressed. If the tem-
perature is high enough, electron-positron pairs are created, and
these add additional charged particles to the plasma. Recalling
that any charge added to the plasma results in a net reduction in
the Coulomb potential, pair production can have an additional
effect on screening. In addition, if the plasma is magnetized,
the electron-positron momentum distributions are quantized into
Landau levels, further changing the overall energy distribution,
resultant numbers of electrons and positrons, and the overall
screening characteristics of the plasma (Famiano et al. 2020).
Applying these effects to massive stars (Kozyreva et al. 2017,
Woosley 2017; Spera & Mapelli 2017; Takahashi et al. 2018) or
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to neutrino cooling mechanisms (Itoh et al. 1996) is potentially
very interesting.

For a hot, ionized plasma, the Coulomb potential between
two reacting nuclei is reduced by the presence of background
charges. Assuming charge neutrality, the electrostatic potential,
¢ of a particle with charge Ze immersed in a set of background
charge distributions is determined via the Poisson-Boltzmann
equation:

V24(r) = —4nZeo(r’) — 4n Z zen, exp (1)

z2-1

Zze¢(r)
kT

Here, the summation in the last term is over all charges ze in the
plasma having number density n,. We note that this sum includes
electrons, with z = —1. The results of this calculation are widely
used in astrophysical calculations, despite the assumption of a
classical (Boltzmann) energy distribution for all of the particles,
given by the second term in the above equations. With this, eval-
uations of the electron degeneracy must be explicitly determined
to obtain the electron number density and resulting energy dis-
tribution.

In the case of a hot, unmagnetized plasma, the energy dis-
tribution must be replaced with the corresponding distribution
assuming Fermi-Dirac statistics. The Poisson-Boltzmann equa-
tion must be replaced with the equivalent equation assuming
Fermi statistics and chemical potential, ¢ (Famiano et al. 2016,
2020):

2
V3¢, = —4nZes(r’) — 4m Z zen, exp [_Zze ¢'] 2)

kT

=0

_de [ 2 ! _ 1
P R exp(E—pu—ed)/T+1 exp(E+u+ed)/T+1][
0

Relativistic effects come from the high thermal energy. (Natural
units are used: k = & = ¢ = 1.) This relationship can also be
deduced from a solution to the Schwinger-Dyson equation for
the photon propagator (Kapusta & Gale 2006). Here, the much
heavier nuclei can be safely treated with Boltzmann statistics.

The difference between Egs. (1) and (2) is the replacement of
the Maxwell-Boltzmann energy distribution for electrons with
that corresponding Fermi-Dirac distribution. This replacement
becomes important in cases where the temperature is compa-
rable to or greater than the electron mass as positrons can be
created in the system. However, even at relatively low temper-
atures, ' ~ 100keV, the high-energy tail of the Fermi-Dirac
distribution can result in positron production. For temperatures
below this and for densities that are low enough, the electron
chemical potentials are low, and the Maxwell-Boltzmann dis-
tribution closely matches the Fermi-Dirac distribution (Famiano
et al. 2016, 2020).

Ultimately, however, in the case of weak screening, the num-
ber density is linearized with respect to electrostatic potential
(which is equivalent to taking a derivative with respect to the
chemical potential in the Fermi-Dirac distribution) (Famiano
et al. 2016), and the slope of the distribution becomes important.
The differences in slope can be significant at high temperatures,
resulting in different Debye screening lengths. The importance
of this difference will be discussed below.

If the temperature is high enough, such that the average
Coulomb energy between two interacting particles is much less
than the thermal energy of the plasma, Ec/kT < 1, “weak
screening” can apply. In such a plasma, the electrons are mostly
nondegenerate. Equations (1) and (2) can be expanded to first
order in the potential. This expansion to O(¢) is known as
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the Debye-Hiickel approximation, and the usual 1/r Coulomb
potential takes on a Yukawa form, ¢(r) o e "/%» /r where the
characteristic length Ap is known as the Debye length. A similar
Thomas-Fermi screening length can be derived using the density
of states at the electron Fermi surface (Ichimaru 1993) with a
screening length, Atp o dn/du.

At the other extreme in the temperature-density relationship
is “strong screening.” At high densities, the average distance
between nuclei is small enough such that the average Coulomb
energy energy is much larger than the thermal energy, Ec/kT >
1. Here, the linear approximation for Debye-Hiickel or Thomas-
Fermi screening is inadequate. Likewise, the electron chemical
potential becomes larger and must be accounted for in Eq. (2). In
this regime, generally the “ion sphere” screening model is used,
in which the potential is modified by the difference in Coulomb
energy between the reactants and products of a reaction (Clayton
1983; Salpeter & van Horn 1969; Salpeter 1954).

Between weak and strong screening, where Ec ~ kT, there
is still much work to be done, and computational methods can
be tricky. While the electron degeneracy and Coulomb poten-
tials can be numerically calculated (Graboske et al. 1973), in
order to maintain computational efficiency, approximate meth-
ods are often adopted to treat screening in this region. Numeri-
cal fits and tables have also been used to determine reaction-rate
enhancements due to screening. Other commonly-used tools rely
on interpolation or averaging schemes to determine the screening
enhancement in this region (Meyer & Adams 2007; Wallace et al.
1982; Salpeter & van Horn 1969; Paxton et al. 2011a).

