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Abstract

Numerical simulations have now shown that Population III (Pop III) stars can form in binaries and small clusters
and that these stars can be in close proximity to each other. If so, they could be subject to binary interactions such
as mass exchange that could profoundly alter their evolution, ionizing UV and Lyman—Werner photon emission
and explosion yields, with important consequences for early cosmological reionization and chemical enrichment.
Here we investigate the evolution of Pop III and extremely metal-poor binary stars with the MESA code. We find
that interactions ranging from stable mass transfer to common envelope evolution can occur in these binaries for a
wide range of mass ratios and initial separations. Mass transfer can nearly double UV photon yields in some of
these binaries with respect to their individual stars by extending the life of the companion star, which in turn can
enhance early cosmological reionization but also suppress the formation of later generations of primordial stars.
Binary interactions can also have large effects on the nucleosynthetic yields of the stars by promoting or removing
them into or out of mass ranges for specific SN types. We provide fits to total photon yields for the binaries in our
study for use in cosmological simulations.

Unified Astronomy Thesaurus concepts: Binary stars (154); Close binary stars (254); Stellar evolutionary models

CrossMark

(2046); Stellar evolution (1599); Population III stars (1285); Stellar feedback (1602)

1. Introduction

The birth of Population I (PopIII) stars at z~ 20-25
marked the end of the cosmic Dark Ages and the onset of
cosmological reionization (Kitayama et al. 2004; Whalen et al.
2004; Alvarez et al. 2006; Abel et al. 2007). Pop III stars were
also the first great nucleosynthetic engines in the universe,
forging the heavy elements required for the later formation of
planets and life (Greif et al. 2007; Whalen et al. 2008; Joggerst
et al. 2010; Joggerst & Whalen 2011; Latif & Schleicher 2020;
Magg et al. 2020). Pop III stars were originally thought to form
in isolation, one per halo (Bromm et al. 1999; Abel et al. 2002)
but were later found to occur in binaries and small multiples in
simulations (e.g., Turk et al. 2009; Stacy et al. 2010; Clark
et al. 2011; Greif et al. 2012; Susa 2013; Susa et al. 2014,
Susa 2019; Latif et al. 2020; Patrick et al. 2023; Sugimura et al.
2020; Latif et al. 2021). Although the PopIII initial mass
function remains uncertain it is thought to be top heavy, with
masses ranging from a few tens to hundreds of solar masses
(Hirano et al. 2015; Latif et al. 2022).

The existence of massive PopIIl binaries raises the
possibility of mass transfer that could radically alter the
properties of both stars, along with their ionizing photon
emission rates (Chen et al. 2015) and elemental yields if they
die as supernovae (SNe). Their evolution begins with two stars
on the main sequence, with one later growing to a radius that
leads to mass transfer to its companion. Spectroscopic studies
have shown that most massive stars in the universe today have
a companion which is close enough to exchange mass at some
point in their evolution (Raghavan et al. 2010; Janson et al.
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2012). Besides having a potentially important impact on early
cosmological reionization and chemical enrichment, mass
exchange in primordial binaries may have governed gravita-
tional wave (GW) production in the early universe by setting
the masses and inspiral times of the black holes (BHs; e.g.,
Kinugawa et al. 2014; Hartwig et al. 2016; Inayoshi et al. 2016;
Liu & Bromm 2020).

The evolution of single Pop III stars has been examined in a
number of studies (Heger & Woosley 2002, 2010; Yoon et al.
2012; Murphy et al. 2021). Modeling the evolution of
Population IIT binaries, however, has to date largely focused
on a few isolated systems (e.g., Lawlor et al. 2008; Song et al.
2020) or on rapid calculations using interpolated fits to single
star evolution to model binary populations (e.g., Inayoshi et al.
2017; Hijikawa et al. 2021; Sartorio et al. 2023). Here, we
investigate the evolution of interacting binary stars at zero and
very low metallicities, like those found in the primordial
universe and the first galaxies, using a stellar evolutionary code
to follow the evolution of these stars and their response to mass
transfer. This allows us to examine their mass transfer, final
masses, and ionizing UV luminosities over their lifetimes in
detail. Our models evolve the stars from the zero-age main
sequence to collapse for a grid of total masses, mass ratios,
metallicities, and separations. In Section 2 we describe our
numerical models and in Section 3 we discuss the evolution
and properties of the stars. In Section 4, we analyze the effects
of mass transfer on the stars and discuss radiative feedback
from binaries at high redshifts in Section 5. We conclude in
Section 6.

2. Numerical Method

We use the MESA code to evolve the binary stars in our study.
MESA is a one-dimensional (1D) Lagrangian stellar evolution
code with convective mixing and nuclear burning that is
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implicitly coupled to updates of the equations of stellar structure
(version r10108; Paxton et al. 2011, 2013, 2015). We consider
three metallicities, Z, where Z=0, 107> Z., or 1072 Z_, (where
Z-=0.017 as in Grevesse et al. 1996). For each metallicity we
sample 10 donor star masses, M;, from 10-100 M,
in 10 M., increments. The mass of the companion star, M,, is
determined by two ratios, g, =M,/M; = 0.8 and 0.5. These
mass combinations yield 60 binaries. For each binary we
consider 10 initial binary separations, a, from 100 to 1000 R in
100 R increments for a total of 600 models.

2.1. Model Setup

We initialize the donor and companion stars separately as
fully convective n = 3 polytropes with the specified masses.
We set their initial helium mass fractions, Y, so that they
increased linearly from Y = 0.2477 (Peimbert et al. 2007) to
Y =0.28 Over the interval Z=0 - Z, although the maximum
metallicity we considered was 0.01 Z.. The hydrogen mass
fractions, X, are then adjusted automatically to satisfy the mass
conservation law, X+ Y+ Z=1. After initialization, the
protostars begin to contract under their own gravity. Their
core temperatures then rise and they eventually begin nuclear
burning. However, the onset of p—p burning does not produce
enough energy to halt contraction in Population III protostars
so it continues until the triple-alpha chain builds up enough C
to begin the CNO cycle. CNO burning halts contraction and the
star enters the main sequence. Extremely metal-poor (EMP)
protostars reach the main sequence earlier because the CNO
cycle begins nearly immediately in them.

MESA adaptively rezones the stars during their evolution.
Mesh refinement is triggered when gradients in pressure,
temperature, and “He abundances between adjacent zones
exceed certain values: 6 log P/P> 1/30, 6 log T/T> 1/80, and
6log(x + 0.01)> 1/20 log x, where ¥ is the “He mass fraction
(Section 6.4 of Paxton et al. 2011). This prescription results in
larger numbers of zones typically being allocated near the
center of the star to resolve nuclear burning and convective
processes and the stars being partitioned into 1000-3000 mass
zones. In this first stage we use the 8-isotope basic.net
nuclear reaction network (H, 3He, 4He, 12C, 14N, 16O, 2ONe,
and **Mg), which includes the pp chain, CNO cycle, and
helium burning. Later, when the stars reach carbon burning,
MESA switches to the 9-isotope co_burn.net network,
which adds in 28Si, and then uses the APPROX21 network
when the star reaches oxygen burning. We exclude mass loss
due to stellar winds and pulsations because they are thought to
be negligible at our metallicities (Baraffe et al. 2001; Vink et al.
2001).

We use the Ledoux criterion for convection, which is
modeled with Henyey’s mixing-length theory, and we set the
mixing-length scaling parameter to 1.5 (Henyey et al. 1965).
The equation of state (EOS) in our models is a composite of
several data sets, including the OPAL/SCVH tables (Saumon
et al. 1995; Rogers & Nayfonov 2002), which are used at lower
densities and temperatures like those in the outer regions of the
star and its atmosphere, and the HELM and PC EOSs (Timmes
& Swesty 2000; Potekhin & Chabrier 2010), which are used
hotter and denser regions, like those in the core of the star (see
Figure 1 and Section 4.2 of Paxton et al. 2011). All MESA files
required to reproduce our results are available at doi:10.5281/
zenodo.7949967.
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2.2. Binary Evolution

We then use MESAbinary (Madhusudhan et al. 2006; Lin
et al. 2011; Paxton et al. 2015) to coevolve the two zero-age
main-sequence stars as a binary. We evolve the binary until the
donor star forms a collapsing iron core or the binary becomes a
common envelope candidate. Mass exchange between the stars
begins when the donor star begins to overflow its Roche lobe,
whose radius, Rgy j, can be approximated as (Eggleton 1983)

Rrii _ 0.49¢7° n
a 0.6¢2* + In(1 + ¢/’

where gq; = M;/M,. We use the Ritter scheme (Ritter 1988) to
model mass transfer between binary stars in MESAbinary
because it is more stable, especially if an extended atmosphere
of a star triggers Roche-lobe overflow. The mass transfer rate is

M= M, exp(iRl - RRU), @
Hp 1/v(q,)

where Hp ; is the pressure scale height at the photosphere of the
donor star and

3/2
. 27 R} | kgTis
My = =F, : 3

o=@ GMl(mp,uph P )

where kg is the Boltzmann constant, m,, is the proton mass, T
is the effective temperature of the donor, pp, and ppy are the
mean molecular weight and density at its photosphere, and
F1(g») and ~(q,) are fitting functions (Equations (15) and (16)
in Paxton et al. 2015). The eccentricities of the orbits of the
stars in our models are zero so their trajectories in the binary
are two concentric circles. When mass transfer occurs, their
separation evolves because of angular conservation as

a/ _ 1‘/1121‘/[22 a
(My — dm)>(My + dm)®

“)
where a’ is the new separation after a mass transfer of dm.

2.3. Accretion Physics

Mass transfer can create an accretion disk around the
companion star that converts the kinetic energy of the inflow
into thermal and kinetic energy at the surface of the star, which
either heats the star or is released as radiation. Thus, in
principle the properties of the disk are needed to model the
evolution of the star and its ionizing UV luminosities. Gas from
the donor falls from L, into the gravitational field of the second
star and, depending on its angular momentum, orbits the star at
a radius, Ry, the Keplerian orbit that has the same angular
momentum as the gas at L;. The velocity of the gas at Ry is

172
GM,
Vv = _— . 5
‘ ( Rq ) ©

Because the gas at L; and R, has the same angular momentum,
Rdvd = bzw, (6)

where b is the distance between L; and the center of the second
star and w is the angular velocity of the gas. Using w=27/P,
where P is the binary period, and Kepler’s third law, R,
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Figure 1. Ry/R, for binaries with a total mass of 90 M, g» = 0.5 and a = 20 R.
Blue: Z = 1072 Z; green: Z= 107" Z..

becomes

Re/a= (1 + q)(b/a)*. )

If the ratio of the radius of the disk and companion star is
less than one (Ry/R, < 1), the gas will fall directly onto the star
without forming a disk. If this ratio is greater than one, a disk
forms. In our binary models accretion disks rarely form, and if
they do their radii are too small to be described using simple
disk models or they form late in the life of the star, as shown
for two metallicities in Figure 1. We therefore ignore effects
due to disks in our models and assume the infall energy is
radiated away, with no effect on the surface temperature of
the star.

2.4. Ionizing UV Luminosities

We calculate ionizing photon emission rates for the stars by
treating them as blackbodies with spectral radiance densities
B,

2hv? 1

C2 elw/kBT o 1

B,(T) = ®)

Assuming T to be the effective temperature T, of the star, the
ionizing photon flux per unit solid angle per unit time is

p= [ g,

Vimin v

) ©)

where hvp;, is the ionization energy threshold of H (13.6 eV),
He1(24.6 eV), or He Il (54.4 eV). Lyman—Werner (LW) fluxes
with hyy;,, = 11.2eV are calculated in the same manner. The
total ionizing photon emission rate N is then

N = 47R%f. (10)

Because radiation from the accretion disk is excluded in our
models, the ionizing photon emission rate of the binary is just
the sum of the rates of its stars:

N =47 R f, + R7f), (11)

where R and R, are the radii of the donor and companion stars,
respectively. This rate evolves during mass transfer as the
effective temperatures of the stars change.

Tsai et al.

3. Results

The binaries in our study evolve along three pathways:
noninteracting, stable mass transfer, and common envelope
evolution, as summarized in Figure 2 and Table 1. When the
donor star exits the main-sequence, hydrogen shell burning
expands its outer envelope. Large separations or low
metallicities prevent mass transfer if the stars are too far away
from one another or are too compact for Roche lobe overlap.
Stable mass exchange occurs when the radius of the donor
exceeds its Roche lobe and it transfers mass to its companion.
If the donor star transfers gas to its companion too quickly, the
companion can expand beyond its own Roche lobe and the two
stars can come into contact. Gas then envelopes both stars, and
they enter a common envelope phase that leads to much higher
and more irregular transfer rates. Stable mass transfer can later
lead to common envelope evolution because the exchange can
change the structures of the stars and their separation.

A total of 61.2% of our 600 binaries exhibit some type of
mass exchange, either stable-transfer (29.5%) or common
envelope evolution (31.7%). The number of interactions
increases with mass at all metallicities because the stars have
larger radii. Only 54% of PoplIIl binaries exchange mass
because the stars are more compact. In contrast, 61% of the
Z=10"3 Z_, binaries and 76.5% of the Z= 102 Z_, binaries
transfer mass. Metallicity plays a key role in binary interactions
because those with higher metallicities form puffier stars that
more easily initiate mass transfer later in their lives. As noted in
Figure 2, not all of the binaries could be evolved up to the death
of the donor star because of numerical instabilities that arose in
the MESA runs, and even fewer could be evolved up to the
collapse of the companion star, about one in six. This latter fact
was due to the difficulties in evolving the companion after
significant fractions of the mass of the donor were deposited
onto its outer layers. Nevertheless, it was possible in most cases
to capture the effects of mass transfer on both stars as it
occurred.

3.1. Stable Mass Transfer

Stable mass transfer occurs in 16.5% of the Pop III binaries,
29.5% of the 107> Z. binaries, and 42.5% of the 1072 Z
systems. It favors binaries with smaller separations and higher
donor masses because small separations create compact Roche
lobes that are easier to fill and donors with large masses have
larger radii at late times. In Pop III binaries, 20-50 M, donor
stars do not expand enough to fill their Roche lobes before core
collapse. However, 10 M., donor stars can exceed their Roche
lobes during sudden pulsations of their envelopes during
helium burning in our simulations. This clustering holds for
1072 Z., binaries but over a greater range in total mass at the
low and high ends and in separation, and these ranges are even
broader in the 10~2 Z. models. In our models, stable transfer
mostly happens when ¢, = 0.8.

3.2. Common Envelope Evolution

Mass exchange in binary stars with lower mass ratios usually
leads to common envelope evolution because they have larger
Roche lobes with higher transfer rates that are more likely to
lead to companion star overflow. Like the stable-transfer cases,
the common envelope candidates are clustered at small
separations and the highest and lowest masses at zero
metallicity. Both types of mass transfer occur primarily in
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Z=0.012Zo
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. non-interacting stable-transfer

. common envelope candidate O : donor core collapse X : companion core collapse

Figure 2. Types of mass transfer between the binary stars: noninteracting (red), stable-transfer (green), and common envelope evolution (black). Models that could
only be evolved to the collapse of the donor star because of numerical issues are marked by circles. Those that could be evolved up to the collapse of the companion

star are marked by X’s.

Table 1
Percentages of Noninteracting, Stable-transfer, and Overflowing Binaries by
Metallicity
Z=0 Z=0.001 Z Z=0.01Z;
noninteracting 54% 39% 23.5%
stable-transfer 16.5% 29.5% 42.5%
common envelope 29.5% 31.5% 34%

donor stars that are either 240 M., or <10 M. 37.2% of the
donor stars in our study reached core collapse but we had to
terminate 31.2% of the runs because of small time steps.
However, most of these latter cases nearly reached core
collapse and emitted most of their ionizing photons.

3.3. Mass Transfer Rates

We show transfer rates for nine binaries with stable mass
exchange in Figure 3. In the left panel, those with smaller initial
separations exchange mass sooner because the donor star fills
its smaller Roche lobe at earlier times. Binaries with higher
metallicities also in general transfer mass sooner because their
higher internal opacities lead to larger stellar radii (Ou et al.
2023). In the center panel, the 0.001 Z. binary begins mass

transfer before the 0.01 Z, binary. This outlier occurs because
the 0.001 Z. donor star happens to fill its Roche lobe and
activate the Ritter scheme before the 0.01 Z. star does.
Binaries with smaller masses have longer main-sequence
lifetimes so mass transfer begins at later times. Transfer rates
can vary from an average of 14 x10™* M, yr! to a
maximum of 3.3 x 107> M, yr ' in the a = 100 R, binary in
the left panel.

A number of the models exhibit sudden, large jumps in
transfer rate by up to 4-6 orders in magnitude at the end of the
life of the donor. They are due to the rapid expansion of the
envelope of the star prior to collapse or explosion. From
Equation (2) it can be seen that the rate is an exponential
function of the radius of the donor and can thus dramatically
change with expansion at later times. All the models exhibit an
initial jump in a transfer rate of 2-3 orders of magnitude at the
onset of mass exchange because the expansion of the donor
upon exiting the main sequence briefly exceeds its Roche lobe.

3.4. Stellar Radii / Separations

We show the evolution of the radii of the stars in a binary
with an 80 M, donor, ¢» = 0.8, Z=10"2 Z.,, and a = 800 R,
in the upper panel of Figure 4. The donor star increases by a
factor of 10 in radius at 3.2 Myr, when it begins to burn helium.
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Figure 3. Mass transfer rates for nine of the binaries. Left: three binaries with total masses of 80 M, ¢> = 0.8, Z = 1072 Z_, and a = 100, 400 and 800 R..,. Middle:
three binaries with donor masses of 90 M, g, = 0.8, a = 100 R, and Z = 0, 1073 Z and 1072 Z.. Right: three binaries with g, = 0.8, a =500 R, Z = 1072 Zo,
and donor masses of 90 M., 70 M., and 50 M. Mass transfer generally proceeds for ~0.1-0.3 Myr at 2.5-4 Myr, after the more massive donor stars exit the main

sequence.

It overflows its Roche lobe and begins to transfer mass to its
companion until its core collapses after ~0.3 Myr. At the onset
of transfer, the radius of the companion star increases by about
a factor of about 5 but then rapidly falls to a fraction of its
original value. This happens because when the companion
gains mass from the donor MESA adds it to its surface, which is
in nonthermal equilibrium. The star then contracts on a
timescale of about 1000 yr, which is consistent with the
Kelvin—Helmbholtz time of the star, about 5000 yr. As shown in
the lower panel of Figure 4, at 3.25 Myr the separation of the
stars in the binary evolves over a short period of time, 2500 yr.
Over this time the donor falls from 80 M to 55 M, as it
transfers mass to its companion at a rate of about 0.01 M., yr".
Thus, while mass transfer only occurs for a small fraction of the
age of the donor, 31% of its mass is transferred to its
companion.

3.5. Ionizing Photon Yields

We show the total numbers of HI, He I, and HeII ionizing
photons and LW photons for binaries of all masses with initial
separations of 1000 R and ¢, = 0.8 up to the death of the
donor star in Figure 5. They increase with total mass because of
the higher temperatures of the more massive stars. In general,
ionizing photon yields for a given mass are higher at lower
metallicities because the stars are hotter and more compact. In
contrast, LW yields increase with metallicity at a given mass
because the stars are cooler and more of their photons lie in the
11.18-13.6 eV band. We compare HT ionizing photon yields
for the 0.001 Z, binaries over a range of separations and mass
ratios up to the death of the donor star in Figure 6. They
increase with both donor mass and mass ratio, g,. Stars with
larger masses have higher effective temperatures and larger
surface areas, and thus greater photon yields. In a binary
system, g, determines the mass of the companion star. A binary
with a larger g, will have a more massive companion than one
with a lower ¢,, and therefore stronger ionizing fluxes and
greater photon yields. The yields rise as mass ratios increase
because the more massive star can produce more ionizing UV
flux. Ionizing photon yields for our binaries are tabulated in
Tables 4-15 in the Appendix.

3.6. Ionizing Photon Rates

Figure 6 shows that total ionizing photon yields for 0.001 Z,
binary stars decrease as the separation increases from 100 to
1000 R, suggesting that mass transfer has some impact on
them. To understand why this is so, we plot UV emission rates
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Figure 4. Top: evolution of stellar radii in a binary with a donor mass of
80 M., g, = 0.8, Z= 1072 Z,, and initial separation a = 800 Re. “RL" is the
Roche lobe radius of the donor star. Bottom: separation between the stars over
time, which abruptly decreases from 800 to 780 R, when they begin to transfer
mass and then jumps to 880 R, after which transfer ends. The red circle marks
the time interval over which mass transfer occurs.

for 162 M. PoplIIl noninteracting and stably interacting
binaries to those of a single star with the same total mass in
Figure 7 and compare their total photon yields in Table 2. In
the table, “S” is the photon yield of the single star, “I”’ and “NI”
are the yields of the binaries up to the collapse of the donor star,
and “T*” and “NI*” are the final yields for the binaries at the
collapse of the companion star. Single stars have higher
temperatures than those in binaries with the same total mass
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noninteracting binaries, respectively. As shown in the panel on the right, binary stars with larger ¢, have more massive companion stars with stronger ionizing fluxes
and therefore greater photon yields.

and thus have higher ionizing emission rates on the main
sequence. However, they also have shorter lifetimes and exit
the main sequence before either star in the binary, after which,
as shown in Figure 7, their ionizing UV rates fall. The net result
is that single stars have somewhat higher total yields than

binaries of equal mass up to the death of the donor star, but
typically by no more than 50%.

As expected, the UV fluxes for interacting and noninteract-
ing binary stars are similar up to the onset of mass transfer.
Mass exchange then alters the structures of both stars, typically
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Figure 7. UV emission rates for 162 M, zero-metallicity interacting and noninteracting binaries and a single star with the same total mass. Here, ¢, = 0.8, and
a =100 R, and 900 R, for the interacting and noninteracting binaries, respectively. The dashed lines are rates for the companion after it exits the main sequence.

Mass transfer extends the life of the companion, so it produces more UV photons.

Table 2
UV Photon Yields for 162 M., Pop III Interacting and Noninteracting Binaries
and for a Single 162 M., Star

H1 Hel He 11 LW
S 1.91 x 10 7.65 x 10% 4.57 x 102 3.90 x 10%
I 1.75 x 10%* 6.65 x 10% 3.02 x 102 3.64 x 10%
NI 1.69 x 10 6.55 x 10% 3.01 x 102 3.37 x 10%
I 2.56 x 10%* 8.22 x 109 3.11 x 10%? 6.87 x 10%
NI* 1.77 x 10 6.68 x 10% 3.01 x 10% 3.65 x 10%

Note. Here, g, = 0.8 and a = 100 R, and 900 R for the interacting and
noninteracting systems, respectively. “S” is the photon yield of the single star,
“I” and “NI” are the yields of the binaries up to the collapse of the donor star,
and “I"” and “NI"” are the final yields for the binaries at the time of the
collapse of the companion star.

resulting in pulsations in the donor that produce the luminosity
waves visible in Figure 7 just before the star dies. This process
is short lived, and the pulsations do not have much impact on
ionizing photon yields, as seen in the I and NI rows in Table 2.
However, even though it is brief, mass transfer extends the
main-sequence lifetime of the companion by providing it with
additional fuel from the donor, which can add up to 50% to the
final yields of interacting binaries compared to those of
noninteracting binaries of equal mass, as shown in the I" and
NI" rows in Table 2. We note that while interacting binaries
produce more H and He I ionizing photons than single stars of

equal mass, single stars produce more HeII ionizing photons
because of their harder spectra.

We compare UV photon emission rates for donor and
companion stars in 90 M., zero-metallicity interacting binary
with g, = 0.8 and a = 100 R, in Figure 8 and their total photon
yields in Table 3. Initially the donor star, being more massive
than its companion, has a higher effective temperature and
larger surface area so it dominates the photon emission rates of
the binary. But when it exits the main sequence and expands in
radius its effective temperature falls, which reduces its emission
rates. Its radius is then constrained by its Roche lobe during
mass exchange. The radius of the companion grows because of
mass from the donor and its UV emission rates rise by up to an
order in magnitude.

At the end of mass transfer the radius of the companion
continues to increase, so its H1, He I, and LW photon emission
rates keep rising. However, its temperature does not increase
much so it does not produce many HeII ionizing photons. In
the absence of further accretion, the companion star evolves
like an isolated single star and its UV emission rates fall as it
enters the post-main sequence. Table 3 shows that while the
donor star has higher UV photon yields over its lifetime, the
companion star dominates the total UV yields of the binary
because mass transfer extended its main-sequence lifetime. As
the two stars evolve over their main-sequence lifetimes, their
radii and surface temperatures gradually rise and fall,
respectively. The increase in the HI and LW photon emission
rates over this interval in Figures 7 and 8 are due to their
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Figure 8. UV emission rates from the donor and companion stars in a 90 M., zero-metallicity interacting binary with g, = 0.8 and a = 100 R..,. After mass transfer, the
companion star expands and increases in surface area to the point that its UV emission rates can exceed those of the donor star.

Table 3
Contributions of the Donor (D) and Companion (C) Stars to the Total Photon
Yields of the Interacting Binary

HI1 Hel He 1 LW
D 1.03 x 10%* 3.84 x 10% 1.82 x 10 2.25 x 10%
c 7.26 x 10% 2.81 x 10% 1.19 x 10%? 1.39 x 109
c 1.53 x 10 438 x 10% 1.28 x 10 4.62 x 109

Note. C* includes the contribution from the companion star after the collapse of
the donor.

increase in surface area while the stability or fall of the He I and
Hell emission rates are due to the decrease in surface
temperature.

We fit the ionizing and LW photon yields up to the death of
the donor star, N, with a simple power-law function of donor
mass, M, in Figure 9. Fits to the HI and LW photon yields are
limited to 10-80 M, because the power-law overestimates the
yields at higher masses. Also, the high-temperature thresholds
for Hel and Hell photon production mean that stars below
10 M, cannot efficiently emit these photons, so we constrain
the range of validity to of these fits to 20-80 M. The power-
law index increases with photon energy and metallicity. We
compare photon yields for binaries with single stars of the same
total mass in Figure 11. Massive single stars can produce more
ionizing photons than their corresponding binaries, as shown
by their higher power-law index in all models. In Figure 11, we

also show the power-law fits as a function of stellar mass. The
mass covered by our analysis is 10-150 M., for HI and LW
photon yields and 30-150 M. for Hel and Hell yields.
Notably, the g, =0.8 and 0.5 binaries exhibit similar photon
yields. However, for He 1T photons, the g, = 0.5 binaries have
higher yields because binaries with a lower mass ratio have a
more massive donor star that produces a greater number of
Hell photons. These fits can be used in cosmological
simulations with radiative feedback at high redshifts.

We note that these fits underestimate the true photon yields
of the binaries to some degree because they exclude
contributions by the companions over their post-donor life-
times, which, as shown in Figures 7, 8 and Table 2 can enhance
the yields by up to 100%. They also ignore ionizing UV (and
X-rays) from the black hole of the donor, which are difficult to
quantify. Nevertheless, they capture the significant enhance-
ment in yields due to the rejuvenation of the companion star by
the donor over its lifetime.

3.7. Effects of Mass Transfer on Stellar Evolution

To understand how mass transfer affects stellar evolution in
binaries, we show Kippenhahn diagrams for a zero-metallicity
90 M., binary with g, = 0.8 and initial separation a = 100 R,
in Figure 10. When the donor star depletes its central hydrogen,
its core contracts because of gravity, which triggers central
helium burning and the exit of the star from the main sequence.
Hydrogen shell burning also begins and causes the radius of the
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Figure 9. Fits to the binary photon yields up to the death of the donor star. The Qg g and Qy 5 lines are the fits (Q ~ M) for the g, = 0.8 and 0.5 binaries, respectively.

star to grow by a factor of 100, so it becomes a red supergiant.
At the onset of mass transfer, the temperature of the donor falls
because mass loss reduces the gravity of the star, and in turn the
energy production rates in the shell. Nuclear burning continues
in the core of the donor until iron forms. The core itself is
detached from mass transfer.

During mass exchange, the donor transfers most of its
hydrogen envelope to its companion and becomes hydrogen
poor. The loss of the envelope could produce a Type Ib or Ic
supernova. At the same time, the companion star remains on
the main sequence. Mass transfer increases its radius and forms

an outer semiconvective zone, which affects hydrogen shell
burning and the mass of the helium core. This in turn alters the
evolutionary track of the donor star toward a yellow supergiant.
Since the final mass of this star is ~115 M, it likely dies as a
black hole without exploding.

4. Discussion

Besides mass transfer, binary stars can in principle gain mass
from each other by stellar winds. However, the winds are mainly
line driven, with mass-loss rates that are proportional to the
metallicity of the star (Vink et al. 2001; Muijres et al. 2012).
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companion star.

At Z < 1072 Z.,, mass-loss rates are at most ~10~® M, yr ', far
lower than typical Roche lobe overflow rates of 107*~107> M.,
yr~!, so we neglect them in our models.

Algol-type binaries contain a main-sequence star as the
primary and a post-main-sequence star that has filled its Roche
lobe as the secondary, with both stars in an accretion disk. A
number of Algol-type eclipsing binaries have been found
(Zola 1992; Ghoreyshi et al. 2011; Atwood-Stone et al. 2012).
These studies used observational photometric data of their
accretion disks to determine that these objects were low-mass
binaries. Our massive binaries therefore cannot be considered
to be Algol-type binaries.

10

Chen et al. (2015) considered the impact of Pop III binaries
on primordial structure formation in the early universe. They
used stellar evolution models from Heger & Woosley (2010) to
estimate ionizing UV feedback due to 45 M., + 15 M, and
30 M., + 30 M, Population III binary systems. However, they
treated their binaries as two isolated stars without accounting
for the effect of mass transfer on their ionizing UV photon
budgets. Our study shows that they therefore likely under-
estimated total ionizing UV from binaries by up to 50%, which
resulted in smaller H I regions and higher ambient densities for
supernovae, so metals from explosions would not have
propagated as far into the early intergalactic medium in their
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Figure 11. Tonizing and LW UV photon yields for binaries and single stars of equal mass. As in Figure 9, Q; is the power-law fit (Q ~ M) for single stars. The « for

binaries is smaller than that of single stars of equal mass.

models. Furthermore, we find that mass exchange can nearly
double total LW photon yields, so Population III and EMP
binaries may have been particularly effective at suppressing the
formation of new PopIll stars in their vicinity. UV photon
yields from Figure 5 can be used to implement recipes for
radiative feedback due to Pop III binaries in future cosmolo-
gical simulations.

In calculating UV photon yields we treated our stars as
blackbodies, but non-LTE radiative transfer models have shown
that absorption by stellar atmospheres can affect these fluxes
(Schaerer 2002). However, such calculations would have to be
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done on the fly to capture ionizing UV escape fractions during
the mass transfer because the atmosphere of the companion star
is constantly changing, so this approach is too costly in the near
term. We also adopted a simplified prescription for mass transfer
that in reality can require detailed modeling of accretion disks
that may be highly turbulent and have magnetic fields, which is
beyond the scope of our study. Many of our interacting binaries
enter common envelope evolution, especially those with high
metallicities, but this phase cannot currently be modeled with
MESA. Sophisticated 2D or 3D hydrodynamics simulations are
required to study stellar overlap.
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5. Conclusion

We find that interactions ranging from stable mass transfer
to common envelope evolution can occur in Pop III and EMP
binary stars in the early universe. In particular, mass
exchange in these systems can enhance their total HI, Hel,
He1l, and LW photon yields by up to 46%, 24%, 2%, and
89%, respectively, because of the extension of the life of the
companion star. Mass transfer in Pop III and EMP binaries
can therefore enhance early cosmological reionization and
suppress the formation of later generations of primordial
stars. Mass exchange can also affect their nucleosynthetic
yields by changing the masses of the stars at death. Pop III
stars from 8-25 M, die as Type II core-collapse SNe and
90-260 M., stars explode as pair-instability SNe (Heger &
Woosley 2002; Whalen et al. 2013a, 2013b, 2013c). If mass
transfer between the stars promotes or removes them into or
out of these mass ranges, it could drastically alter metal
yields due to early binaries. The effect of binary interactions
on chemical yields from early populations of stars will be
investigated in future studies.
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Appendix

Here we show 12 tables of ionizing (HI, He I, He II) and
LW UV photon yields for our binary star models for Z=0,
0.1, 0.01 Z, in Table 4—15. These tables exclude common
envelope candidates. The yields for stably interacting models
are calculated from the formation of the binary star until the
donor star reaches carbon-burning or iron-core collapse. We
also provide photon yields for 10-180 M, single stars in
Table 16

Table 4
H 1 Photon Yields from Pop III Binaries.