Ultimately, the increase in nuclear reaction rates is expressed
by the “screening enhancement factor” (SEF), f which relates
the unscreened and screened rates, (0v)uns and (ov)sr TESPEC-
tively. In the Salpeter approximation (Salpeter 1954), the
screened rate is then (Ov)ser = f(OV)yns. This results from assum-
ing that the shift in the screening potential is much less than the
height of the Coulomb potential and can be treated to first order
in the WKB approximation. The value of f is then expressed as
f = e (Graboske et al. 1973; Jancovici 1977; Salpeter 1954,
Salpeter & van Horn 1969; Wallace et al. 1982). The value of
H is unitless and is determined based upon the screening model
used (Sahoo & Das 2016; Kravchuk & Yakovlev 2014; Itoh et al.
1977; Alastuey & Jancovici 1978; Dewitt et al. 1973; Quarati
& Scarfone 2007). In the case of intermediate screening dis-
cussed briefly above, H; commonly results from an interpola-
tion between strong and weak screening or a type of geometric
mean (Paxton et al. 2011a, 2015, 2018; Meyer & Adams 2007).

For example, Wallace et al. (1982) sets H; = HsHy/ \|H? + H,

while the MESA code (Paxton et al. 2011a, 2015, 2018) relies on
a type of linear interpolation based upon the effective screening
parameter discussed in Sect. 2.2.

In this paper, effects of the inclusion of Fermi-Dirac statistics
in the electron screening on PPISN and PISN models are stud-
ied. Various characteristics and results from several PPISN and
PISN simulations are studied using a screening model in which
the weak screening factor has been replaced with one developed
using the Poisson equation shown in Eq. (2).

2. Methods
2.1. Computational model!

We have used the MESA code (Paxton et al. 2011b) w/7123
to model the collapse and SN explosions of PPISN and PISN
respectively. Here, we follow the computations of Marchant et al.

Screening in PPISN

(2019). While we summarize the calculation briefly here, we
refer to the original paper for details (Marchant et al. 2019).
While we note that differences exist in various models and com-
putations, we have adopted this model for a consistent com-
parison between the two screening formulations. In this model,
we treated stellar evolution beginning with He cores, assum-
ing the H envelope has since been ejected by the wind (Leung
et al. 2019). We concentrated primarily on nonrotating models
with a metallicity, Z = Z5/10, where Z; = 0.0142. This is
consistent with metallicities inferred from massive BH merg-
ers observed by Abbott et al. (2016) as well as the results of
Belczynski et al. (2016) who predicted progenitor metallicities
of Z < 05Z; and Z < 0.3 Z,, respectively. For metallicities
much higher than this, the BH mass is limited because the stellar
mass loss is too great. Other studies (Spera & Mapelli 2017)
of the metallicities of progenitors of PPISNe predict a range
of metallicities generally much less than Z = Z; and typically
greater than Z = 0.5 Z;. This choice of metallicity also allowed
us to compare our calculations with the model of Marchant et al.
(2019), who used Z = 0.1Z;. Aside from changing the screen-
ing, nearly all of the parameters used here were kept the same
as in Marchant et al. (2019). This includes the assumption of
hydrostatic equilibrium in early phases of the evolution, with the
HLLC solver (Toro et al. 1994) used when the weighted adia-
batic exponent (I';) < (4/3 + 0.01) and the central temperature
exceeds 10° K. Additionally, a somewhat higher Fe core infall
limit of 8x10® cm s™' was used to avoid interrupting collapse
from the pair-instability.

The approx21 network was used at the onset of the pul-
sational phase. This network is described in detail in Marchant
et al. (2019). This 21-isotope network includes (a,y) < (y,@)
linkinireactions for *He, '°C, '°0, 2°Ne, 2*Mg, 28i, 328, Ar,
40Ca, *Ti, *8Cr, 3?Fe, and **Ni. In addition, (a, p) — (p,y) reac-
tions and their inverses are included in this network by assum-
ing steady-state proton flow through 2’Al, 3'P, 33Cl, ¥K, **Sc,
47y, S1Mn, and 3°Co. **%Fe are also included through neu-
tron captures on 32Fe, as well as (y, p) and (y, @) reactions on
56Niand *°Cr. These additional Fe and Cr isotopes are imple-
mented through steady-state flows on the a-cluster Fe and Ni
nuclei (Marchant et al. 2019). Carbon and oxygen burning, the
PP chain, and the CNO cycles are also included. Some uncertain-
ties have been associated with the use of this network (Marchant
et al. 2019), particularly for more massive stars (for example,
M ~ 200 M;). However, at lower masses within the PPISN
region, the uncertainties in this choice of network have been
found to be relatively small.

There are three possible results of this model for the He
core progenitors studied. One possibility is a direct collapse
in which the Fe core velocity exceeds the infall limit without
undergoing a pulse, forming a BH. Here, we adopt the enclosed
baryonic mass prior to direct core collapse as a measure of
the resultant BH gravitational mass (Fryer 1999), although we
note that the BH gravitational mass can be significantly less
than the baryonic mass. We also note that recent studies have
indicated that a slightly larger mass may result even for mas-
sive cores due to fallback in subsequent explosions (Chan et al.
2018; Kuroda et al. 2018). This is expected to occur for lower-
mass models with M < 45 M, and very high mass models with
M = 240 M, (Farmer et al. 2019).

For intermediate masses with 45 < M/M; < 90, the star
is expected to undergo a PPISN, in which it ejects a possi-
bly significant amount of mass in the wind and pulses before
finally collapsing into a BH. The number of pulses that the pro-
genitor undergoes varies with each model, and we study here
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the dependence on the screening model. For progenitors with
90 < M/M; < 240, the star explodes in a PISN, determined
by the velocity of each mass element in the model exceeding
the stellar escape velocity. For all of these outcomes, we exam-
ine the resultant BH mass, the time to final outcome, the pulse
morphology, and the resultant nucleosynthesis — particularly the
composition of the ejected mass.