Z=0,H1
MMz) M>Mz) a(Re) 0, Qu 0.
10 5 900 3.75 x 102 3.62 x 102 1.28 x 10°!
10 5 1000 3.75 x 102 3.62 x 102 1.28 x 10%
20 16 100 1.69 x 10 1.13 x 10 5.62 x 10%?
20 16 200 1.69 x 10 1.13 x 108 5.62 x 10%
20 16 300 1.69 x 10 1.13 x 10%®  5.62 x 10%
20 16 400 1.69 x 10 1.13 x 108 5.62 x 10%
20 16 500 1.69 x 10 1.13 x 10 5.62 x 10
20 16 600 1.69 x 10 1.13 x 10%  5.62 x 10%
20 16 700 1.69 x 10 1.13 x 10%  5.62 x 10%
20 16 800 1.69 x 10 1.13 x 108 5.62 x 10%
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Table 4
(Continued)

Z=0,H1
MMz) M>Mz) a(Re) 0, Qa 0.
20 16 900 1.69 x 10 1.13 x 10%  5.62 x 10%
20 16 1000 1.69 x 108 1.13 x 108 5.62 x 102
20 10 100 125 x 10 1.13 x 10 1.23 x 10%
20 10 200 125 x 10%  1.13 x 10 1.23 x 10
20 10 300 125 x 10 1.13 x 10 1.23 x 10%
20 10 400 125 x 10 1.13 x 10%°  1.23 x 10%
20 10 500 125 x 10 1.13 x 10 1.23 x 10%
20 10 600 125 x 10%  1.13 x 10 1.23 x 10
20 10 700 125 x 10 1.13 x 10 1.23 x 10%
20 10 2800 125 x 10 1.13 x 109 1.23 x 10%
20 10 900 125 x 10 1.13 x 10 1.23 x 10%
20 10 1000 125 x 10%%  1.13 x 10 1.23 x 10
30 24 100 3.52%x10% 227 x10%%  1.25x 10
30 24 200 352 x 10% 227 x10%  1.25 x 109
30 24 300 352 % 10% 227 x10%  1.25 x 109
30 24 400 352 x 10% 227 x 109  1.25 x 109
30 24 500 352 % 10% 227 x10%  1.25 x 109
30 24 600 352 x 10% 227 x 109  1.25 x 109
30 24 700 352 x 10% 227 x10%  1.25 x 109
30 24 800 352 x 10% 227 x 109  1.25 x 109
30 24 900 352 x 10% 227 x 108 1.25 x 109
30 24 1000 3.52x 108 227 x 109 125 x 109
30 15 100 259 x 10% 227 x 10 3.20 x 10%
30 15 200 259 x 10% 227 x 10%  3.20 x 10%
30 15 300 259 x 10% 227 x 10 3.20 x 10%
30 15 400 259 x 10% 227 x 109 3.20 x 10%
30 15 500 259 x 10% 227 x 10  3.20 x 10%
30 15 600 259 x 10% 227 x 10  3.20 x 10%
30 15 700 259 x 10% 227 x 10 3.20 x 10
30 15 800 259 x 10% 227 x 109 3.20 x 10%
30 15 900 259 x 10% 227 x 10 3.20 x 10%
30 15 1000 259 x 108 227 x 108 3.20 x 102
40 32 100 5.56 x 10% 350 x 10%  2.06 x 109
40 32 200 5.56 x 10%°  3.50 x 10%  2.06 x 10
40 32 300 5.56 x 10%  3.50 x 10%  2.06 x 109
40 32 400 556 x 10  3.50 x 10 2.06 x 109
40 32 500 5.56 x 10%°  3.50 x 10%®  2.06 x 10%
40 32 600 556 x 10%°  3.50 x 10%  2.06 x 109
40 32 700 5.56 x 10 3.50 x 10  2.06 x 10%
40 32 800 556 x 10%°  3.50 x 10%  2.06 x 109
40 32 900 5.56 x 10%  3.50 x 10%  2.06 x 10%
40 32 1000 556 x 109 350 x 108 2.06 x 10%
40 20 100 409 x 10 3.50 x 10% 593 x 10%
40 20 200 4.09 x 10 3.50 x 10%  5.93 x 10%
40 20 300 409 x 10 3.50 x 10% 593 x 10%
40 20 400 4.09 x 10 3.50 x 10%  5.93 x 10%
40 20 500 4.09 x 10 3.50 x 10%* 593 x 10%
40 20 600 4.09 x 10 3.50 x 10%  5.93 x 10%
40 20 700 409 x 10 3.50 x 10%  5.93 x 10%
40 20 800 4.09 x 10 350 x 10%  5.93 x 109
40 20 900 409 x 10 3.50 x 10 5.93 x 10%?
40 20 1000 4.09 x 108 350 x 108 5.93 x 102
50 40 200 774 x 10 478 x 10%  2.96 x 10%
50 40 300 774 x 10 478 x 10%  2.96 x 10%
50 40 400 774 x 10 478 x 10 2.96 x 10%
50 40 500 774 x 10 478 x 10% 296 x 10%
50 40 600 774 x 10 478 x 10°%  2.96 x 10%
50 40 700 774 x 10 478 x 10°  2.96 x 10%
50 40 800 774 x 10 478 x 10%°  2.96 x 10%
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Table 4 Table 4
(Continued) (Continued)
Z=0,HI Z=0,H1
MMz) M>Mz) a(Re) (o) Qu 0. MMz) M>Mz) a(Re) 0, Qa 0.
50 40 900 774 x 10% 478 x 109 2.96 x 10% 90 45 700 127 x 10%*  9.96 x 10% 275 x 10%
50 40 1000 7.74 x 108 478 x 108 2.96 x 109 90 45 800 127 x 10%*  9.96 x 10 275 x 10%
p= p > 90 45 900 1.27 x 10%*  9.98 x 10%°  2.74 x 10%
50 25 100 5.73 x 1063 479 x 1063 9.35 x 1062 90 45 1000 127 x 10 998 x 10 274 x 10
50 25 200 5.70 x 10 477 x 10 932 x 10
50 25 300 571 x 10 478 x 10%  9.33 x 10% 100 80 100 1.95 x 10%*  1.13 x 10**  8.23 x 10%
50 25 400 571 x 10% 478 x 10%°  9.34 x 10% 100 80 200 2.02 x 10%*  1.19 x 10**  8.34 x 109
50 25 500 571 x 10 478 x 10%  9.34 x 109 100 80 400 1.92 x 10%*  1.12 x 10%*  8.00 x 10%
50 25 600 571 x 10 478 x 10%°  9.34 x 105 100 80 600 1.92 x 10%*  1.12 x 10**  8.01 x 10%
50 25 700 571 x 10 478 x 10%  9.34 x 10% 100 80 700 1.92 x 10%*  1.12 x 10**  8.01 x 10%
50 25 800 571 x 10%% 478 x 10%°  9.34 x 10% 100 80 800 1.92 x 10%*  1.12 x 10**  8.01 x 109
50 25 900 571 x 10 478 x 10%  9.34 x 10% 100 80 900 1.92 x 10%*  1.12 x 10%*  8.01 x 10%
50 25 1000 571 x 109 478 x 109 9.34 x 10 100 80 1000 2.01 x 10 1.17 x 10**  8.35 x 10
60 48 500 1.00 x 10%*  6.10 x 10°*  3.91 x 10% 100 50 400 145 x 10%* 112 x 10%*  3.27 x 109
60 48 700 1.00 x 10%*  6.09 x 10°*  3.91 x 10% 100 50 700 145 x 10%*  1.12 x 10**  3.28 x 10%
60 48 800 1.00 x 10%*  6.10 x 10%*  3.91 x 10% 100 50 800 145 x 10%*  1.12 x 10**  3.28 x 109
60 48 900 1.00 x 10%*  6.09 x 10°  3.91 x 10%
60 43 1000 1.00 x 10 6.09 x 10®  3.91 x 10” Note. Q,, O, Q. are total, donor, and companion yields, respectively.
60 30 500 748 x 10 6.15 x 10%°  1.33 x 10%
60 30 600 745 x 10% 611 x 10  1.34 x 10%
60 30 700 742 x 10%  6.09 x 10%°  1.33 x 10%
60 30 900 742 % 10%  6.09 x 109 1.33 x 10%
60 30 1000 7.42x 10  6.09 x 10 1.33 x 109
Table 5
70 36 600 1.23 x 10%* 739 x 10%3 491 x 109 He I Photon Yields from Population III Binaries
70 56 700 1.23 x 10%* 739 x 10 491 x 109
70 56 1000 1.23 x 10 739 x 10 4.91 x 109 Z=0Hel
= p = M\Ms) MMz)  a(Re) 0, Qu Q.
70 35 400 9.16 x 10 7.39 x 10 1.77 x 10 - —~ =
70 35 500 9.16 x 10 739 x 10 177 % 10 10 5 900 5.35 x 1061 5.31 x 1()61 4.12 % lOSg
70 35 600 9.16 x 10 739 x 10°? 177 % 1093 10 5 1000 5.35 x 10 5.31 x 10 4,12 x 10°
70 35 900 9.16 x 102 7.39 x 10: 1.77 x 10‘: 20 16 100 421 x 10 288 x 102 133 x 1052
70 35 1000 9.16 x 10™ 7.39 x 10™ 1.77 x 10" 20 16 200 421 % 10%2 288 x 10%2 133 % 102
20 o4 100 147 x 10% 869 x 10° 597 x 107 20 16 300 421 x 1022 2.88 x 1022 1.33 x 1022
20 64 400 147 x 10% 870 x 10°  5.95 x 10% 20 16 400 4.21 x 1062 2.88 x 1062 1.33 x 10(,2
80 64 500 1.46 x 10% 8.68 x 10° 5.92 % 10% 20 16 500 421 x 1062 2.88 x 1062 1.33 x 1062
80 64 600 1.46 x 105 8.69 x 10 5.93 % 10 20 16 600 421 x 1062 2.88 x 1()62 1.33 x 1062
20 64 200 153 % 10% 905 x 10° 620 x 10° 20 16 700 421 x 1062 2.88 x 1062 1.33 x 1062
20 64 900 153 % 10% 905 x 10% 620 x 107 20 16 800  4.21 x 1062 2.88 x 1062 1.33 x 1062
20 64 1000 153 x 10 905x 10 620 x 107 20 16 900 421 x 1062 2.88 x 1062 1.33 x 1062
20 16 1000 4.21 x 10 2.88 x 10 1.33 x 10
80 40 200 1.09 x 10%*  8.68 x 10 2.24 x 10% P P o
20 40 400 110 % 10% 870 x 10° 226 x 107 20 10 100 3.10 x 1062 2.90 x 1062 2.01 x 1061
20 40 500 109 x 10 868 x 10 225 x 107 20 10 200 3.10 x 1062 2.90 x 1062 2.01 x 1061
80 40 700 114 % 10 9.05 x 10 235 % 10 20 10 300 3.10 x 1062 2.90 x 1062 2.01 x 1061
20 40 200 L1410 905x 10 235 x 107 20 10 400 3.10 x 1062 2.90 x 1062 2.01 x 1061
20 40 900 114 % 10% 905 x 10° 235 x 107 20 10 500 3.10 x 1062 2.90 x 1062 2.01 x 1061
20 40 1000 116 x 10 924 x 108 234 x 107 20 10 600 3.10 x 10 2.90 x 10 2.01 x 10
20 10 700 3.10 x 102 2.90 x 102 2.01 x 10°!
90 72 100 1.76 x 10°*  1.03 x 10**  7.26 x 10% 20 10 800 3.10 x 10°2 2.90 x 102 2.01 x 10°
90 72 300 1.69 x 10%*  9.96 x 10 6.97 x 10% 20 10 900 3.10 x 102 2.90 x 10> 2.01 x 10%
90 72 400 1.69 x 10%* 996 x 10 6.98 x 109 20 10 1000 3.10 x 102 2.90 x 10°2  2.01 x 10°!
90 72 500 1.69 x 10 9.96 x 10 6.97 x 10” p= p =
9 7 600 160 x 10 996 x 10 697 x 107 30 24 100 1.06 x 106% 6.88 x 1062 3.75 x 1062
90 72 700 1.69 x 10 9.95 % 10 6.96 % 10 30 24 200 1.06 x 106‘3 6.88 x 1062 3.75 x 1062
90 7 800 170 % 10% 9.98 % 10 6.97 x 10 30 24 300 1.06 x 1063 6.88 x 1062 3.75 x lO62
90 72 900 1.69 x 10 0.98 x 10 6.96 x 10 30 24 400 1.06 x 1063 6.88 x 1062 3.75 x 1062
9 7 1000 170 x 10 998 x 10 697 x 107 30 24 500 1.06 x 106~z 6.88 x 1062 3.75 x 1062
30 24 600 1.06 x 10 6.88 x 10 3.75 x 10
90 45 100 1.26 x 10%*  9.90 x 10%* 270 x 10% 30 24 700 1.06 x 10 6.88 x 102 3.75 x 10%
90 45 300 127 x 10%*  9.96 x 10 2.75 x 10% 30 24 800 1.06 x 10 6.88 x 10%*  3.75 x 10%
90 45 400 127 x 10%*  9.96 x 10% 275 x 10% 30 24 900 1.06 x 10 6.88 x 102 3.75 x 10%
90 45 500 127 x 10%*  9.96 x 10 2.75 x 10% 30 24 1000 1.06 x 10 6.88 x 102 3.75 x 10%

13



THE ASTROPHYSICAL JOURNAL, 951:84 (29pp), 2023 July 10 Tsai et al.

Table 5 Table 5
(Continued) (Continued)
Z=0Hel Z=0Hel

MMz) M>Mz) a(Re) (o) Qu 0. MMz) M>Mz) a(Re) 0, QOu 0.
30 15 100 7.67 x 10 6.88 x 10 7.87 x 10! o0 i 70 20X ]O: 220 ]O: 00 IOZ
30 15 200 767x 107 688 x 102 787 x 10° o0 » A SO o

- o o 60 30 1000 2.68 x 10 221 x 10 4.66 x 10
30 15 300 7.67 x 10 6.88 x 10 7.87 x 10
30 15 400 7.67 x 10%  6.88 x 10 7.87 x 10°! 70 56 600 460 x 109 273 x 10% 187 x 10%
30 15 500 7.67 x 102 6.88 x 10 7.87 x 10°! 70 56 700 460 x 10 273 x 10%  1.87 x 10%
30 15 600 7.67 x 10%  6.88 x 10 7.87 x 10°! 70 56 1000 4.60 x 10 273 x 10 1.87 x 10%
30 15 700 7.67 x 102 6.88 x 102 7.87 x 10°! p p P
30 15 300 767 x 102 688 x 102 7.87 x 105" 70 35 400 3.38 x 106>3 273 x 106>3 6.53 x 1062
20 15 900 767 % 10° 688 x 10° 787 x 10°! 70 35 500 3.38 x 10;3 273 x 10({3 6.53 x 1062
30 15 1000 7.67 x 102 6.88 x 10 7.87 x 10°! ;g 22 g(o)g gzg x }g& ;;; x }86* 2'22 x 1862

. X - . X - . X

40 32 100 1.85 x 10 1.16 x 10%  6.90 x 10% 70 35 1000 338 x 109 273 x 109 6.53 x 10
40 32 200 1.85x10% 116 x 10°  6.90 x 10° = = p
40 3 300 185 % 108 116 x 10 6.90 x 107 80 64 100 5.59 x 105; 3.27 x 1063 232 % 106%
40 0 400 185 x 108 116 x 10 6.90 x 10 80 64 400 5.58 x 106~3 3.27 x 1()6~3 231 x 106-2
40 I 500 185 108 116 x 10 6.90 x 107 80 64 500 5.57 x 10& 3.27 x 106; 230 x 106>3
40 32 600 1.85 % 103 1.16 x 109 6.90 x 1092 80 64 600 5.57 x 106;‘ 3.27 x 106‘3 2.30 x 1()6‘3
40 3 700 185 108 116 x 10 6.90 x 107 80 64 800 5.69 x 1063 332 % 1063 237 x 106%
40 3 800 1.85 x 1093 1.16 % 109 6.90 x 102 80 64 900 5.69 x 106‘3 3.32 x 106‘3 2.37 x 106‘2
40 0 900 185 108 116 x 10 6.90 x 107 80 64 1000 5.69 x 10 3.32 x 10 237 x 10%°
40 32 1000 1.85 x 1063 1.16 x 1063 6.90 x 1062 80 40 200 4.13 x 1063 327 % 1063 8.57 x 1062
40 20 100 133 % 10% 116 x 10° 174 x 107 80 40 400 4.13 x 102 3.27 x 10: 8.62 x 10:2
40 20 200 1335 108 116 x 10 174 x 107 80 40 500 413 x 1063 3.27 x 106; 8.58 x 1062
40 20 300 133 10 116 x 10 1.74 x 10 80 40 700 421 x 106~3 332 % 106~3 8.90 x 1062
40 20 400 1335 10 116 x 10 174 x 107 80 40 800 421 x 10“ 332 % 10“ 8.90 x 1062
40 20 500 133 108 116 x 10 1.74 x 107 80 40 900 421 x 10;3 332 % 10;3 8.90 x 1062
40 20 600 133 108 116 x 10 174 x 107 80 40 1000  4.27 x 10 3.38 x 10 8.90 x 10
40 20 700 1.33 x 1063 1.16 x 1063 1.74 x 1062 90 72 100 6.65 X 1063 3.84 % 1063 2.81 % 1063
40 20 800 1.33 x 1063 1.16 x 1063 1.74 x 1062 90 7 300 6.54 % 1063 3.80 x 1063 2.74 % 1063
40 20 900 133x10° 116 x 10  1.74 x 10 90 72 400 654 x 10  3.80x 10°°  2.74 x 10
40 20 1000 1.33 x 1063 1.16 x 1063 1.74 x 1062 90 72 500 6.54 % 1063 3.80 x 1053 2.74 x ]063
50 40 200 273 % 10 1.68 x 10 1.05 x 105 90 72 600 6.54 x 10: 3.80 x 10:2 274 x 10:
50 40 300 273 % 10% 168 x 10 1.05 x 10 90 72 700 6.54 x 106>3 3.80 x 106»3 274 x 1063
50 40 400 273 % 10° 168 x 102 1.05 x 106 90 72 800 6.55 x 106;5 3.81 x 10({3 275 x 106»3
50 40 500 273 % 10% 168 x 10°  1.05 x 10 90 72 900 6.55 x 1063 3.81 x 1063 274 x 1063
50 40 600 273 % 103 1.68 % 108 1.05 x 1093 90 72 1000 6.55 x 10 3.81 x 10 2.75 x 10
50 40 700 273 % 10%  1.68 x 10 1.05 x 10% 90 45 100 486 x 109 3.80 x 10°  1.06 x 10°
50 40 800 2.73 x 1063 1.68 x 1063 1.05 x 1063 90 45 300 4.88 x 1063 3.80 x 1053 1.08 x 1063
50 40 900 2.73 x 1063 1.68 x 1063 1.05 x 1063 90 45 400 4.88 x 1053 3.80 x 1063 1.08 x 1063
50 40 1000 2.73 x 1063 1.68 x 1063 1.05 x 1063 90 45 500 4.88 x 1053 3.80 x 1063 1.08 x 1063
50 25 100 199 % 10°  1.68 x 10°  3.05 x 107 90 45 700 4.88 x 102 3.80 x 102 1.08 x 102
50 25 200 198 % 10 168 x 10 3.04 x 107 90 45 800  4.88 x 1063 3.80 x 1063 1.08 x 106%
50 25 300 199 x 10 168 x 10 3.05 x 10 90 45 900  4.89 x 106~3 3.81 x 106~3 1.08 x 106-2
50 25 400 199 % 10 168 x 10° 305 x 107 90 45 1000 4.89 x 10 3.81 x 10 1.08 x 10
50 25 500 1.99x 10°  1.68 x 10 3.05 x 107 100 80 100 7.65 x 10 432 x 10 333 x 109
50 25 600 1.99x 10 1.68 x 10 3.05 x 10° 100 80 200  7.69 x 10 443 x 10°  3.26 x 10
50 25 700 199 x 10°  1.68 x 10 3.05 x 107 100 80 400 749 x 10 430 x 10 3.19 x 10
50 25 800 199 x 10 1.68 x 10 3.05 x 10* 100 80 600 749 x 108 430 x 10%  3.19 x 109
50 25 900 199 x 10°  1.68 x 10 3.05 x 10 100 80 700 7.49 x 10 430 x 10°  3.19 x 10
50 25 1000 1.99 x 1063 1.68 x 1063 3.05 % 1062 100 80 800 7.49 x 1063 430 x 1063 3.19 x 1063
60 48 500 367 x 108 221 x 108 146 x 105 100 80 900 7.49 x 10: 430 x 102 3.19 x 102
60 43 700 366 x 10° 220 x 10° 146 x 105 100 80 1000 7.62 x 10%° 436 x 108 3.26 x 10%
60 48 800 3.67x 10 221x 10 146 x 10°° 100 50 400 5.61x 102 430 x 10 131 x 10%
60 48 900 3.67x 10 221 x 10° 146 x 10°° 100 50 700 5.62x10° 430 x 10 132 x 10
60 48 1000 3.67 x 1063 221 x 1063 1.46 x 1063 100 50 800 5.61 x 1063 430 x 1063 131 x ]063
60 30 500 270 x 10 223 x 10%  4.67 x 10%
60 30 600 268 x 10 221 x 10 4.67 x 10%? Note. Q,, Q4, Q. are total, donor, and companion yields, respectively.
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Table 6 Table 6
He 11 Photon Yields from Population III Binary Stars. (Continued)
Z=0,Hen Z=0,Hell
MMz) MyMe)  a(Ro) O Qu 0. Mi(M.) M>(M.) a(Ro) 0, Ou 0.
10 > 900 101X 10% 101 x 10”129 107 40 20 800 337 x 10°  3.12x10° 249 x 109
10 5 1000 101X 10”101 x 10”124 x 10”49 20 900 337x 10°  312x10° 249 x 109
61 61 60
20 16 100 426 x10° 319 x 10°  1.07 x 109 40 20 1000 3.37 x 10 3.12 x 10 2.49 x 10
20 16 200 426107 319 x 10 107 x 10 59 40 200 855x10°0 548 x 109 3.07 x 10°!
20 16 300 42610 3.19x 10 1.07x 10 50 40 300 8.55x 10° 548 x 108 3.07 x 10°
20 16 400 426 x 10° 319 x 10°  1.07 x 10% 50 40 400 855 x 1080 548 x 1080 3.07 x 10°!
20 16 500 4.26 x 10%°  3.19 x 10°  1.07 x 10% 50 40 500 856 % 10°0 549 x 10°'  3.07 x 10°!
20 16 600  426x10° 319 x10°  1.07 x 10% 50 40 600 856 x 1080 549 x 106! 3.07 x 10°!
20 16 700 42610 319 10% 107> 10% 50 40 700 8.56x 10° 549 x 109 3.07 x 10”
20 16 800  4.26 x 10 3.19 x 10 1.07 x 10 61 61 61
" e 000 42t 10 310x10°  Lo7x 109 50 40 800  8.56 x 106] 5.49 x 1061 3.07 x 1061
: . . 50 40 900  8.56 x 10 5.49 x 10 3.07 x 10
20 16 1000 426 x 10°  3.19 x 10°  1.07 x 10% 50 40 1000 856 x 1080 549 x 10°'  3.07 x 10°!
20 10 100 325 x 109 320 x 10%° 491 x 103 61 61 60
" 0 00 a0 o no® 4ol <10 50 25 100 6.11 x 1061 5.50 x 1061 6.06 x 1060
: o o o 50 25 200  6.09 x 10 5.48 x 10 6.05 x 10
20 10 3000 3.25510° 1 320107+ 4.91 > 10 50 25 300 6.09x10° 548 x 10 6.06 x 109
20 10 400 32510% 320 10% 491 x 10 g 25 400 609x10° 549 10° 606 x 109
20 10 500 3.25 % 10‘6’3 3.20 x 1022 491 x 10:2 50 25 500 6.09 x 10°0 549 x 1080 6.06 x 10°
20 10 600  3.25 x 10 3.20 x 10 491 % 10 61 61 60
" 0 00 39810 3900109 491« 10% 50 25 600  6.09 x 1051 5.49 x 1061 6.06 x 1060
. , o o 50 25 700 6.09 x 10 5.49 x 10 6.06 x 10
20 10 800 325100 320 x 100 491 x 10’ 50 25 800 6.09 x 10° 549 x 10°"  6.06 x 10°°
20 10 900  3.25 x 1022 3.20 x 1022 491 x 10:2 50 25 900 6.09 x 10°0 549 x 10°'  6.06 x 10°
20 10 1000 325 x10™ 320x10™ 491 x 10 50 25 1000 6.09 x 10°" 549 x 10°  6.06 x 10%°
30 24 100 196X 10°0 135 10" 6.13 x 10° 60 48 500 132x10% 828 x 10° 491 x 10°
30 24 200 1.96 x 10"1 135 x 10° 613 x 1062 60 48 700 132x 102 827 % 10° 491 x 10°
30 24 300 196> 10°  1.35x 10° 613 x 10° 60 48 800 1.32x 102 826 x 10°° 491 x 10°"
30 24 400 1965107 135x10% 613 10% g 48 900 132x 102  826x 10° 491 x 10°
30 24 00 196 x 10°" 135 x 10" 6.13 x 10 60 48 1000 1.32x 107 826 x 10°' 491 x 10°
30 24 600 1.96 x 10°" 135 x 10" 6.13 x 10%°
30 24 700 1.96 x 10°" 135 x 10°"  6.13 x 10%° 60 30 500 9.47 x 10" 831 x 10%"  1.16 x 10°!
30 24 800 1.96 x 10°  1.35 x 10°"  6.13 x 10% 60 30 600 943 x 10" 827 x 10°"  1.16 x 10°'
30 24 900 1.96 x 10°" 135 x 10°"  6.13 x 10%° 60 30 700 942 x 10°" 827 x 10°"  1.15 x 10°
30 24 1000 1.96 x 10°' 135 x 10°'  6.13 x 10%° 60 30 900 941 x 10" 826 x 10°"  1.15 x 10°'
60 30 1000 9.41 x 10°" 826 x 10°"  1.15 x 10°!
30 15 100 142 x 10" 135 x 10" 6.52 x 10%°
30 15 200 142x 10 135x10° 652 x10% 70 56 600 1.83x10°  1.13x10° 701 x 10°!
30 15 300 142x10° 135x10°" 652 x 10% 70 56 700 1.83x10% 113 x 10”701 x 10°
30 15 400 142x 10 135 x 10°  6.52 x 107 70 56 1000 1.83x 10 1.13x 10®  7.01 x 10
61 61 59
gg i; 288 igi 186‘ i;g i 186' Zggi 1859 70 35 400 132 x 10%  1.13 x 10%  1.91 x 10%!
' o1 o1 5o 70 35 500 132x 10 113 x 109 191 x 10%
30 15 700 1.42 x 10 1.35 x 10 6.52 x 10 © o o
30 15 800 L4z % 1050 135 % 1050 6.52 % 107 70 35 600 132 x 10 1.13 x 10 191 x 10
20 15 900 1'42 105! 1'35 105! 6'52 < 10% 70 35 900 132 x 10 1.13 x 102 1.91 x 10°!
20 15 1000 142 % 10°! 1'35 108! 6'52 107 70 35 1000 1.32x 10  1.13 x 10 1.91 x 10%
62 62 61
40 kY 100 473x10°  3.12x10° 161 x 10° 80 64 100 2425107 1471077 9.45 x 107
61 61 o1 80 64 400 241 x 10 1.47 x 10 9.36 x 10
40 32 200 473 x 10 3.12 x 10 1.61 x 10 o o o
40 32 300 473 %109 312 %109 161 % 10°! 80 64 500 241 x 10 1.47 x 10 9.35 x 10
40 1 400 4'73 108! 3'12 105! 1'61 105! 80 64 600 241 x 10% 147 x 102 935 x 10%
40 0 500 4'73 109! 3'12 108! 1'61 < 10°! 80 64 800 241 x 109 147 x 10%  9.40 x 10°!
’ 61 ) 61 ’ 61 80 64 900 241 x 109 147 x 10 9.40 x 10°!
40 32 600  4.73 x 10 3.12 x 10 1.61 x 10 %0 p 1000 241 % 107 147 < 102 940 x 108
40 32 700 473 x 10°"  3.12 x 10" 1.61 x 10°! - : :

40 32 800 473 x 10°7  3.12 x 10" 1.61 x 10% 62 62 61
| : ) oo BRI 80 40 200 1.75 x 1062 1.47 x 1052 2.82 x 1061
0 3 900 LR 061 3.12 x 061 61 x Om 80 40 400 1.75 x 10 1.47 x 10 2.83 x 10
40 32 1000 4.73 x 10 3.12 x 10 1.61 x 10 80 40 500 1.75 x 10%? 1.47 x 10%? 2.83 x 10°!
40 20 100 337 < 108 312 % 10°0 249 x 10% 80 40 700 176 x 102 1.47 x 10> 2.88 x 10°!

’ 61 ’ 61 ) 60 80 40 800 1.76 x 10 1.47 x 10> 2.88 x 10°!
40 20 200 3.37x10 3.12 x 10 2.49 x 10 © o o