2.2. Screening model

The screening model described in Famiano et al. (2016) was
used to determine and effective Debye screening length at high
temperatures, and the SEF was calculated in the Salpeter approx-
imation. A specialized screening subroutine was written and
adapted into MESA and implemented with an appropriate inlist.
For weak screening, two screening modes were explored. The
“extended” screening mode implemented in existing versions of
MESA and based upon the formulation of Graboske et al. (1973)
was used as a default model for comparison. The new ‘rela-
tivistic” mode incorporated the intermediate and strong extended
screening modes while replacing the weak SEF with the rela-
tivistic factor. Here, the screened reaction rate, Iy, between two
nuclei of charge Z; and Z; is enhanced over the unscreened rate,
Iy, according to:

Ty = Tpetle, (3)
where the weak screening exponent varies between the two mod-
els. For extended screening, the weak screening exponent is
defined in the literature. Also, in this formulation, at higher den-
sities or lower temperatures, weak screening cannot be used.
This is because the Debye approximation assumes that the
Coulomb energy is much less than the thermal energy of the
plasma. The strong screening regime has been discussed in the
literature (Dewitt et al. 1973; Alastuey & Jancovici 1978; Itoh
et al. 1979), and models have been developed in which the
exponent in Eq. (3) is replaced by a corresponding exponent
for strong or intermediate screening (Wallace et al. 1982) as
described below. For both relativistic and classical screening, the
exponent is defined using the Salpeter approximation:

Z\Zye?
H, = 1£2€
AT

where A is the Debye screening length derived in each model.
The screening length must also include that of the background
ions, A; so the total screening length is:

1 [ 1,1 ]"2
A |2 A

In the weak screening limit, Eq. (5) is a direct result of assuming
a linear approximation of the potential for electrons and ions.
This can be shown simply in the derivation of the Debye length.
For the classical electron screening length, the total Debye length
can be shown to match that of Dewitt et al. (1973), which is
currently used in the MESA extended screening model.

The electron Debye length was computed for two different
regimes characterized by the environmental temperature. Athigh
temperatures, kT ~ m,., relativistic effects become more sig-
nificant. At lower temperatures, kT < m,, a classical approx-
imation is sufficient. Thus, two different approximations for
the screening length were used. For kT < 150keV, the non-
relativistic regime was assumed, and MESA’s default classical
screening length, which corresponds to the Salpeter screening

) C))

)
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length (Salpeter 1954) was adopted. For kT > 150keV, a rel-
ativistic approximation of the Thomas-Fermi screening length,
described below, was used. In the following we discuss the accu-
racy of this approximation compared to the numerically com-
puted Thomas-Fermi length. We also highlight the agreement
between the different means to describe screening enhancement
factors at the boundary between the relativistic and classical
regimes.

We developed a new application of the electron screen-
ing length in which relativistic effects from a hot plasma were
accounted for. This is distinguished from the commonly used
screening length extracted from the linear approximation of the
Poisson-Boltzmann equation. For temperatures that are high-
enough, pair production can change the total free charges in the
plasma, resulting in enhanced screening. At lower temperatures,
the classical screening length suffices. We thus define the screen-
ing length used in this paper as:

_ ] Ac forT < 150 keV
Ae = { A, forT > 150keV”’ ©)
where the usual classical screening length is defined as:
T 1/2
=l (7
4ne?Y.pNy

where Y. is the electron fraction and Ny is Avogadro’s number.
The relativistic electron screening length is described in a com-
pact form below.

The relativistic electron screening length, 4,, can be derived
following Famiano et al. (2016). For computational speed, we
utilize the following approximation:

1 4e
E*TﬁAll—f], (8
where
7l‘2
Asﬁ2+?>3.28 ©))
2A  12A cosh®j1/2’

where terms expressed with a tilde are divided by the tempera-
ture, X = X/T. Here /it = m./T where m, is the electron mass.
In the weak screening regime, the screening coefficient was
given by Eq. (4). For strong screening, the same evaluation was
used in both models. In this case, the evaluation of Alastuey &
Jancovici (1978) was used with plasma parameters from Itoh
et al. (1979). This is the default strong screening treatment for
the MESA extended screening model. For intermediate screening,
the screening coefficient in Eq. (3) was replaced by an inter-
polation between the weak and strong screening coefficients as
prescribed by the MESA default screening scheme in which the
intermediate screening is a weighted sum of the strong and weak
screening coefficients, Hs and H,,. The weighting factor H is
an average given by the relative difference between the effective
screening parameter I'.¢ and the boundaries between the strong
and intermediate plus intermediate and weak screening regimes:

[,-T Ter —T

H=Hy )+ H |- (10)
I, -T. Ty

I, >08

r, <03,

where the effective screening parameter, I, is adapted from
Alastuey & Jancovici (1978) in Wallace et al. (1982). Here,
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we emphasize that relativistic effects are accounted for in the
evaluation of the electron Debye length. Ultimately, this will
change Hy, (Eq. (4)). For strong screening, we adopted the for-
mulation described in Alastuey & Jancovici (1978) and Wallace
et al. (1982), in which case the relativistic effects considered here
were not accounted for. However, with the interpolation consid-
ered in Eq. (10), relativistic effects were included in intermediate
screening because intermediate screening is dependent upon Hy,.
It is important to note that nearly all of the stellar evolution com-
puted here is in the weak or intermediate regime. Thus, inclusion
of relativistic effects influences nearly all of the stellar evolution
for massive stars.