61 61 60 80 40 900 1.76 x 10 1.47 x 10 2.88 x 10

40 20 300 337x10 3.12 x 10 249 x 10 %0 40 1000 1764 102 147 % 102 288 « 10°!
40 20 400 337 x10° 3.2 x 10°  2.49 x 109 o x X 00 X
40 20 500 3.37x10°" 3.12x 10" 2.49 x 10° 90 72 100 300 x 102 1.82 x 102 1.19 x 10
40 20 600 337 x 100 3.12 x 10%7  2.49 x 10%° 20 72 300 3.01 x 102 1.82 x 102 1.19 x 10
40 20 700 337 x 10" 312 x 10°" 249 x 10% 90 7 400 300 x 102 1.82 % 102 1.19 x 1092
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Table 6 Table 7
(Continued) (Continued)
Z=0, Henl Z=0LW
MMz) M>Mz) a(Re) (o) Qu 0. MMz) M>Mz) a(Re) 0, Qa 0.
90 72 500 3.01 x 10 1.82 x 10 1.19 x 10? 30 24 100 8.65 x 102 5.61 x 10  3.04 x 10%
90 72 600 3.01 x 102 1.82 x 10 1.19 x 10% 30 24 200 8.65 x 102 5.61 x 10  3.04 x 10%
90 72 700 3.01 x 10 1.82 x 10 1.19 x 10? 30 24 300 8.65 x 102 5.61 x 10  3.04 x 10%
90 72 800 3.01 x 10 1.82 x 10 1.19 x 10% 30 24 400 8.65 x 10 5.61 x 10  3.04 x 10%
90 72 900 3.01 x 10 1.82x 10%*  1.19 x 10 30 24 500 8.65 x 102 5.61 x 10  3.04 x 10
90 72 1000 3.01 x 102 1.82 x 102 1.19 x 10? 30 24 600 8.65 x 102 5.61 x 10  3.04 x 10%
% " 00 o 107 182 2107 388 107 30 24 700 8.65 x 102 5.61 x 10  3.04 x 10%
N o x 0 18 % 0° 3 X i o 30 24 800  8.65x 102 561 x 10 3.04 x 10”2
90 S 300 21107 18251070 3.90 < 10° 30 24 900 8.65x 102 5.61 x 102 3.04 x 10
gg 12 ggg ;;i X 1862 }g; X 18"2 g-gi X 18"' 30 24 1000 865 x 102 561 x 102 3.04 x 102
. X . X . X
90 45 700 221 x 102 1.82 x 102 3.91 x 10% 30 15 100 6.55 x 102 5.61 x 102 9.35 x 10°!
90 45 800 221 x 10 1.82 x 10 3.90 x 10°! 30 15 200 6.55 x 10%  5.61 x 10%  9.35 x 10!
90 45 900 221 x 102 1.82 x 102 3.90 x 10%! 30 15 300 6.55 x 102 5.61 x 10 9.35 x 10°!
90 45 1000 221 x 10 1.82x 10 3.90 x 10% 30 15 400 6.55 x 10%  5.61 x 10  9.35 x 10%!
P P p 30 15 500 6.55 x 10 5.61 x 102 9.35 x 10°!
igg Sg égg zgi X 1862 ;i; X 1862 }ig X }862 30 15 600 655x 102 561 x 10 9.35 x 10°!
SR A 30 15 700 6.55 x 102 5.61 x 102 9.35 x 10°!
100 80 400 3.63 1062 217 x 1062 1.46 x 1062 30 15 200 655 x 102 5.61 x 102 9.35 x 106"
100 80 600 3.63 x 10(,2 217 x 1062 1.46 x 1062 20 15 900 655 x 107 5.61 x 102 935 x 106"
igg Sg ;88 322 X }862 ;i; X 1862 12‘2 X 1862 30 15 1000 655 x 102 5.61 x 102 935 x 10°!
. X . X . X
100 80 900 3.63 x 10 217 x 10 1.46 x 10% 40 32 100 1.26 x 10%  8.04 x 10 4.52 x 10%
100 80 1000 3.64 x 102 2.17 x 10 1.47 x 10 40 32 200 1.26 x 10 8.04 x 10 4.52 x 10%
p p . 40 32 300 1.26 x 10”  8.04 x 10 4.52 x 10”
100 50 400 2.68 x 1062 217 x 1062 5.13 x 1061 40 0 400 126 x 10 804 x 102 452 x 10
100 50 700 2.68 x 1062 217 x 1062 5.13 x 106I 40 0 500 126 x 10 804 x 102 452 x 10
100 50 800 2.68 x 10 2.17 % 10 5.13 x 10 40 0 600 126 x 10 804 x 10 452 x 10
40 32 700 1.26 x 10%  8.04 x 10 4.52 x 10%
Note. Q,, Q4, Q. are total, donor, and companion yields, respectively. 40 32 800 126 x 10 8.04 x 10°2  4.52 x 10%2
40 32 900 126 x 10%  8.04 x 10 4.52 x 10%
40 32 1000 1.26 x 108 8.04 x 102 4.52 x 10%?
40 20 100 9.53 x 102 8.06 x 10 1.47 x 10%
Table 7 40 20 200 9.51 x 10 8.04 x 10 1.47 x 10%
able 62 62 62
. L 40 20 300 9.51 %10 8.04 x 10 1.47 x 10
LW Photon Yields from Pop III Binaries. 40 20 400 951 x 1062 8.04 x 1052 1.47 x 1062
Z=0LW 40 20 500 951 x 102 8.04 x 10 1.47 x 10
40 20 600 9.51 x 102 8.04 x 10 1.47 x 10%
M\Mz)  MyMz)  a(Ro) O Ou O, 40 20 700 051 % 107 804 x 102 147 x 10
10 5 900 1.69 x 102 1.57 x 10°*  1.22 x 10%! 40 20 800 9.51 x 10 8.04 x 10 1.47 x 10%
10 5 1000 1.69 x 102  1.57 x 102 1.22 x 10 40 20 900 9.51 x 102 8.04 x 10 1.47 x 10%
p” 6 00 496107 326107 170 x 107 40 20 1000 9.51 x 10°  8.04 x 10%  1.47 x 10%
. X . X . X
20 16 200 496 x 102 326 x 102 1.70 x 10%? 50 40 200 1.64 x 10 1.04 x 10°  6.04 x 10%
20 16 300 496 x 102 326 x 10> 1.70 x 10% 50 40 300 1.64 x 10 1.04 x 10°  6.04 x 10%
20 16 400 496 x 102 326 x 102 1.70 x 10%? 50 40 400 1.64 x 10 1.04 x 10%°  6.04 x 10%
20 16 500 496 x 102 326 x 102 1.70 x 10%* 50 40 500 1.64 x 10 1.04 x 10%  6.04 x 10%
20 16 600 496 x 102 326 x 102 1.70 x 10%? 50 40 600 1.65 x 10°  1.04 x 10%°  6.05 x 10%
20 16 700 496 x 102 326 x 102 1.70 x 10%* 50 40 700 1.65 x 10% 104 x 10 6.05 x 10
20 16 800 496 x 102 326 x 102 1.70 x 10%? 50 40 800 1.65 x 10 1.04 x 10%  6.05 x 10
20 16 900 496 x 102 326 x 102 1.70 x 10%* 50 40 900 1.65 x 10%  1.04 x 10%  6.05 x 10%
20 16 1000 4.96 x 10 3.26 x 10 1.70 x 10 50 40 1000 1.65x 108 1.04 x 108 6.05 x 102
20 10 100 372 x 102 323 x 10 4.93 x 10° 50 25 100 125 x 10 1.04 x 10%  2.08 x 10%
20 10 200 372 x 109 323 x 10 4.93 x 10°! 50 25 200 1.24 x 10 1.03 x 10 2.07 x 10%
20 10 300 3.72 x 102 323 x 10 4.93 x 10° 50 25 300 125 x 10 1.04 x 10%  2.08 x 10%
20 10 400 372 x 10 323 x 10 4.93 x 10°! 50 25 400 125 x 10%%  1.04 x 10 2.08 x 10%*
20 10 500 372 x 102 323 x 10 4.93 x 10° 50 25 500 125 x 10 1.04 x 10%  2.08 x 10%
20 10 600 372 x 10% 323 x 10%  4.93 x 10°! 50 25 600 125 x 10%  1.04 x 10 2.08 x 10%
20 10 700 3.72 x 102 323 x 10 4.93 x 10% 50 25 700 125 x 10 1.04 x 10%°  2.08 x 10%
20 10 800 372 x 10 323 x 10 4.93 x 10°! 50 25 800 125 x 10%  1.04 x 10 2.08 x 10%*
20 10 900 3.72 x 102 323 x 10 4.93 x 10° 50 25 900 125 x 10 1.04 x 10%  2.08 x 10%
20 10 1000 3.72 x 102 323 x 102 4.93 x 10 50 25 1000 1.25x 109  1.04 x 108 2.08 x 102
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Table 7 Table 7
(Continued) (Continued)
Z=0LW Z=0LW
MMz) M>Mz) a(Re) 0, Qa 0. MMz) M>Mz) a(Re) 0, Qa 0.
60 48 500 2.06 x 10% 129 x 108 7.65 x 10% 100 50 400 296 x 10% 238 x 109 5.78 x 10
60 48 700 2.07 x 10% 130 x 10%  7.65 x 10% 100 50 700 296 x 10% 238 x 10% 579 x 10%
60 48 800 2.07 x 10%  1.30 x 108 7.65 x 10% 100 50 800 296 x 10% 238 x 109 5.78 x 10%
60 48 900 2.06 x 10%° 130 x 10%®  7.64 x 10%
60 48 1000 2.06 x 10% 1.30 x 10% 7.64 x 109 Note. Q,, Q4 Q. are total, donor, and companion yields, respectively.
60 30 500 1.58 x 10 1.30 x 10%  2.76 x 10%
60 30 600 1.59 x 10% 131 x 10%  2.76 x 10%
60 30 700 1.58 x 10%  1.30 x 10 2.75 x 10
60 30 900 1.57 x 10% 130 x 10 2.74 x 10%
60 30 1000 1.57 x 109 1.30 x 108 2.74 x 10* Table 8
H 1 Photon Yields from 0.001 Z., Binaries.
70 56 600 250 x 10%°  1.56 x 10%  9.39 x 10
70 56 700 250 x 10 1.56 x 10%  9.39 x 10% Z=0.001Z,, H1
70 56 1000 250 x 10°%  1.56 x 10%  9.39 x 10% MM.) MaM.) a(Re) 0, 0. 0.
70 35 400 1.91 x 10% 156 x 10 3.46 x 10% 10 8 500 3.01 x 102 2.16 x 10 8.46 x 10°!
70 35 500 1.91 x 10%  1.56 x 10 3.46 x 10% 10 8 900 3.01 x 102 2.16 x 10%*  8.48 x 10°
70 35 600 1.91 x 10% 156 x 10 3.46 x 10% 10 8 1000 3.01 x 102 2.16 x 10> 8.48 x 10°!
70 35 900 1.91 x 10% 156 x 10 3.46 x 10% > > .
70 35 1000 1.91 % 108 1.56 % 108 3.46 x 102 10 5 900 2.25 x 1052 2.16 x 1062 8.86 x 1060
10 5 1000 2.25 x 10 2.16 x 10 8.86 x 10
80 64 100 294 x 10% 182 x 10 1.12 x 109 P - -
30 64 400 206 x 10° 184 x 102  1.12 x 105 20 16 100 1.40 x 105% 9.47 x 1062 4.52 x 1062
30 64 500 2.93 % 106 1.82 % 106 111 % 109 20 16 200 1.40 x 106‘3 9.49 x 1062 4.52 x 1062
20 64 600 203 x 10° 182 x 102 111 x 105 20 16 300 1.40 x 1063 9.49 x 1062 452 x 1062
80 64 800 3.19 x 109 1.99 % 106 1.20 % 1093 20 16 400 1.40 x 106‘3 9.49 x 1062 4.52 % 1062
30 64 900 319 x 10° 199 x 10° 120 x 105 20 16 500 1.40 x 1063 9.49 x 1062 4.52 x 1062
30 64 1000 3.19 x 103 1.99 % 106 1.20 % 109 20 16 600 1.40 x 106‘3 9.49 x 1062 4.52 x 1062
20 16 700 1.40 x 10 9.49 x 10 452 % 10
80 40 200 224 x 109 1.82 x 10%  4.20 x 10% 20 16 800 140 x 10% 949 x 10 4.52 x 10%
80 40 400 226 x 10 1.84 x 10 4.24 x 10% 20 16 900 1.40 x 10% 949 x 10%  4.52 x 10%
80 40 500 224 x 10%  1.82 x 10%  4.20 x 10% 20 16 1000 1.40 x 108 949 x 102 4.52 x 10%?
80 40 700 243 x10%  1.99 x 10 4.43 x 10%? p - o
30 40 800 2.43 % 109 1.99 % 10 4.43 % 1092 20 10 100 1.02 x 106‘3 9.48 x 1062 7.61 x 1061
20 40 900 243 x 10° 199 x 10° 443 x 105 20 10 200 1.02 x 1062 9.49 x 1052 7.61 x 1061
) 40 1000 2.42 % 109 1.98 % 108 4.43 x 1092 20 10 300 1.02 x 106’3 9.49 x 1062 7.61 x 1061
20 10 400 1.02 x 10 9.49 x 10 7.61 x 10
90 72 100 3.64 x 10% 225 x 10%  1.39 x 109 20 10 500 1.02 x 10%  9.49 x 102 7.61 x 10°!
90 72 300 339 x 10 2.09 x 10 1.30 x 10 20 10 600 1.02 x 10%% 949 x 102 7.61 x 10°!
90 72 400 3.40 x 10% 210 x 10 1.30 x 109 20 10 700 1.02 x 10% 949 x 10 7.61 x 10%
90 72 500 340 x 10% 210 x 10%®  1.30 x 109 20 10 800 1.02 x 10%  9.49 x 10> 7.61 x 10°!
90 72 600 3.40 x 10% 210 x 10%  1.30 x 10% 20 10 900 1.02 x 10%  9.49 x 10  7.61 x 10°!
90 72 700 338 x 10 2.09 x 10 1.29 x 10%° 20 10 1000 1.02 x 108 949 x 102 7.61 x 10°
90 72 800 338 %10 209 x 10 129 x 10% p p -
9 7 900 338 % 10° 200 x 102 129 x 105 30 24 100 3.05 x 106»1 1.97 x 10({3 1.08 x 106»3
90 7 1000 338 x 108 2.00 x 108 1.29 x 106 30 24 200 3.05 x 10;3 1.97 x 1063 1.08 x 1063
30 24 300 3.05 x 10 1.97 x 10 1.08 x 10
90 45 100 252 x 10% 203 x 10 4.88 x 10% 30 24 400 3.05 x 10% 197 x 10 1.08 x 109
90 45 300 259 x 10 2.09 x 10%  4.98 x 10 30 24 500 3.05 x 10% 197 x 10 1.08 x 10%
90 45 400 259 x 10% 209 x 10 4.98 x 10 30 24 600 3.05%x10% 197 x 10 1.08 x 10
90 45 500 2.60 x 10% 210 x 10%  4.98 x 10 30 24 700 3.05 x 10% 197 x 10  1.08 x 10%
90 45 700 2.60 x 10% 210 x 10 4.98 x 10 30 24 800 3.05 x 10% 197 x 10 1.08 x 109
90 45 800 259 x 10 2.09 x 10%  4.98 x 10% 30 24 900 3.05 x 10% 197 x 10  1.08 x 10%
90 45 900 259 x 10% 209 x 10 4.97 x 10% 30 24 1000 3.05x 109 1.97 x 108 1.08 x 10%
90 45 1000 2.58 x 10 2.08 x 10  4.97 x 10 p p =
30 15 200 2.20 x 10 1.97 x 10 230 x 10
100 80 100 3.89 x 10% 241 x 10 1.48 x 109 30 15 300 220 x 10% 197 x 10%  2.30 x 10%
100 80 200 4.18 x 10 2.60 x 10%  1.58 x 10% 30 15 400 220 x 10% 197 x 10%  2.30 x 10%
100 80 400 3.85 x 10 238 x 10%  1.47 x 109 30 15 500 220 x 10% 197 x 10 2.30 x 10%
100 80 600 3.85x 10% 238 x 10 147 x 10 30 15 600 220 x 10% 197 x 10%  2.30 x 10%
100 80 700 3.85 x 10 238 x 10%  1.47 x 109 30 15 700 220 x 10% 197 x 10 2.30 x 10%
100 80 800 3.85 x 10 238 x 10 1.47 x 109 30 15 800 220 x 10% 197 x 10%®  2.30 x 10%
100 80 900 3.85 x 10 238 x 10%  1.47 x 109 30 15 900 220 x 10% 197 x 10 2.30 x 10%
100 80 1000 4.20 x 109 2.61 x 108 1.59 x 10% 30 15 1000 220 x 108 1.97 x 108 2.30 x 102
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Table 8 Table 8
(Continued) (Continued)
Z=0.001 Z., HI Z=0.001 Z., H1
MWMz) MMz) a(Re) O, Qu 0. MMz) M>Mz) a(Re) () QOu 0.
40 32 200 5.03 x 108 3.15x 10 1.88 x 10 80 40 100 1.07 x 10%* 853 x 10%  2.19 x 109
40 32 300 5.10 x 10% 322 x 10 1.88 x 10% 80 40 200 1.07 x 10%*  8.54 x 10 2.11 x 10%
p p p 80 40 300 1.07 x 10% 861 x 10% 211 x 10®
40 20 400  3.67 x 10 3.20 x 10 474 x 10 20 40 400 103 % 10 818 x 10 210 x 10
50 40 300 734109 455x10°  279x10% 80 40 500 107 x 107 8.57x 10 211 x 10°?
50 40 400 733 % 10 454 %109 279 x 10 80 40 600 107 x10% 857 x10°  2.11 x 10
50 40 500 734 x 1063 4.55 % 1063 2.79 x 1063 80 40 700 1.07 x 1064 8.57 x 1063 2.11 x 1063
50 40 700 734x10%  455x10° 279 x10% 80 40 800 1.07x 10 857 x 10 211 x 10°°
50 40 900 7.34 x 1063 4.54 % 1053 2.79 x 1063 80 40 900 1.07 x 1064 8.57 x 10()3 2.11 x 1063
80 40 1000 1.07 x 10%* 857 x 10 2.11 x 109
50 25 300 534 x 10 454 x 10%  8.03 x 10 ” p P
50 25 400 534 x 102 454 % 10 8.02 x 10% 90 2 100 1695107 9.97x 10" 690 x 10"
50 25 500 5.19 x 1063 4.39 x 1063 7.95 x 1062 90 72 200 1.55 x 1054 9.24 x 1063 6.26 x 106;
50 25 700 535x 102 4.55x 10 8.04 x 102 90 72 300 165x10° 964 x10° 681 x10
50 25 800 5.35 x 1063 4.54 x 1053 8.03 x 1062 90 72 400 1.66 x 1064 9.33 x 1063 7.29 x ]063
50 25 900 535 x 10 4.55x 10 8.04 x 10° 90 72 500 167 x 107 9.81 x 10 6.85 x 10°°
50 25 1000 534 x 10 454 x 10 8.03 x 10 20 72 600 165x 10 929107 7.17 x 10
90 72 700 1.64 x 10%* 928 x 10 7.16 x 10%
60 48 100 9.60 x 10° 585 x 10 3.75 x 109 90 72 800  1.64 x 10®* 928 x 10 7.13 x 109
60 48 200 9.60 x 10°  5.84 x 10 3.76 x 10% 90 72 900 1.65 x 10%*  9.67 x 10 6.81 x 10%
60 48 300 961 x 10 586 x 10% 375 x 10 90 72 1000 1.64 x 10%*  9.50 x 10 6.85 x 10%
60 48 400 9.62 x 10° 587 x 10%  3.75 x 10% ” . p
60 48 500 961 x 1063 5.86 x 1063 3.75 x 1063 90 45 700 1.21 x 1054 9.29 x 106‘5 2.83 x 10 ;
60 48 600 9.62x 10°  5.87 % 10° 376 x 10% 90 4 800 1225 10%  9.59x 107 2.65 x 10°
60 48 700 9.23x 102 550 x 10 3.73 x 10% 20 45 900 1.24x10% 97410 261 x 10
60 48 800 9.62x 109 587x10% 375x10% 90 45 1000 1.23 x 10%  9.64 x 10 2.63 x 10°
63 63 63
60 48 900  9.62 x 1063 5.87 x 1063 3.75 x 1063 100 20 100 199 x 10 113 x 10 8.61 x 107
60 48 1000 9.63 x 10 5.87 x 10 3.76 x 10 100 20 200 188 % 10 108 x 105 802 x 10
60 30 300 7.05x 10%  5.86 x 10°  1.19 x 10% 100 80 300 191X 10% 112x 10% 791 x 10°°
60 30 400 7.07x10%  588x 107 119x10% 100 80 400 190 10% 111> 10% 789 x 10
60 30 500 7.05 % 1053 5.86 % 1063 1.19 x 1063 100 80 500 1.87 x 1064 1.07 x 1064 7.96 x 1063
60 30 600 7.06x 10 587x10° 119x10% 100 80 600 1.86x 10% 107 x 10 7.94 x 10°°
60 30 700 7.06 x 10°  5.87 x 10°  1.19 x 106 100 80 700 1.86 x 10%*  1.05 x 10%*  8.09 x 10®
60 30 800 7.06 x 1063 5.87 x ]063 1.19 x 1053 100 80 800 1.86 x 1064 1.07 x 1064 7.89 x 1063
60 30 900  7.06x 10 587 x 10%  1.19 x 10 100 80 900 1.87x 10 108 x 10" 7.88 x 107
100 80 1000 1.91 x 10 1.12x 10%* 791 x 109
70 56 100 124 x 10%*  7.09 x 10 5.28 x 10% ” ” p
70 56 200 117 x 10 691 x 10° 475 x 10% 100 30 300 Ladocl07 1121070 3.16 107
70 36 400 1.18 x 1064 7.07 % 1063 477 % 1063 100 50 400 1.41 x 1054 1.06 x 1064 3.48 x 106;
7 56 500 L18 % 105 707 x10% 477 x 109 100 50 600 1.38 x 10 1.06 x 10 3.19 x 10
70 356 600 1.18 % 1064 7.07 % 1053 477 % 1063 100 50 700 1.42 x 1064 1.10 x 1064 3.16 x ]063
70 56 700 1.18 x 1054 7.07 % ]053 477 % 1063 100 50 900 1.44 x 1064 1.12 x 1064 3.16 x 1063
70 56 800 118 x 10%*  7.07 x 10 4.77 x 10%
70 56 900 1.18 x 10%*  7.07 x 10 4.77 x 10 Note. Q,, O, Q. are total, donor, and companion yields, respectively.
70 56 1000 1.18 x 10%*  7.07 x 109 477 x 10%
70 35 600 8.70 x 10 7.07 x 10 1.63 x 10
70 35 700 8.70 x 10%  7.07 x 10 1.63 x 109
70 35 800 8.70 x 10  7.07 x 10 1.63 x 10 Table 9
70 35 900 870 x 10 7.07 x 10°  1.63 x 10° . able )
70 35 1000 370 x 10% 707 x 1053 1.63 x 103 He I Photon Yields from 0.001 Z, Binary Stars.
80 64 100 144 x 10 856 x 10 583 x 10% Z=0001 Z., Hel
80 64 200 142 x 10%*  8.14 x 10 6.05 x 10% Mi(Mz)  MyMz)  a(Ro) o, Qu 0.
80 64 300 140 x 10%*  825x10% 579 x 109 10 3 500 142 < 1050 108 x 100 337 x 100
80 64 500 143 x 10%* 854 x 10 5.79 x 10% ' 61 ) 61 ’ 60
80 64 600 144 x 10* 857 x 10”  5.80 x 10” }g g 19(?000 1'25 » }861 }'82 » }86. ;3; » }860
64 63 63 ‘ X : x o~ x
80 64 700 1.44 x 10 8.57 x 10 5.80 x 10
80 64 800 1.44 % 10%* 857 x 10 5.80 x 10%
80 64 900 1.44 x 10%* 857 x 10 5.80 x 10% 10 5 900 1.09 x 10°"  1.08 x 10%"  1.41 x 10%
80 64 1000 144 x 10%* 857 x 10 5.80 x 10% 10 5 1000 1.09 x 10°"  1.08 x 10°"  1.41 x 10%
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Table 9 Table 9
(Continued) (Continued)
Z=10.001 Z., He1l Z=0.001 Z., Hel
MMz) M>Mz) a(Re) (o) Qu 0. MMz) M>Mz) a(Re) 0, QOu 0.
20 16 100 159 x 102 112 x 10 4.73 x 10°! 60 48 500 212 x 10% 129 x 10 8.25 x 10
20 16 200 1.59 x 10 1.12 x 10%*  4.73 x 10%! 60 48 600 212 x 10% 129 x 108 8.25 x 10
20 16 300 159 x 102 1.12 x 10 4.73 x 10°! 60 48 700 2.09 x 10%  1.26 x 10 8.25 x 10%
20 16 400 1.59 x 10 1.12 x 10> 4.73 x 10! 60 48 800 212 x 10% 129 x 10%®  8.25 x 10%
20 16 500 159 x 102 112 x 10 4.73 x 10% 60 48 900 212 x 10% 129 x 10 8.25 x 10
20 16 600 1.59 x 10 1.12 x 10%*  4.73 x 10%! 60 48 1000 2.12x 108 129 x 108 8.25 x 10%?
20 16 700 1.59 x 102 1.12 x 10> 4.73 x 10° 60 30 300 151 10% 129 x 10% 224 x 107
20 16 800 1.59 x 10 1.12 x 10%*  4.73 x 10%! 60 30 400 1:51 < 109 1:29 < 109 2:23 % 1092
20 16 900 1.59 x 10%*  1.12 x 10°*  4.73 x 10° 60 30 500 151 x 108 129 x 108 224 x 1052
20 16 1000 1.59 x 102 1.12 x 102 4.73 x 10°! 60 30 600 151 % 10% 129 % 107 223 x 107
20 10 100 117 x 10 112 x 102 4.64 x 109 60 30 700 LSIx 10129 % 10 2.24 % 10%
20 10 200 117 x 102 112 x 102 4.64 x 10 60 30 800  1.51x 10 129 x 10 224 x 10%
20 10 300 L17x10% 112 x 107 4.64 x 10% 60 30 900 151x10% 129x 107 223 x 10%
20 10 400 1.17 x 102 1.12 x 10?2 4.64 x 10%° 70 56 100 3.00 x 10%  1.65 x 10 1.35 x 10%
20 10 500 1.17 x 10 1.12 x 10 4.64 x 10%° 70 56 200 274 x 10%  1.63 x 10 1.11 x 109
20 10 600 1.17 x 10 1.12 x 10%  4.64 x 10%° 70 56 400 274 x 10 1.64 x 10 1.10 x 10%
20 10 700 1.17 x 10 1.12 x 10 4.64 x 10%° 70 56 500 274 x 10%  1.64 x 10 1.10 x 109
20 10 800  L17x10%”  112x10%  4.64 x 10 70 56 600 274 x 10 1.64 x 10 1.10 x 10®
20 10 900 1.17 x 10 1.12 x 10 4.64 x 10%° 70 56 700 274 x 10%  1.64 x 10 1.10 x 109
20 10 1000 117 x 102 112 x 10 4.64 x 10% 70 56 800 274 x10° 164 x10°  1.10 x 10°
s s p 70 56 900 274 x 10%  1.64 x 10 1.10 x 109
30 24 100 4.83 x 1062 3.19 x 1062 1.64 x 1062 70 56 1000 274 x 10° 164 x 10 1.10 x 107
30 24 200 4.82x 10 3.19 x 10 1.63 x 10
30 24 300 482x 107 319x 10?2 1.63x 102 70 35 600 198 x10° 164 x 10" 3.35x 107
30 24 400 482x10% 319 x 107 1.63 x 109 70 35 700 198107 164 x 10 3.35x 107
30 24 500 482x 1027 319x10%  1.63x 102 70 35 800 198 x 10° 164107 335 x 10
30 24 600  482x 107 319x10% 1.63x 102 70 35 900 198 10°7 164 x 10 3.35 x 10
30 24 700 4.82 % 1062 3.19 x 1062 1.63 x 1062 70 35 1000 1.98 x 1063 1.64 x 1063 3.35 x 1062
30 24 800  4.82x10% 319 x 10 1.63 x 10% 80 64 100 3.47 x 10 2.05 x 10 1.42 x 109
30 24 900  4.82x10%  3.19 x 10%  1.63 x 10° 80 64 200 3.53x 102 201 x 102 1.52 x 10%
30 24 1000 4.82x 10%%  3.19 x 10  1.63 x 10 80 64 300 341 x 10 2.02 x 109 1.39 x 10%
0 s 200 343107 319 % 107 238 % 109 80 64 500  3.43 x 102 2.04 x 102 1.39 x 1022
: o : o : ol 80 64 600 3.44 x 10 2.05 x 10 1.39 x 10
30 15 300 3.43 x 10 3.19 x 10 238 x 10 63 63 63
o o ol 80 64 700 3.44 x 10 2.05 x 10 1.39 x 10
30 15 400 343 x 1062 3.19 x 1062 238 x 1061 %0 64 800 344 % 102 205 % 107 139 x 1053
ig i; Zgg i':‘é " 1862 i‘ig " 1862 ;;2 " 18"' 80 64 900 344107 205107 139 x 10
20 5 00 3430107 319 % 102 238 < 10°! 80 64 1000 3.44 x 10 2.05 x 10 1.39 x 10
30 15 800 343 x 10%  3.19 x 10 2.38 x 10°! 80 40 100 253 x 10%  2.04 x 10 4.91 x 10%
30 15 900 343 x 10 3.19 x 10 2.38 x 10°! 80 40 200 250 x 10%  2.04 x 10  4.64 x 10%
30 15 1000 3.43 x 10  3.19 x 102 2.38 x 10% 80 40 300 252 x 10%  2.06 x 10%  4.64 x 10%
p p p 80 40 400 247 x 10 2,01 x 10 4.60 x 10
40 32 200 9.43 x 10 6.00 x 10 3.43 x 10 80 40 500 251 % 103 2.05 % 103 4.64 x 102
40 32 300 9.51 x 102 6.08 x 10 3.42 x 10% 30 40 600 251 x 10 205 x 10°  4.64 x 107
40 20 400 674 x 102 608 x 10 655 x 10°! 80 40 700 251 x 10: 2.05 x 102 4.64 x 1022
80 40 800 251 x 10% 205 x 108 4.64 x 10
50 40 300 1.51 x 10 9.41 x 10 5.71 x 10% 80 40 900 251 x 10% 205 x 10%  4.64 x 10%
50 40 400 1.51 x 10% 942 x 10 5.70 x 10% 80 40 1000 251 x 108 205 x 108 4.64 x 10
50 40 500  1.51x 109 942 x 10 570 x 10 = = =
50 40 700 151 108 941 x 102 570 x 107 90 72 100 4.16 x 1063 245 x 1063 171 x 1063
50 40 900 151 108 941 x 10 570 x 10 90 72 200 4.00 x 1063 239 x 1063 1.61 x 1063
90 72 300 4.09 x 10 240 x 10 1.69 x 10%
50 25 300 1.07 x 10 9.40 x 10%  1.33 x 10% 90 72 400 431 x 10 240 x 10°* 191 x 10%
50 25 400 1.07 x 10 9.40 x 10 1.33 x 10% 90 72 500 4.10 x 10 241 x 10%  1.69 x 10%
50 25 500 1.06 x 10 924 x 10 1.32 x 10% 90 72 600 425 x 10 240 x 10%  1.85 x 10%
50 25 700 1.08 x 10% 942 x 10 1.33 x 10% 90 72 700 425 x 10 240 x 10%  1.85 x 10%
50 25 800 1.08 x 10 942 x 10  1.33 x 10% 90 72 800 423 x 10 240 x 10°  1.83 x 10%
50 25 900 1.08 x 10% 942 x 10 1.33 x 10% 90 72 900 4.09 x 10 240 x 10 1.69 x 10%
50 25 1000 1.07 x 10 941 x 102 133 x 102 90 72 1000 4.09 x 109 240 x 108 1.69 x 10
60 48 100 212 % 10% 129 x 10%  8.26 x 10? 90 45 700 3.09 x 10% 240 x 10%  6.86 x 10%
60 48 200 212 x 10% 129 x 10%  8.26 x 10% 90 45 800 3.01 x 10% 240 x 10 6.11 x 10%
60 48 300 212 x 10% 129 x 10% 825 x 10% 90 45 900 3.01 x 10% 241 x 10  6.03 x 10%
60 48 400 212 x 10% 129 x 10%  8.25 x 10% 90 45 1000 3.01 x 10 240 x 10 6.07 x 10%?
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Table 9 Table 10
(Continued) (Continued)
Z=0.001 Z., He 1 Z=10.001 Z., He 1l
MWMz) MMz) a(Re) O, Qu 0. MMz) M>Mz) a(Re) () QOu 0.
p p p 30 24 900 131 x 10 976 x 10 3.33 x 10%
igg 28 égg iég X 18"3 ;3? X ;8“ ;8? X ig(ﬂ 30 24 1000 131 x 10 976 x 10° 333 x 10%°
. X . X - . X -
100 80 300 480 x 10 2.80 x 10 2.00 x 10% 30 15 200 9.92 x 10°  9.76 x 10°° 155 x 10°®
100 80 400 480 x 109 2.80 x 10 2.00 x 10% 30 15 300 9.92 x 10 976 x 10°° 155 x 10°®
100 80 500 481 x 108 277 x 109 2.04 x 10% 30 15 400 9.92 x 10°  9.76 x 10°° 155 x 10°®
100 80 600 478 x 108 277 x 109 2.01 x 10% 30 15 500 9.92 x 10 976 x 10°°  1.55 x 10°®
100 80 700 485 %108 276 x 10 2.09 x 10% 30 15 600 9.92 x 10°  9.76 x 10°° 155 x 10°®
100 80 800 477 x 109 277 x 109 2.00 x 10% 30 15 700 9.92 x 10  9.76 x 10°°  1.55 x 10°®
100 80 900 477 x 108 277 x 109 2.00 x 10% 30 15 800 9.92 x 10°  9.76 x 10°° 155 x 10°®
100 80 1000 4.80 x 10  2.80 x 10 2.00 x 10% 30 15 900 9.92 x 10 976 x 10°°  1.55 x 10°®
100 P 100 357 <107 281 % 10 760 % 107 30 15 1000 9.92 x 10 9.76 x 10*  1.55 x 10°®
100 50 400 3.66 x 10 277 x 10%  8.86 x 10 40 32 200 430 x 10 3.04 x 10%°  1.26 x 10%°
100 50 600 3.53 x 109 276 x 109 7.71 x 109 40 32 300 429 % 10 3.04 x 10%° 125 x 10%°
100 50 700 3.55 x 10 279 x 10%  7.61 x 10%? - - —
100 50 900 356 % 10° 280 x 102 7.60 x 105 40 20 400  3.15 x 10 3.05 x 10 9.85 x 10
50 40 300 9.40 x 10%°  6.42 x 10%°  2.98 x 10%°
Note. Q,, O, Q. are total, donor, and companion yields, respectively. 50 40 400 941 x 10%°  6.43 x 10  2.98 x 10
50 40 500 9.40 x 10%° 642 x 10%°  2.98 x 10%°
50 40 700 941 x 10°° 643 x 10 2.98 x 10%°
50 40 900 9.40 x 10%° 642 x 10%°  2.98 x 10%°
Table 10 50 25 300 6.76 x 10 6.42 x 10 3.41 x 10™