Thus, the modification to the MESA extended screening
scheme is to replace the weak screening coefficient, Hy, in
Eqgs. (3) and (10) with that of Eq. (4) utilizing the relativistic
screening length of Eq. (8). Further, we restricted this scheme
to temperatures above kT = 150keV (Ty = 1.74). For temper-
atures below kT = 150keV, the classical screening length was
used. This was found to be a reasonable demarcation because
the difference between the relativistic and the classical SEFs is
small at lower temperatures (Famiano et al. 2020). This is shown
in Fig. 1, in which the SEFs for classical screening, relativistic
screening, and the relativistic approximation are shown for var-
ious major reactions as a function of density at kT = 150keV.
A density range of 4.8 < log(p) < 6.4 is shown. This was cho-
sen because for all models, the density when k7" = 150keV falls
within this range. In this figure, one may expect that relativis-
tic screening effects are averaged out in the stellar evolution as
the SEFs are higher at low density and lower at high density.
This would be a good first-order estimate. One must also keep
in mind that the stellar mass at higher densities may be differ-
ent than the total mass at lower densities and that the time spent
in various temperature-density regions may not be equal. More
importantly, however, is that at higher densities, the weak screen-
ing studied here may give way to strong (ion-sphere) screening.
This will be discussed below. It can be seen that the SEFs at this
temperature are relatively low, compared to SEFs at higher T or
p, and that the numerical relativistic, the relativistic approxima-
tion, and the classical screening lengths only vary by ~1%. This
also provides a limitation at very high density so that (f —1) > 0
in the approximation of Eq. (8).

While computationally efficient, there is some uncertainty in
this approximation at low temperatures and high densities. The
T = 150keV boundary between the use of the classical screen-
ing length and the relativistic screening length is somewhat arbi-
trary. Also, we explored the magnitude of the error induced by
using the approximation and the agreement between the classical
and the relativistic screening lengths at the boundary. In particu-
lar, any uncertainty must be evaluated for the astrophysical site
to which it is applicable. Because we are evaluating screening
effects in PPISN and PISN, we have explored the errors induced
for all the trajectories calculated in a MESA simulation of repre-
sentative PPISNs and PISNs.

As a representative case, we present calculations of the
screening length for temperatures and densities within a 70 M
He core progenitor in Fig. 2. Here T — pY. coordinates are pre-
sented for the evolution of this progenitor. Every point in this
figure corresponds to a unique mass-time coordinate in the evo-
lution of the star for zones in which the screening length is appli-
cable (I’ < 0.8 Wallace et al. 1982). Figure 2 (top left) shows
the screening length at all points in the evolution. it can be seen
that the screening lengths match seamlessly at kT = 150keV,
where the boundary between relativistic and classical screening
is set.

Screening in PPISN

The relative error induced in the use of the approximation is
shown for all points in the evolution where relativistic screening
is used in Fig. 2 (top right). While the error at low temperatures
and densities is ~5% or less, the errors at higher temperatures
is quite small. This is important to note as the effects of rela-
tivistic screening are expected to be more pronounced at higher
temperature.

For completeness, the relativistic screening length evalua-
tions are shown in the bottom row of Fig. 2. These compare
the adopted approximation (bottom left) and the exact numeri-
cal computation (bottom right). These evaluations are shown for
all points in the evolution for which 7 > 150keV. These fig-
ures appear nearly identical. The same evaluation was done for
all models explored in this work, and the errors induced in using
the approximation were found to be nearly the same and quite
tolerable in every case.

The uncertainty in this evaluation is further explored in
Fig. 3, where the relative difference in the numerically evalu-
ated screening length, A, and the approximation of Eq. (8), Aexp,
is shown as a function of temperature and density times elec-
tron fraction, pY.. In the left panel of this figure the relative
error of the approximation is shown where Ad, = Aexp — 4.
There is some deviation at the lowest temperatures and densi-
ties, where the screening length is small. Also, at low tempera-
tures and very high densities, the uncertainty is larger. However,
this temperature-density combination does not occur in any of
the simulations presented here as seen in Fig. 2 and can thus
be ignored in this model. Further, this region is more likely
to be in the strong-screening regime, where weak screening is
invalid in any evaluation, including the commonly used weak
Salpeter approximation. That is, I'ex > 0.8 in Eq. (6) as a result
of a high density as well as a lower temperature (Wallace et al.
1982; Alastuey & Jancovici 1978). Because the Salpeter result
of Eq. (4) only applies to environments in which the Coulomb
energy is much less than the thermal energy (as a result of high
temperature or low density), for lower temperatures and higher
densities — such as those found in the inner crusts of neutron
stars or in white dwarfs — strong screening formulations includ-
ing variations on the ion-sphere model (Alastuey & Jancovici
1978; Ttoh et al. 1996, 1979) must be used. For regions “inter-
mediate” between weak and strong screening, relativistic effects
are still important in that the exponent of Eq. (4) depends on
the Debye length. In any case, the low-temperature, high-density
region (Ty < 3 and log pY. > 7 of Fig. 3 (left) is irrelevant in our
model.