He 11 Photon Yields from 0.001 Z., Binaries. 50 25 400 676 x 10° 642 x 109 3.41 x 107
50 25 500 6.76 x 10  6.42 x 10°  3.39 x 10%
Z=0.001 Z., He I 50 25 700 6.77 x 10° 643 x 10 3.42 x 10%°
MM.)  MxM.) a(Re) o} 04 0. 50 25 800 677 x 10°° 643 x 10°°  3.41 x 10*°
= = = 50 25 900 677 x 10°°  6.43 x 10 3.42 x 10%
D% me ibiae D dmiae B B amow coor e
10 8 1000 1.32x 107 117 x 107 151 x 10°° 60 48 100 1.64 x 10°"  1.09 x 10°"  5.54 x 10
= - = 60 48 200 1.64 x 10°0  1.09 x 10°' 552 x 10%°
D e DT i e w aw mar amor e
60 48 400 1.64 x 10 1.09 x 10 5.52 x 10
20 16 100 1.67x 10° 134 x 10° 328 x 10% 60 48 500 1.64 x 10" 1.09 x 10°" 552 x 10%°
20 16 200 167 x 10° 134 x 10° 328 x 10%8 60 48 600 1.64 x 10" 1.09 x 10%7  5.52 x 10%°
20 16 300 167 x 10%° 134 x 10%° 328 x 10% 60 48 700 1.64 x 10" 1.09 x 10°" 558 x 10°°
20 16 400 1.67 x 10° 134 x 10®° 3.28 x 10°® 60 48 800 1.64 x 10%! 1.09 x 10°7  5.52 x 10%°
20 16 500 167 x10%° 134 x10° 328 x 10% 60 48 900  1.64 x 10°  1.09 x 10°" 552 x 10
20 16 600 167 x 10° 134 x 10°  3.28 x 10%8 60 48 1000 1.64 x 107 1.09 x 10°" 552 x 10%°
59 59 58
WM me E @ n e ww e o
20 16 900 1.67x 10°  1.34x 10° 328 x 10 60 30 400 LI7>c107 1095107 8.28 > 10
20 16 1000 1.67 x 10° 134 x 10 3.28 x 10% 60 30 500 L7107 109107 8.28 > 107
60 30 600 1.17 x 10 1.09 x 10 8.28 x 10°
20 10 100 135x10° 134 x10° 671 x 10° 60 30 700 117 x10°° 1.09 x 10°"  8.29 x 10%
20 10 200 135x10%° 134 x10° 671 x 10° 60 30 800 117 x10°  1.09 x 10°"  8.29 x 10%
20 10 300 135 x 10 134 x 10 671 x 10%° 60 30 900 1.17 x 10%! 1.09 x 10°"  8.28 x 10%
59 59 56
Db m o g w @ m amor wew o
20 10 600 135x10%° 134 x 10 671 x 10° 70 36 2000 2555107 165107 9.03 > 107/
% 0 200 135210 134 % 10° 671 x 105 70 56 400  2.54 x 106] 1.65 x 106] 8.85 x 1060
20 10 800  135x10¥  134x10° 671 x 10% 70 36 00 2345107 165107 8855 107/
20 10 900 135x 10°  1.34x 10° 671 x 10 70 3 600 2345107 165107 88510
20 10 1000 135 % 10° 134 x 10 671 x 10° 70 36 700 2345107 165107 .85 107/
: : : 70 56 800  2.54 x 10 1.65 x 10 8.85 x 10/
30 24 100 132 %10 977 % 10° 341 x 10% 70 56 900  2.54x10°"  1.65x 10°"  8.85 x 10%
30 24 200 131 %109 976 x 10° 333 x 10% 70 56 1000 254 % 10°"  1.65 x 10" 8.85 x 10®
60 59 59
SN B o e mw m w0 wow wew e
20 " 00 32100 976 % 10° 333 x 10 70 35 700 1.81 x 1051 1.65 x 1061 1.62 x 1060
30 24 600 131x10° 976 x 10° 333 x 10% 70 35 800 18Ix107 1.6S>107 162> 10°
20 " 700 L3 100 976 % 10° 333 x 10%° 70 35 900 1.81 x 1061 1.65 x 1061 1.62 x 1060
30 24 800  131x10° 976 x 10° 333 x 10% 70 3 1000 18I 107 165Sx 107 1.62x10
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Table 10 Table 11
(Continued) LW Photon Yields from 0.001 Z, Binary Stars .
Z=10.001 Z., He I Z=0.001 Z., LW
MM:) M>Mz)  a(Re) 0, o 0. MM:) MMz) a(Re) O; O O,
80 64 100 364 x 100 230 x 10° 134 x 10° 10 8 500 252107 178 x 102 739 x 10°
) 64 200 3.85 x 10°! 2.30 x 10°! 1.55 x 10%! 10 8 900 2.52 x 10%? 1.78 x 10°? 7.41 x 10!
80 64 300 359 x10° 230 x 105 1.29 x 10! 10 8 1000 252x 10 1.78 x 102 7.41 x 10°
80 64 500 3.58 x 102 230 x 102 1.28 x 1021 10 5 900 189 % 102 178 x 102 1.13 x 10°
80 64 600 3.58 x 1061 230 x 1061 1.28 x 1061 10 5 1000 189 x 102 178 x 102 1.13 x 10°"
80 64 700 3.58 x 10 230 x 10 1.28 x 10
80 64 800 358 x 100 230 x 10°"  1.28 x 10%! 20 16 100 730 x 102 4.89 x 10 2.41 x 10%
80 64 900 358 x 10°0 230 x 10°!  1.28 x 10° 20 16 200 7.30 x 102 4.89 x 10 2.41 x 10%
80 64 1000 3.58 x 10°" 230 x 10°"  1.28 x 10°! 20 16 300 7.30 x 102 4.89 x 10 2.41 x 10%
20 16 400 7.30 x 10 4.89 x 10 2.41 x 10?
80 40 100 2.63 x 10: 2.30 x 102 3.29 x 10:2 20 16 500 730 x 10° 489 x 10° 241 x 107
80 40 200 2.58 x 1061 230 x 1061 276 x 1060 20 16 600 730 x 102 489 x 102 241 x 10
80 40 300 2.58 x 1061 230 x 1061 276 x 1060 20 16 700 730 x 102 480 x 102 241 x 1052
80 40 400 2.57 x 1061 2.30 x 1061 2.74 x 10()0 20 16 800 730 x 102 4.89 x 1092 241 % 102
80 40 500 2.58 x 1061 230 x 1061 275 x 1060 20 16 900 730 x 102 489 x 102 241 x 1052
80 40 600 2.58 x 1061 230 x 1061 275 x 1060 20 16 1000 730 x 102 489 x 102 241 x 102
80 40 700 2.58 x 10 230 x 10 275 x 10
80 40 800 258 x 100 230 x 10%7  2.75 x 10%° 20 10 100 543 x 10 4.89 x 10 5.41 x 10°
80 40 900 258 x 100 230 x 10%7  2.75 x 10%° 20 10 200 543 x 102 4.89 x 102 5.41 x 10°!
80 40 1000 2.58 x 10°" 230 x 10°'  2.75 x 10 20 10 300 543 x 10 4.89 x 10 541 x 10
20 10 400 543 x 102 4.89 x 10 5.41 x 10°!
90 72 100 4.76 x 10: 3.00 x 10: 1.76 x 10:: 20 10 500 543 % 10° 480 x 102 541 x 10°!
90 72 200 473 x 1061 3.00 x 1061 1.73 x 106I 20 10 600 543 % 102 480 x 102 541 x 10°!
90 72 300 4.74 x 1061 3.00 x 10(71 1.74 x 1061 20 10 700 5.43 x 102 4.89 x 1092 5.41 % 108!
90 72 400 5.16 x 1061 3.00 x 1061 2.16 x 106I 20 10 800 543 %102 489 x 10° 541 x 10°!
90 72 500  4.74 x 1061 3.00 x 1061 1.74 x 1061 20 10 900 543 % 102 489 x 102 541 x 105
90 72 600 5.05 x 1061 3.00 x 1061 2.05 x 106I 20 10 1000 543 x 102 489 x 102 541 x 107!
90 72 700 5.07 x 10 3.00 x 10 2.07 x 10
90 72 800 5.01 x 10" 3.00 x 10°"  2.01 x 10°! 30 24 100 129 x 108 834 x 10 4.57 x 10
90 72 900 474 x 10°"  3.00 x 10°! 1.74 x 10°! 30 24 200 129 x 10 836 x 10 4.56 x 10%
90 72 1000 474 x 10°0  3.00 x 10°0  1.74 x 10! 30 24 300 129 x 10 836 x 10 456 x 10
30 24 400 129 x 10 836 x 10  4.56 x 10%
90 45 700 3.61x10°  3.00x 10" 6.05x 10° 30 24 500 129 x 108 836 x 102 4.56 x 10°
90 45 800  3.42x10°  3.00x10°  4.24 x 10% 30 24 600 129 x 10 836 x 102 4.56 x 10°
90 45 900 342 x 100 3.00 x 10%7  4.21 x 10%° 30 24 700 129 % 10 836 x 102 4.56 x 102
90 45 1000 3.42 x 10°! 3.00 x 10°! 4.23 x 10%° 30 24 800 1.29 x 10%° 8.36 x 10°2 4.56 x 10%?
100 80 100 6.66x10° 376 x 10°  2.90 x 10°" 30 24 900 129 10 8.36x 10 4.56 x 10”
100 %0 200 613 ¢ 108 376 % 1050 237 x 105" 30 24 1000 1.29 x 10 8.36 x 10 456 x 10
100 80 300 6.01 x 10°" 376 x 10°'  2.25 x 10% 30 15 200 9.59 x 102 836 x 10> 1.23 x 10*?
100 80 400 6.01 x 10°7 376 x 10°!  2.25 x 10°! 30 15 300 9.59 x 102 836 x 10 1.23 x 10%
100 80 500 6.05 x 10°" 376 x 10°' 229 x 10% 30 15 400 959 x 10 836 x 10  1.23 x 10%?
100 80 600 6.02 x 10°" 376 x 10%"  2.26 x 10°! 30 15 500 9.59 x 102 836 x 10 1.23 x 10%
100 80 700 6.19 x 10" 3.76 x 10°"  2.43 x 10°! 30 15 600 959 x 10%* 836 x 10  1.23 x 10%?
100 80 800 6.01 x 10" 3.76 x 10%"  2.25 x 10°! 30 15 700 9.59 x 102 836 x 10 1.23 x 10%
100 80 900 6.01 x 107 3.76 x 10°'  2.25 x 10°! 30 15 800 959 x 10 836 x 10 123 x 10?
100 80 1000 6.01 x 10°" 376 x 10°"  2.25 x 10°! 30 15 900 9.59 x 102 836 x 10 1.23 x 10%
30 15 1000 9.59 x 10%% 836 x 102 1.23 x 10%?
100 50 300 436 x 10" 3.76 x 10°"  6.02 x 10%°
100 50 400 465 % 10° 376 x 10°"  8.93 x 10%° 40 32 200 1.90 x 10 120 x 10%  6.99 x 10
100 50 600 439 x 10" 3.76 x 10°"  6.30 x 10%° 40 32 300 1.92 x 10 122 x 10%  6.98 x 10%
100 50 700 436 x 10°° 376 x 10°"  6.02 x 10% p p =
100 50 000 436 x 10 376 x 10" 602 x 10 40 20 400 142 x 108 121 x 10 2.12 x 10
50 40 300 258 x 10%  1.62 x 10%  9.57 x 10%
Note. O,, O, Q. are total, donor, and companion yields, respectively. 50 40 400 2.56 x 10%3 1.61 x 10 9.54 x 10%?
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Table 11 Table 11
(Continued) (Continued)
Z=0.001 Z,, LW Z=0.001 Z., LW
MMz) M>Mz) a(Re) (o) Qu 0. MMz) M>Mz) a(Re) 0, Qa 0.
50 40 500 258 x 10%  1.62 x 10 9.56 x 10? 80 40 900 3.46 x 10% 278 x 108 6.78 x 10%
50 40 700 258 x 10 1.62 x 10%  9.56 x 105 80 40 1000 3.46 x 108 278 x 108 6.78 x 102
50 40 900 258 x 10%  1.62 x 10 9.56 x 10* p p p
90 72 100 5.21 x 10 3.16 x 10 2.05 x 10
50 25 300 1.94 x 10 1.62 x 108 3.17 x 10% 90 72 200 446 x 10 2.68 x 10 1.78 x 109
50 25 400 1.93 x 10 1.61 x 10%  3.17 x 10% 90 72 300 5.09 x 10%  3.07 x 10%®  2.02 x 109
50 25 500 1.87 x 10 1.56 x 10%  3.14 x 10% 90 72 400 4.87 x 10 2.83 x 10 2.04 x 10%
50 25 700 1.94 x 10 1.62 x 10%  3.18 x 10% 90 72 500 5.19 x 10%  3.15 x 10%  2.04 x 109
50 25 800 1.93 x 10 1.61 x 10%  3.17 x 10% 90 72 600 481 x 10 276 x 10 2.05 x 109
50 25 900 1.94 x 10 1.62 x 10 3.18 x 10% 90 72 700 479 x 10 274 x 10%  2.05 x 10%
50 25 1000 1.94 x 108 1.62 x 108 3.18 x 10 90 72 800 477 x 109 273 x 10%  2.04 x 10%
p > p 90 72 900 511 x 10%  3.09 x 10 2.02 x 109
60 48 100 321 x 1063 2.00 x 1063 1.21 x 1063 9 7 1000 5.06 x 10° 302 x 10 204 x 107
60 48 200 323 x 10 2.01 x 10 1.22 x 10%
60 48 300 322 %x10% 200 x 10%  1.22 x 109 90 45 700 3.60 x 10 276 x 10 8.41 x 10%?
60 48 400 3.23 x 10% 201 x 10 1.22 x 10% 90 45 800 3.88 x 10%  3.06 x 10%  8.15 x 10%
60 48 500 323 x 10% 201 x 10%°  1.22 x 10% 90 45 900 3.90 x 10%  3.10 x 10%®  8.01 x 10
60 48 600 323 x 10% 201 x 10%  1.22 x 10% 90 45 1000 3.90 x 108 3.09 x 10 8.09 x 102
60 48 700 3.04 x 10 1.83 x 10%°  1.21 x 10% p p p
60 48 300 323 x 10° 201 x 10 122 x 105 100 80 100 5.86 x 106~3 3.51 x 106~3 235 x 106~2
60 48 900 322 x 10° 200 x 10 122 x 105 100 80 200 5.75 x 10“ 3.43 x 10& 232 % 106»2
60 48 1000 3.23 % 103 201 x 103 1.22 % 109 100 80 300 5.87 x 106’3 3.55 x 106‘3 2.32 x 106‘2
100 80 400 5.84 x 10 3.53 x 10 231 x 10%
60 30 300 243 % 10% 200 x 10 431 x 10 100 80 500 558 x 10% 330 x 10  2.28 x 10%
60 30 400 243 x 10 2.00 x 10%  4.30 x 10% 100 80 600 559 x 10% 327 x 109  2.32 x 109
60 30 500 244 x 10% 201 x 109 430 x 10 100 30 700 543 x 10 3.11 x 10% 232 x 109
60 30 600 243 x 10 2.00 x 10%  4.30 x 10% 100 80 800 5.66 x 10%° 335 x 10% 231 x 109
60 30 700 244 x 10% 201 x 10% 431 x 10% 100 30 900 570 x 10%  3.40 x 10 2.30 x 109
60 30 800 244 x 10% 201 x 10% 431 x 10% 100 80 1000 5.87 x 108 355 x 109 232 x 109
60 30 900 244 x 10% 201 x 10% 430 x 10% p p =
100 50 300 448 x 10 3.54 x 10 9.40 x 10
70 56 100 3.86 x 10%% 234 x 10%  1.52 x 10% 100 50 400 426 x 10 327 x 109 9.94 x 10
70 56 200 376 x 10 229 x 10%  1.47 x 10% 100 50 600 418 x 10 323 x 10%  9.46 x 10%
70 56 400 3.85 x 10%% 236 x 10%°  1.49 x 10% 100 50 700 445 x 10 351 x 10 9.42 x 10%
70 56 500 3.85 x 10 236 x 10%  1.49 x 10% 100 50 900 448 x 10 354 x 10% 941 x 10%
70 56 600 3.85x 10 236 x 10°  1.49 x 109
70 56 700 3.85 x 102 2.36 x IOZ 1.49 x lozz Note. Q,, Q4 Q. are total, donor, and companion yields, respectively.
70 56 800 3.85 x 10 2.36 x 10 1.49 x 10%
70 56 900 3.85 x 10 236 x 10  1.49 x 10%
70 56 1000 3.85x 10 236 x 10 1.49 x 10%
70 35 600 291 x 10 236 x 10°® 552 x 10?
70 35 700 291 x 10% 236 x 10% 552 x 10%
70 35 800 291 x 10% 236 x 10%° 552 x 10% Table 12
70 35 900 291 x 10% 236 x 10 5.52 x 10? H1 Photon Yields from 0.01 Z, Binaries.
70 35 1000 291 x 109 236 x 109 5.52 x 10
Z=0012Z,, HI
80 64 100 4.49 x 102 2.74 x 1022 175 x 10: M(M.) MyM.) a(Ro) 0, 0. 0.
80 64 200 438 x 10 2,61 x 10 1.77 x 10%
80 64 300 442 x 10%  2.66 x 102 1.76 x 1053 10 8 100 240 x 10”170 x 10 7.05 x 10°'
80 64 500 453 x 109 277 x 10 1.76 x 10% 62 62 60
80 64 600 454 x 10 278 x 10  1.76 x 109 10 > 900 176 1052 1707 1062 6.46 x 1060
o o o 10 5 1000 1.76 x 10 1.70 x 10 6.46 x 10
80 64 700 4.54 x 10 2.78 x 10 1.76 x 10
80 64 800 454 x 109 278 x 10 1.76 x 10% 20 16 100 1.38 x 10%  8.61 x 10*  5.17 x 10
80 64 900 454 %109 278 x 10%  1.76 x 109 20 16 200 123 x 10 827 x 102 3.99 x 102
80 64 1000 4.54 x 108 278 x 108 1.76 x 109 20 16 300 122 x 10 821 x 10 3.99 x 10%
s = - 20 16 400 122 x 10% 821 x 102 3.99 x 10%
80 40 100 3.45 x 1063 276 x 1063 6.91 x 10@2 20 16 500 122 % 108 821 x 102 399 x 10
80 40 200 3.45 x 1062 277 x 1063 6.77 X 1062 20 16 600 122 % 10 821 x 102 399 x 105
80 40 300 3.46 x 106; 278 x 10“ 6.78 x 1062 20 16 700 122 % 10 821 x 102 399 x 10
80 40 400 3.30 x 106~3 2.63 x 106~3 6.71 x 1062 20 16 200 122 % 10 821 x 102 399 x 105
80 40 500 3.46 x 1062 278 x 1062 6.78 x 1062 20 16 900 122 % 10 821 x 102 399 x 10
80 40 600 3.46 x 106~3 278 x 106~3 6.78 x 1062 20 16 1000 122 % 10 821 x 102 3.99 x 10
80 40 700 3.46 x 10 278 x 10 6.78 x 10
80 40 800 346 x 109 278 x 10%°  6.78 x 10% 20 10 100 8.87 x 10 824 x 10  6.34 x 10°!
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Table 12 Table 12
(Continued) (Continued)
Z=0.01Z,, HI Z=0.01Z,, HI
MWMz) MMz) a(Re) O, Qu 0. MMz) M>Mz) a(Re) () QOu 0.
20 10 200 8.85 x 10 821 x 10 6.35 x 10° 60 48 300 892 x 10% 536 x 109 3.56 x 10%
20 10 300 8.85 x 102 821 x 10  6.35 x 10°! 60 48 400 9.07 x 10 5.17 x 10%*  3.90 x 10%
20 10 400  8.85x 10% 821 x 10%  6.35 x 10 p p p
20 10 500 285 x 102 821 x 102 635 x 10°' 60 30 200  6.44 x 10 5.30 x 10 1.14 x 10
20 10 600 885x10%  821x 10" 635x 10" 49 56 100 115x10% 684 x 10° 461 x 107
20 10 700  8.85x 10% 821 x 10%  6.35 x 10° 70 56 200 114 x10% 650 x 106 4.92 x 1063
20 10 800  8.85x 10”821 x 10 635 x 10% 70 56 300 112 x 108 667 x 108 455 x 1053
20 10 900 8.85x 10"  821x10% 635 x 10" 70 56 400 110 x 10® 643 x 10 454 x 10%
20 10 1000 8385 x 10% 821 x 10%  6.35 x 10° 70 56 500 112 % 10% 661 x 10°  4.55 x 106
30 o 100 308 x 10° 191 x 10 1.17 x 10° 70 56 700 LI x 10;’:‘1 6.58 x 102 4.55 x 102
30 24 400 275 % 103 177 % 103 9.81 x 10%2 70 56 900 1.10 x 1054 6.39 x 105; 4.57 % 1()6‘3
30 " 500 275 x 10 177 x 10° 981 x 102 70 56 1000 1.11 x 10 635 x 10 4.72 x 10
30 24 600 27510 1.77x 107 981 x 10” 70 35 300 8.08x 102 643 x 10 165 x 10%
30 24 700 275 x10% 177 x 10”  9.81 x 10” 70 35 600 807 x 10 636 x 108 171 x 1063
30 24 800 27510 1.77x 10 981 x 10 70 35 700 8.01x 10°  6.35x 10 1.66 x 10°
30 24 900 275 x 109 177 x 10%  9.81 x 10% 70 35 800 796 % 10% 639 x 10°  1.57 x 10
30 24 1000 275 x 10% 177 x 109 9.81 x 10 70 35 900 800 x 105 635x 105  1.65 x 105
30 15 400 197 x 108 177 x 10%  2.02 x 107 70 35 1000 7.97 x 10%° 637 x 10 1.60 x 10%
30 15 500 1.97 x 1063 1.77 x 1063 2.02 x 1062 80 64 100 1.38 x 1064 8.11 x 1063 5.67 x 1063
30 15 600 197107 1.77x 10 202 x 10” 80 64 200 134 % 10%  7.80 x 10 556 x 10%
30 15 700 197 x 10 177 x 10 2.02 x 10 80 64 300 133x10% 774 x 10° 552 x 10
30 15 800 1.97x10% 177 x 10°  2.02 x 10” 80 64 400 136 x 10 7.53 x 10%  6.07 x 10
30 15 900 1.97 x 1063 1.77 x 1063 2.02 x 1062 80 64 500 1.33 x 1064 7.81 % 1063 3.53 x ]063
30 15 1000 1.97 x 1063 1.77 x 1063 2.02 x 1062 80 64 600 1.33 x 1054 7.80 % 1063 5.53 x 1063
40 30 100 476 x 10° 299 x 10° 177 x 10% 80 64 700 1.33 x 102: 7.77 x 10: 5.53 x 10‘6’3
40 0 200 473 x 10° 298 x 10° 175 x 105 80 64 800 1.34 x 1064 7.50 x 1063 5.93 x 106>3
40 3 300 474 x 109 2.99 x 103 175 % 1053 80 64 900 1.37 x 1064 8.10 x 106‘3 5.64 x 106‘3
40 0 400 474 % 10° 299 x 108 175 x 105 80 64 1000 1.34 x 10 7.82 % 10 5.53 x 10
40 32 700 464 x 107 290 x 10 1.74 x 107 80 40 300 979 x 109 778 x 108 2.01 x 1053
40 32 800 4.64 x 1063 2.90 x 1063 1.74 x 1063 80 40 500 9.83 x 1063 781 x 1053 2.01 x ]063
40 32 900 4.64 x 1063 2.90 x 1063 1.74 x 1063 80 40 600 9.70 x 1053 7.50 x 1063 2.20 x 1063
40 32 1000 4.64 x 1063 2.90 x 1063 1.74 x 1063 80 40 800 973 x 1063 772 % 1053 2.01 x 1063
40 20 300 340 % 107 299 % 10% 432 x 10 80 40 900 9.83 x 102 7.82 x 102 2.01 x 1022
40 20 500 3.37 x 1093 2.94 % 103 431 x 1092 80 40 1000 9.74 x 10 7.44 x 10 2.30 x 10
63 63 62
38 ;g 388 ;gg i 18"3 i‘gg i ;863 j‘gg i }862 90 7 100 1.67 x 10% 940 x 102 7.30 x 10%
’ 3 ’ s ’ o 90 72 300 1.56 x 10%*  9.04 x 10%  6.58 x 10%
40 20 800  3.33x 10 2.90 x 10 430 x 10 64 . .
40 20 900 3.33 % 108 2.90 x 10 4.30 x 102 %0 2 400 1565107 9.06 5107 6.57> 107
40 20 1000 333 % 108 2.90 x 10° 430 x 10 20 2 000 156107 8845107 6.72> 107
: : : 90 72 600 1.55 x 10 8.97 x 10 6.57 x 10
50 40 100 724 % 10 4.14 x 10> 3.10 x 103 90 72 700 1.56 x 10%*  9.03 x 10%  6.57 x 10%
50 40 200 690 x 108 426 x 108 2.64 x 10° 90 72 800 156 x 10 899 x 10° 657 x 10°
50 40 300 670 x 10 4.05 x 10 2.65 x 105 90 72 900 1.56 x 10°*  9.03 x 10 6.58 x 109
50 40 400 672 % 10 4.06 x 10 2.66 x 10 90 72 1000 1.56 x 10**  9.03 x 10 6.57 x 10%
50 40 500 667 x 10% 403 x 10”  2.64 x 10” = - p
50 40 600 6.70 x 10 4.07 x 10 2.63 x 103 90 45 500 1.16 x 1064 9.06 x 106‘3 2.51 x 106‘3
50 40 700 671 x 10° 408 x 10 2.63 x 105 90 45 600 1.15 x 10 9.02 x 10 . 251 x 10
50 40 300 660 x 10° 398 x 10  2.62 x 105 90 45 700 115X 102 9.02 x 10‘;»3 251 x 102
50 40 900 676 x 10° 413 x 10°  2.63 x 105 90 45 800 1.15 x 1064 9.02 x 10“ 251 x 1063
50 40 1000 6.76 x 10 4.13 % 10% 2.63 x 103 90 45 900 1.16 x 1064 9.04 x 106’3 2.51 x 106‘3
90 45 1000 1.15 x 10 8.99 x 10 251 x 10
50 25 600  4.85x 10” 411 x10” 736 x 10” ” = p=
50 25 800 491 x 108 417 x 109 7.44 % 1092 100 80 100 2.00 x 1064 1.12 x 1054 8.76 x 1063
50 25 000 487 x 10° 413 x 108 744 x 1052 100 80 200 1.80 x 1064 1.04 x 1064 7.64 x 10 ;
50 25 1000 4.87 x 108 4.13 x 10% 7.44 x 102 100 80 400 1.78 x 10 1.02 x 10 7.62 x 10%
100 80 500 1.78 x 10%*  1.02 x 10%*  7.61 x 10%
60 48 100 920 x 10 552 x 10  3.68 x 10 100 80 600 1.80 x 10%*  1.02 x 10%*  7.78 x 10
60 48 200 9.23 x 10 528 x 10%  3.95 x 10% 100 80 700 1.78 x 10%*  1.02 x 10%*  7.61 x 10%
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Table 12 Table 13
(Continued) (Continued)
Z=001Z,, H1 Z=0.01Z., He1
MMo)  MMo) 3 Ro) o Qa O M(Mo)  MyM.)  a (Ro) 12) Qd 0.
64 64 63
100 80 800 L78> 107 102> 107" 7.61 x 10" 40 32 100 7.37 x 10 4.69 x 102 2,68 x 10%
100 80 900 1.76 x 1064 1.00 x 1064 7.59 x 106; 40 32 200 731 % 1052 4.67 % 1062 2.64 x 1062
100 80 1000 1.78 x 10 1.02 x 10 7.61 x 10™ 40 32 300 733 x 1062 4.69 x 1062 2.64 x ]062
100 50 300 132 x 10% 102 x 10%  3.04 x 107 40 32 400 736 x 10 472 x 10 2.64 x 10%
N N N 62 62 62
100 50 600 1.32 % 10% 1.02 % 1064 3.04 x 109 40 32 700 7.22 x 1062 4.59 x 1062 2.63 x 1062
100 50 700 131 % 105 100 x 10%  3.05 x 107 40 32 800  7.22 x 10 4.59 x 10 2.63 x 10
N N N 62 62 62
100 50 800 130 x 10 100 x 10%  3.02 x 10 ‘4‘8 z; 190052) ;;i X }862 j'gg X }gﬁz igg x }gﬁz
100 50 900 132 x 10%  1.02 x 10%*  3.04 x 109 es X 7 X 02 x
100 50 1000 1.32 x 10%  1.02 x 10 3.04 x 109 40 20 300 518 % 102 470 x 102 482 x 10°!
40 20 500 5.09 x 10%  4.61 x 10%  4.80 x 10°!
Note. Q,, O . Q. are total, donor, and companion yields, respectively. 40 20 600 5.07 x 102 459 x 102 4.80 x 10°!
40 20 700 5.07 x 109 459 x 10 4.80 x 10°!
40 20 800 5.07 x 10 459 x 10 4.80 x 10°!
40 20 900 5.07 x 10%% 459 x 10 4.80 x 10°!
Table 13 40 20 1000 5.07 x 102 4.59 x 10> 4.80 x 10°'
He I Photon Yields from 0.01 Z., Binary Stars. 50 40 100 135 % 10 733 % 102 6.17 x 1092
Z=001 Z., Hel 50 40 200 1.19 x 10%  7.41 x 10%  4.48 x 10%
— 50 40 300 1.19 x 10% 729 x 10 4.57 x 10%
M\Mo)  MyMo) — a (Ro) o Qu Q. 50 40 400 120 x 108 737 x 102 4.60 x 10°
10 8 100 8.59 x 10%° 638 x 10°°  2.21 x 10 50 40 500 1.18 x 10%  7.28 x 10 4.54 x 10%
” ” p 50 40 600 1.17 x 10%  7.17 x 10> 4.48 x 10%
10 5 900 6.45 x 1060 6.38 x 1060 6.90 x 10‘58 50 40 700 1.17 x 10% 717 x 1092 4.48 x 1092
10 5 1000  6.45 x 10 6.38 x 10 6.90 x 10° 50 40 300 L17 % 10% 715 102 451 x 107
62 61 61 50 40 900 1.17 x 10%  7.19 x 10 4.48 x 10%
20 16 100 134 1062 B.15 % ]Om 229 % 1061 50 40 1000 1.17 x 108 7.19 x 10 4.48 x 10**
20 16 200 1.11 x 10 7.80 x 10 3.26 x 10 : : :
20 16 300 110 x 10% 777 x 10°'  3.27 x 10°! 50 25 600 819 % 102 719 x 102  1.00 x 10
20 16 400 110 x 10% 777 x 10°' 327 x 10° 50 25 800 823 x 107 722 x 102 1.01 x 105
62 61 61 . : :
20 16 500 1.10 x 1062 7.77 % 1051 3.27 x 105] 350 25 900 8.20 x 1062 7.19 x 1062 1.01 x 1062
20 16 600 1.10 x 10 7.77 x 10 3.27 x 10 50 25 1000 820 x 10 719 x 10 1.01 x 105
20 16 700 1.10 x 10 777 x 10%7  3.27 x 10°!
20 16 800 1.10 x 102 7.77 x 10°" 327 x 10 60 48 100 1.72 x 10 1.02 x 10%  6.98 x 10°
20 16 900 1.10 x 102 7.77 x 10°"  3.27 x 10% 60 48 200 1.80 x 10% 1.0l x 10  7.85 x 10%
20 16 1000 1.10 x 102 7.77 x 10°'  3.27 x 10°! 60 48 300 1.66 x 10%  1.00 x 10%  6.56 x 10%
60 48 400 1.78 x 10%  1.00 x 10%*  7.80 x 10%*
20 10 100 8.08 x 10°7  7.79 x 10°'  2.89 x 10%°
20 10 200 8.06 x 10°0  7.77 x 10°1  2.90 x 10%° 60 30 200 1.19 x 10 1.01 x 10%  1.82 x 102
20 10 300 8.06 x 10°1  7.77 x 10%"  2.90 x 10%°
20 10 400 806 x 10 777 % 108 290 x 10% 70 56 100 226 x 10% 135 x 10%  9.13 x 10%
20 10 500 8.06x 109 777 x 10" 2.90 x 10% 70 36 200 23410 132x 10 102 x 10
20 10 600  8.06x10° 777 x 105 2.90 x 10%° 70 36 300 222x 107 133 x 10 8.93 x 10°
20 10 700 806 x 10 777 x 108 290 x 10% 70 56 400 222 x10%  132x10% 897 x 109
20 10 800 806 % 108 777 x 105 2.90 x 109 70 56 500 222 x 10% 133 x 10 8.93 x 10%
20 10 900 8‘06 107! 7‘77 < 107! 2‘90 < 10 70 56 700 222 x10% 133 x 10%®  8.93 x 10%
20 10 1000 8'06 106! 7'77 106! 2'90 1060 70 56 900 222 x 10% 132 x 10%  9.02 x 10%
i i i 70 56 1000 228 x 10 1.32 x 10 9.60 x 10
30 24 100 429 x 102 2,65 x 10 1.64 x 10° p p s
30 o 400 361 x 102 241 x 102 120 x 105 70 35 300 1.62 x 10 1.32 x 10 2.98 x 10
30 4 500 361 % 102 241 x 102 120 x 1052 70 35 600 1.63 x 10 132 x 10%°  3.14 x 10%
30 21 600 361 % 102 241 x 102 120 x 107 70 35 700 1.62 x 10 132 x 10%%  2.99 x 10%
30 ” 700 361 x 102 241 x 102 120 x 10 70 35 800 159 x 10 132 x 10% 273 x 109
30 2 200 361 % 102 241 x 102 120 x 107 70 35 900 1.62 x 10%% 132 x 10 2.96 x 10%
30 o 900 3'61 1052 2'41 1052 1'20 1052 70 35 1000 1.60 x 10 132 x 108 2.83 x 10%
30 24 1000 3.61 x 10% 241 x 10 1.20 x 10% 80 64 100 282 %10  1.64 x 10°°  1.18 x 10
20 15 400 258 x 102 241 x 102 1.65 x 10" 80 64 200 274 x 10% 161 x 10  1.13 x 10%
' ’ ’ 4 300 274 x 10% 161 x 10 1.13 x 109
30 15 500 258 x 102 241 x 102 1.65 x 10°! 80 6
30 5 600 258 x 102 241 x 102 1.65 x 10 80 64 400 295 x 10%  1.61 x 10%  1.34 x 109
30 15 700 2'58 < 109 2'41 < 10 1'65 < 10°! 80 64 500 275 % 10%  1.62x10%%  1.13 x 10
30 15 200 2'58 < 102 2'41 < 102 1'65 < 106! 80 64 600 274 x 10 1.62 x 10 1.12 x 109
30 15 900 2'58 < 1022 2'41 1002 1'65 106! 80 64 700 274 x 10%  1.61 x 10 1.13 x 109
. : : 63 63 63
30 15 1000 258 x 102 241 x 10  1.65 x 10°! Zg gi ggg ;% ¢ 1863 i'g; ' 1863 ﬁg " }863
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Table 13 Table 14
(Continued) (Continued)
Z=001Z,, HeTl Z=0.01Z,, Hell