The uncertainty is explored further in the right panel of
Fig. 3, which shows the error in the relativistic screening length
as a function of stellar mass and time coordinate for a 70 M
He core progenitor. (For Figs. 3 and 4, only the electron screen-
ing lengths A, are compared for clarity.) In this figure, the time
coordinate is the logarithm of the time before final collapse, and
the mass coordinate is measured from the center of the star.
Each dot in the figure represents a mass-time point in the evo-
lution. The clustering around pulses near log(t.on — ¢) =~ 2 and at
log(t.on — 1) = —2 correspond to small time steps as the tempera-
ture gradients are steep for the pulses. Here, only coordinates for
which relativistic weak or intermediate screening is relevant (that
is Iy < 0.8 and kT > 150keV) are displayed as these are the
only coordinates for which the relativistic weak screening length
is employed. Thus, while it appears that the mass-time points
extend above the range of the plot, they actually do not. This is
because only the relativistic approximation is being evaluated in
this figure. The apparent cutoff in points at the top of the plot is
the region where the temperature of the mass zones drops below
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Fig. 1. Screening enhancement factors for four major reactant pairs as a function of density at k7' = 150keV and ¥, = 0.5. The density at which
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classical screening; red, dashed lines indicate relativistic screening; and blue, dotted lines indicate the relativistic approximation.

150keV (farther from the stellar core). Beyond these points,
kT < 150keV, so that the default Salpeter screening length is
used. These correspond to the central portions of the star as it
heats up; one sees that the maximum mass coordinate is 20 Mg
even though there are cooler mass coordinates in the outer layers
of the star. The outer layers of the star are not sufficiently hot
for a relativistic treatment. As the central and and outer layers
of the star get hotter, the mass coordinates for which relativistic
screening becomes relevant increases toward the outer edge of
the remnant. It is seen that the error in the screening length is
within 10% of the true value for all time and mass elements in
this treatment.

The relative difference between the classical and relativistic
Debye lengths (A, — A,)/ A, for the same site is shown in Fig. 4. In
the left panel, the ratio of the classical to the relativistic Debye
length is shown as a function of pY¥. and temperature, Ty. It is
seen that the classical Debye length is larger than the relativistic
Debye length for most of the area of this plot, except at low tem-
peratures and higher densities, where the classical Debye length
is smaller than the relativistic Debye length. We note that, at con-
stant density, the classical Debye length increases monotonically
with temperature, while the relativistic Debye length decreases.
In typical astrophysical conditions, the points where A, < A
are in the strong screening regime, and weak screening is not
relevant anyway. This is shown in the right panel for the same
mass-time elements as in Fig. 3. This shows that the early pulses
(that are closer to the surface where the density is lower) have
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a shorter A,. Except for a very few high-density points near the
core, the relativistic screening length is shorter than the classi-
cal screening length. Naively, it is expected that the relativistic
Debye screening always results in increased rates, and we can
see that this is true overall except for a few very short periods
of time in a very small region near the high-density core. Thus,
the SEFs are always larger in regions where relativistic weak and
intermediate screening is employed.

3. Results

Multiple PPISN and PISN simulations were run varying by the
initial mass and metallicity. For the bulk of the simulations,
the initial metallicity was set to Z = Z;/10. We examined
ejected mass, final BH mass, pulse morphology, ejection time,
and nucleosynthesis in each model. Representative results are
presented here.

3.1. Pulsational time

Time characteristics of the central temperature, which was used
to define a pulse (Marchant et al. 2019), are shown for multiple
representative progenitors in Figs. 5-7. Progenitor masses in this
figure were chosen to cover the full range of BH masses resulting
from PPISN as well as progenitors in the region which produces
the most massive BHs in the PPISN region.
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Fig. 3. Left: relative error in relativistic Debye length using the approximation of Eq. (8). Right: relative error in relativistic Debye length for
individual zones in the MESA evolution for a 70 M, He progenitor as a function of time prior to collapse. Each dot in the figure is a mass element
at a specific time step. Only times at which 7 > 150 keV and mass elements for which weak or intermediate relativistic screening is appropriate

are shown.

At the low end of the PPISN mass range, for 44.5 M, progen-
itors, stars undergo a direct collapse after losing roughly 10 M,
to the wind. At low progenitor mass, near the transition between
direct collapse to PPISN, the central temperature may exhibit an
extended amount of time undergoing “weak pulses” (Woosley
2017) indicated by the oscillations in the central temperature
prior to the final collapse. For the direct collapse BH at 44.5 M,

the unstable pulsation for relativistic screening is more promi-
nent. However, these weak pulses do not occur in the default
screening model. In this borderline region, the very slightly
increased reaction rates at high temperature in the early pulsa-
tional stages results in a transition from direct collapse to PPISN
at a slightly (negligibly) lower mass. While the instabilities occur
at roughly the same time for both the default and relativistic
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screening models, the instabilities last for a longer period of
time and they extend the collapse to later times at low mass. For
the default screening model, the onset of these weak pulses and
unstable pulsation occurs at a slightly higher mass in which the
core temperature and density undergoes a transition from condi-
tions that result in direct collapse to that of a PPISN.

For masses around 70 M, which will be shown to produce
the more massive BHs, the first pulses are found to occur at
roughly the same time. This is reasonable given that the core
temperatures prior to the pulse do not exceed the threshold for
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relativistic screening until near the peak of the short time pulse.
However, because of the slight differences in burning and com-
position in both models, subsequent pulses and collapse occur at
different times.

For the 89 M, model, in which only one full pulse occurs prior
to collapse, the final collapse time occurs slightly earlier for rela-
tivistic screening. In this model, reaction rates during the first pulse
are increased by relativistic screening as the relativistic Debye
length is shorter. While the final nucleosynthetic abundances are
not changed significantly, the processing is slightly faster.
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In the case of the 80.92 M, progenitor, the default screening
model proceeds to collapse, while the relativistic model proceeds
to a PISN. This mass is right at the boundary between PPISN and
PISN formation, and the rates for the relativistic model produce
a very slight increase in the overall nuclear heating during the
first pulse. This region is a high-mass equivalent to the low-mass
region at which the star is close to being unstable against col-
lapse or explosion.

Details of the first pulses in several models are shown in
Fig. 6. For the low-mass models near the boundary between
direct collapse and PPISN collapse, the weak pulses can be seen
in detail. The mass at which the weak pulses appear is lower

in the relativistic model, and the pulsation extends for a longer
period of time prior to collapse in the 45 M, model. For the inter-
mediate masses near 70 M, there is little difference in the pulse
morphology of the first pulses.

For the high-mass progenitors near the boundary between
PPISN and PISN formation, it can be seen that the time to restore
the star to the quiescent phase takes longer with increasing pro-
genitor mass. In the case of the 89.02 M, model, the star can
be seen to undergo several oscillations in the central tempera-
ture before it stabilizes for the default screening model. How-
ever, in the case of relativistic screening, the explosion ends the
stellar evolution at the first pulse. The ultimate effect here is to
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reduce the mass at which the boundary at which stars transi-
tion from PISN to PPISN occurs. We note, however, that this
reduction is very small and within the uncertainties of the cur-
rent model (Farmer et al. 2019).

In all cases, the evolution up to the first pulse is similar in both
screening models. However, the subsequent evolution may be dif-
ferent in terms of the total time to collapse or explosion and in
terms of pulse morphology. Figure 7 shows the central temper-
ature evolution for the final pulses in various stellar progenitor
models. While the pulse morphology looks similar in all cases,
some changes in the number of pulses, pulse distribution and the
pulse shape can be observed. For example, in the 52 M, relativis-
tic model, the increased rates in the final pulsation results in an
additional period of weak pulsation near 303 years. The number
of pulses later on are roughly the same, though they occur at dif-
ferent times. Overall, for this mass, the core spends more time at
temperatures for which relativistic screening becomes important.

In the case of the 58 M, model, the earlier pulse structure
in the figure is dramatically different, and the core undergoes
fewer pulses at the latest times. Overall, this results in the 58 M,
relativistic model spending a much smaller amount of time at
relativistic temperatures.

In the case of the 70 M; model, the pulse morphology is sim-
ilar in both cases, with the number of pulses and pulse duration
similar in the default and relativistic screening cases. The total
time to collapse from the initial pulse is only slightly longer in
the relativistic model.
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The total time from the onset of the initial pulse (defined as
the time at which the central temperature first exceeds 150 keV)
to final collapse or explosion is shown in Fig. 8 (left). This figure
provides a comparison of the total time spent in the instability
region for a PPISN. In this figure, the sharp drop at ~89 M,
occurs at the boundary between the PPISN and PISN. At this
mass boundary, the PISN may undergo a single sharp rise in
core temperature followed by an explosion as the entire star
expands faster than the local escape velocity. At the low-mass
end of the PPISN region, the total time to collapse is also small as
the star undergoes only a single pulse. For intermediate masses
(45M; < M < 89 M,), additional pulses increase the time to
collapse, though the time between the first and second pulses
tends to dominate the evolution in this model (Marchant et al.
2019).

In the intermediate mass region, the evolution is not only
dominated by the number of pulses, but also the pulse mor-
phology and stellar heating. For example, for a 52 M, star, the
additional pulsation shown in Fig. 7 creates an extended period
during which relativistic screening is prominent. This can affect
the nucleosynthesis and mass ejection during the pulse, which
will be discussed later.

Perhaps a better metric for evaluating the impact of rela-
tivistic effects is the total time at which the star’s core temper-
ature exceeds 150keV. This is important as it provides a met-
ric for mass models for which the largest differences may be
expected. This is shown in Fig. 8 (right). Because of the insta-
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bility of the PPISN progenitors, there can be dramatic deviations
over the entire mass range. For example, for a 58 M, progeni-
tor, the number of pulses and pulse time vary little between the
first and last pulse, resulting in little difference in times spent at
high temperature in each model. For the 52 M, progenitor, the
additional instability and pulsation just prior to collapse results
in significantly more time spent at high temperature. The same
is true for the 64 M, model, in which the extended instability
and the additional time to collapse result in a significantly longer
time spent at high temperature, where relativistic effects could be
more prominent. The much longer time for the 64 M, model is
shown as the large spike in the relative time difference in Fig. 8
(right).

3.2. Black Hole Masses for PPISN

For PPISN, with progenitor core masses 44.5 < M/M, < 89,
the final BH mass was determined in both the default and rela-
tivistic screening models. As stated previously, the final baryonic
mass is adopted as a reasonable measure of the BH gravitational
mass (Fryer 1999).

The final BH mass as a function of progenitor mass is shown
in Fig. 9 (left). The difference in masses between both mod-
els as a function of progenitor mass is shown in Fig. 9 (right)
where AM/M = (Mppse — Mauder)/M X 100%. In either case
it is seen that the influence of relativistic screening is negligibly
small as the change in mass is likely smaller than the numerical
uncertainties of the model (Farmer et al. 2019). The BH masses
shown in Fig. 9 (left) are in the mass range 11.22 < Myy/M,, <
43.94. These values are comparable to those extracted from
recent LIGO and VIRGO data for binary-black-hole merger
events (Abbott et al. 2019). Lighter BH merger events, such
as GW170608 contained lower-mass BHs which likely origi-
nated from core-collapse supernova events and not PPISNe. One
merger event, GW170729, was found to contain a 50.2 M, BH,
which lies in the mass gap in which massive stars are thought
to undergo PISN. It has been found, however, that these more
massive BHs may be formed if the >C(a,y)'®0 cross-section is
larger, while still being within the 68% confidence interval for
this rate (Farmer et al. 2019).