MWMz) MMz) a(Re) 0, Qu 0O MMz) M>Mz) a(Re) 0, QOu 0.
80 64 1000 275 x 10%%  1.62 x 10 1.13 x 10 20 16 800 6.11 x 10°®° 497 x 10°®  1.14 x 10°®
p p - 20 16 900 6.11 x 10°® 497 x 10 1.14 x 10
28 ;‘8 ggg }gg i }863 }'2; i 18"3 ;;; i 1862 20 16 1000 611 x 10% 497 x 10%  1.14 x 10%
80 40 600 2.05 x 10 1.61 x 10% 435 x 10% 20 10 100 5.00 x 10°® 498 x 10 1.85 x 10°°
80 40 800 1.98 x 10 1.61 x 10°  3.71 x 10% 20 10 200 499 x 10°® 497 x 10°®  1.86 x 10°°
80 40 900 1.99 x 10%  1.62 x 10%  3.72 x 10% 20 10 300 499 x 10°® 497 x 10 1.86 x 10°¢
80 40 1000 2.07 x 10%  1.60 x 10  4.68 x 10 20 10 400 499 x 10°® 497 x 10°®  1.86 x 10°®
p p p 20 10 500 499 x 10 497 x 10°®  1.86 x 10°®
90 72 100 3.69 x 1062 1.99 x 10m 1.70 x 1063 20 10 600 499 x 10°° 497 x 10 1.86 x 10°
90 72 300 3.34 x 106~3 1.95 x 106>3 1.39 x 106% 20 10 700 499 x 10° 497 x 10 1.86 x 10°
90 72 400 3.34 x 106‘2 1.95 x 106‘2 1.39 x 106‘1 20 10 800 4.99 % 10° 4.97 % 10°8 1.86 % 10°6
90 72 500 3.38 x 106~3 1.94 x 106~3 1.44 x 106>3 20 10 900 499 x 10° 497 x 10°°  1.86 x 10°
38 ;5 ggg z-zj i 186‘3 i-gg i 186'3 i-;g i 186'3 20 10 1000 499 x 10% 497 x 10  1.86 x 10°
90 72 800 334 x 10 1.95 x 10%  1.39 x 10% 30 24 100 8.07 x 10°°  4.65 x 10  3.42 x 10¥
90 72 900 334 % 10% 195 x 10 1.39 x 109 30 24 400 5.63 x 10°° 427 x 10 1.36 x 10%
90 72 1000 334 x 10 1.95 x 109 1.39 x 109 30 24 500 5.63 x 10°° 427 x 10 1.36 x 10%
p p - 30 24 600 5.63 x 10°° 427 x 10 1.36 x 10¥
90 45 500 244 x 1063 1.95 x 1063 491 x 1062 30 4 700 563 10° 427 x 10° 136 x 10%°
90 45 600 244 x 106} 1.95 x 1063 491 x 1062 20 24 200 563 % 10° 427 x 10° 136 x 10%°
90 45 700 2.44 x 106‘3 1.95 x 1053 491 x 1062 30 24 900 5.63 x 10°° 4.27 % 10%° 1.36 x 10%°
gg 32 388 ;ii i 18“ igz i 18“ i'gi i igfﬂ 30 24 1000 5.63 x 10° 427 x 10° 136 x 10%°
90 45 1000 244 x 10% 195 x 10 4.91 x 10 30 15 400 432 x 10° 427 x 10°° 537 x 10”7
p p p 30 15 500 432 x 10° 427 x 10° 537 x 10”7
100 80 100 4.63 x 10“ 247 x 10“ 2.16 x 10“ 20 15 600 432 x 10° 427 x 10° 537 x 107
100 80 200 3.93 x 106~3 228 x 106~3 1.65 x 106>3 30 15 700 432 x 10° 427 x 10° 537 x 107
100 80 400 391 x 10“ 2.26 x 10m 1.65 x 10“ 20 15 800 432 x 10° 427 x 10° 537 x 105
100 80 500 3.91 x 106~3 2.26 x 106~3 1.65 x ]O(,Q 30 15 900 432 x 10° 427 x 10° 537 x 107
igg 28 Sgg gg? i 18"3 ;32 i 1863 1'2(5’ i ig“ 30 15 1000 432 x 10° 427 x 10° 537 x 10°7
100 80 800 391 x 10 226 x 10%  1.65 x 10% 40 32 100 2.02 x 10%° 141 x 10%°  6.07 x 10%
100 80 900 391 x 10% 226 x 109 1.65 x 10 40 32 200 1.97 x 10  1.41 x 10°  5.62 x 10>°
100 80 1000 391 x 10% 226 x 10 1.65 x 109 40 32 300 1.97 x 10%° 141 x 10%°  5.62 x 10*°
= = - 40 32 400 197 x 10%° 141 x 10 561 x 10%
100 50 300 2.88 x 1062 2.26 x 10m 6.21 x 1062 40 0 700 196 % 100 140 x 10° 561 x 10°
100 50 600 2.88 x 106~3 2.26 x 106~3 6.20 x 1062 40 0 200 196 x 100 140 x 10° 561 x 10
100 50 700 2.88 x 1062 2.26 x 1062 6.24 x 1052 40 0 900 196 x 109 140 x 10° 561 x 10
}gg gg Sgg ;22 X 186; ;gg X 186; gég X igﬁz 40 32 1000 1.96 x 10° 140 x 10°  5.61 x 107