A significant portion of the mass loss in each case comes
from the individual pulses themselves, with most of the pulsa-
tional mass loss from the first pulse. Much of the He loss is from

the wind prior to the first pulse. This can be seen in Fig. 10,
which shows the mass loss for various progenitors at the first
pulse and up to the time of collapse. Shown in this figure is the
total stellar mass below the stellar escape velocity as a function
of time for various progenitor masses. In each case, a significant
amount of mass loss occurs during the first pulse. While sub-
sequent pulses occur, the mass loss may not be as pronounced.
However, the 76 M, progenitor shows significant mass loss dur-
ing subsequent pulses. Also observable is the difference in the
stellar mass for each model. A larger resultant BH for the most
massive PPISN, while the final BH for a 70 M, model is smaller.
It is also noted that relativistic effects shift the boundary between
PPISNe and PISNe to lower progenitor mass. However, this shift
is insignificant.

3.3. Nucleosynthesis of PISN

Figures 11 and 12 show the total ejected mass of isotopes as a
function of the progenitor mass. The ejected mass includes mass
ejected in the wind and in the individual pulses. Also shown in
this figure is the relative difference of mass ejected between each
model:
AM = Mejrer = Mejext (11)
M Mcj,cxt

In the case of “He, the difference in both models is not found
to be significant. Nearly all of the *He is ejected in the wind for
all progenitors. For nuclei heavier than “He, the ejected mass is
significantly affected by the subsequent pulsations of the star.

For many of the models, it would appear that the amount of
mass ejected in the relativistic model is largest relative to the
amount of mass ejected in the extended model for a progenitor
mass of ~52 M. This is probably because this progenitor under-
goes the largest number of pulses, and more importantly, spends
more time at a central temperature where relativistic effects are
important. Here, it might not be surprising that burning will
progress more rapidly to produce more species heavier than '2C
at the stellar surface for progenitors which undergo more pulses.
For progenitors with masses between 70 and 76 M,,, there are
several pulses, and the mass ejected per pulse is larger. This
results in a larger amount of mass ejected as shown in Figs. 11
and 12 but increased burning beyond 2*Mg results in a depletion
of the lighter nuclei for higher-mass progenitors.
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For nuclei heavier than **Mg, very little mass is ejected
unless the evolution results in a PISN, ejecting all of the mass
in the star. Because much of the mass of these nuclei is con-
fined to the core, and because the individual pulses proceeding a
PPISN primarily eject surface layers, the heavy nuclei are main-
tained in the core of the star as it collapses into a BH. This is
seen in the figure as a sharp increase in the ejected mass of 28Si
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and heavier for ~90 M. At a mass roughly equal to the cutoff
between PPISNe and PISN, there is a sharp increase in the rel-
ative difference in ejected mass. This difference is particularly
visible for the heavier nuclei and to a lesser extent for the lighter
nuclei. This sharp increase corresponds to the very narrow range
of progenitor mass which results in a PISN for a the relativis-
tic model, but a PPISN in the extended model. For progenitors
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heavier than this cutoff in both models, the ratios are very close
to zero as all of the stellar mass is ejected into the ISM after a
very short increase in core temperature. Much of the production
of heavier nuclei in stars undergoing PISNe is from hydrostatic
burning at lower temperature.

For the Fe in the PISN region (M, ~ 150 M), the rel-
ativistic model ejects slightly less Fe than the extended model.
However, only a very small amount of Fe is ejected in either
model, and the difference is small. For direct collapse, progeni-
tors with M > 242 M, eject no Fe as the star undergoes a direct
collapse into a BH, and only lighter-mass nuclei are ejected in
the wind prior to collapse.

In fact, it is seen that for the massive stars that undergo
PISNe or direct collapse, there is little or no difference in the
ejecta for all nuclei. This is because the stellar interior either
does not reach a core temperature hot enough for relativistic
screening to be significant, or the core temperature is hot for a
very short period of time.

The progenitors in the mass region between 50 and 64 M,
are particularly interesting with regard to the production of
nuclei less massive than 2*Mg. Here the dynamics and interplay
between the number of pulses, core temperature, surface ejecta,
and the wind can be quite complicated. Relativistic screening
for the 52 M, model results in an increase in the ejection of
lighter nuclei, with the largest enhancement for 2’Ne (although
it is important to note that only a very small amount of *°Ne is
ejected by the 52 M; model). However, for the 58 M model,
there is a smaller amount of He, C, and O ejected for relativis-
tic screening. This may be due to the enhanced burning of these
nuclei as the star progresses to the production of more massive
nuclei.

Figure 13 shows Kippenhahn diagrams for four representa-
tive models. Shown are the mass lines as a function of log(t..n—1)
where t.qy is the final collapse time. Each line in these diagrams
corresponds to the location at which the mass fraction of the
labeled isotope falls below 1072, Also shown is the total stellar
mass below the escape velocity. (Convective and burning zones

are not shown for simplicity.) In the case of the 52 M, and 58 M
models, there is a significant convection zone after the first pulse
starting at the boundary of the C/O layer. This is likely respon-
sible for the rapidly changing behavior between these two mod-
els. In the relativistic model, the C layer extends to deeper in
the star prior to collapse for the 52 M, model, while it does not
extend as deeply as that for the default screening formulation in
the 58 M, model. It can be seen in Fig. 11 that more C is ejected
in the 52 M model if relativistic effects are considered, but less
is ejected for the 58 My model. Similar results are seen for O.

This emphasizes the complexity of nucleosynthesis within
the PPISN model and the changes in rates between these two
formulations of electron screening. Because the screening cor-
rection is density-dependent, rates in the relativistic screening
model do not always exceed those of the default screening
model. Furthermore, the pulse number, duration, shape, and qui-
escent period all vary between these formulations. While fewer
pulses are expected to result in a lower ejected mass, a longer
pulsational period (including weak pulses) can have the oppo-
site effect.

4, Conclusions

A screening model was developed for MESA in which electron-
positron charge density and distribution were treated in an envi-
ronment in which pair-production is possible. Existing routines
have been adapted to incorporate a new screening type for all
MESA simulations.

As a first test of this model, relativistic screening for PPISNe
and PISNe has been explored. Comparisons were made to prior
models over a range of masses including low-mass He core pro-
genitor stars, which undergo direct BH collapse; stars which
undergo direct collapse after one or more thermal pulses; stars
which explode in PISNe as every mass element exceeds the local
escape velocity; and massive stars which undergo direct collapse.

The inclusion of relativistic screening was found to change
the overall pulsational morphology and timing characteristics
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Fig. 12. Same as Fig. 11, except for nuclei heavier than 2*Si. Top left: *2S, top middle: * Ar, top right: “*Ca, middle left: **Ti, center: **Cr, middle
right: 3’Fe, bottom left: >*Fe, bottom middle: *°Fe, and bottom right: *Ni.

of the pulsational phase of the star. This is not surprising as
relativistic screening is most prominent at higher temperatures.

However, the total mass of light nuclei ejected by PPISNe is gener-
The pulsational phase of the star was found to achieve tempera-

ally small. This reflects the effects of the steep mass profile within

the star and how small differences in mass profiles at the sur-
tures in the core and elsewhere of well over 150 keV, the cutoff ~ face can result in large relative changes in the total ejecta of one

temperature for relativistic screening. For masses near 44.5 M;,  specie. For progenitors with masses 70 < M/M; < 90, where
the unstable temperature oscillations were found to extend for a mass loss from pulsation becomes significant, the ejected mass of
longer period of time prior to the final collapse of the star. It was  light nuclei increases. In this region, the relative differences in the
also found that the boundary between PPISNe and PISNe occurs  ejected mass of a particular specie is generally less than 10%.
at lower mass. However, the shift in this boundary with mass For lighter progenitors, with M < 70 M., the ejected mass
insignificant in light of the other uncertainties in this model. can be quite small, ~5 M, or less for C and O. However the
Because of the unstable nature of the pulsational phase of differences in the mass ejected can be more significant. It is as
PPISNe, slight changes in the reaction rates and heating due to  much as 40%(14%) for O(C) ejected by a 52 M, star. Differences
small changes in screening can result in changes in the timing in the convection induced by heating differences in each model
characteristics of the pulses. A notable case is the 64 M; model, are also noted, as shown in Fig. 13.
for which the heating is more pronounced in the month prior The maximum BH mass formed in this study, which is pro-
to collapse. For other models, shifts in pulses, the appearance of duced by a ~70 M, He core, was found to vary little by the
weak pulses, and changes in the overall timing of the final pulses addition of relativistic screening. At higher progenitor masses,
can result from the inclusion of relativistic screening. the resultant BH mass was found to increase by roughly 0.5 M.
The changes induced in the temperature characteristics of the However, this increase is probably negligible given the uncer-
pulsational phase can also affect the resulting nucleosynthesis tainties of the model used. Though the changes in rates induced
slightly. Here, we examined the composition of material ejected by a relativistic treatment of screening change the BH mass only
in the winds and pulses. For stars that undergo total destruction slightly, the resultant composition of the ejecta, being sensitive to
in a PISN, little change was found in the composition of ejected  the surface composition, was found to vary somewhat for lighter
mass between the default and the relativistic model. However, for progenitors and lighter stars. While this may not significantly
resulting PPISNe, there could be changes in the total masses of change models for late time galactic chemical evolution, it may

ejected isotopic species as the total surface composition could be worth exploring the effects of changes in the galactic chemical
vary with each model. For nuclei less massive than 23Si, differ-

evolution of the early galaxy from the possible nucleosynthesis
ences in the ejected mass of specific species could exceed 200%.

in Pop III stars which undergo PPISNe.
A97, page 14 of 16
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Fig. 13. Kippenhahn diagram comparison for four progenitors. Lines indicate the mass element at which the mass fraction of the indicated isotope
falls below 1072, The mass of each layer is indicated, along with the total mass of the star below the escape velocity. Dashed lines are for the
relativistic model and solid lines are for the default screening model. Convective and burning regions have been removed for clarity. Top left:

52 M., top right: 58 M, bottom left: 70 M, and bottom right: 76 M.

Finally, we emphasize that the model presented here applies
to weak Debye screening only, in which the temperature is rel-
atively high, the density is relatively low, or both. The effects
of our model, however, apply to nearly the entire star in this
case, as the weak screening parameters are used in computing
intermediate screening, with a higher density or lower tempera-
ture. Thus, our screening model would influence nuclear reaction
rates throughout nearly the entire star at all stages in the evolu-
tion of the star. Though the overall effects on PPISNe and PISNe
were found to be small, the overall effects on the pulse morphol-
ogy and nucleosynthesis were compelling. The additions made
to the MESA code could be useful for this environment and other
astrophysical plasmas in which the temperature 79 = 1.
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