. X N . X : . X

100 50 1000 2.88 x 109 226 x 108 6.20 x 10%* 40 20 300 145 x 10%° 141 x 10 3.90 x 10°®
40 20 500 144 x 10%° 140 x 10%°  3.89 x 10°®
Note. O,, Q4 Q. are total, donor, and companion yields, respectively. 40 20 600 1.44 x 10% 1.40 x 10°  3.88 x 10
40 20 700 144 x 10%° 140 x 10%°  3.88 x 10°®
40 20 800 1.44 x 10%° 140 x 10%°  3.88 x 10°®
40 20 900 144 x 10%° 140 x 10%°  3.88 x 10°®
Table 14 40 20 1000 1.44 x 10  1.40 x 10 3.88 x 107
He 11 Photon Yields from 0.01 Z., Binary Stars. 50 40 100 701 x 109 311 x10°  3.90 x 10%°
7Z—=001 Z., He i 50 40 200 4.52 % 1022 3.11 x 1022 1.41 x 1022
WO WD o oo % b m aim w1
10 8 100 1.08 x 107 3.06 x 10°°  7.74 x 10°° 50 40 500 460 x 10 3.11 x 10%° 149 x 10%°
= — = 50 40 600 449 x 10 3.08 x 10° 141 x 10%°
10 5 900 3.06 x 1056 3.06 x 10% 7.89 x 1052 50 40 700 449 x 10° 308 x 100 141 x 10
10 5 1000 3.06 x 10° 3.06 x 10 7.80 x 10° 50 40 800 4.54 % 109 3.08 x 10%° 1.46 x 10%°
20 16 100 106x10°  508x10% 547 x10% 50 40 900 44910 3.08x10% 141 x10%
20 16 200 6.12 x 10°8 4.98 x 10°8 1.14 x 108 50 40 1000 4.49 x 10%° 3.08 x 10%° 1.41 x 10%
20 16 300 6.11 x 102: 497 x 1022 1.14 x 1022 50 25 600 320 % 10°  3.08 x 10° 145 x 10°°
20 16 400 6.11 x 10SS 497 x 1058 1.14 x 10Sg 50 25 200 323 % 10° 308 x 10° 146 x 10%°
20 16 00 6111070 497> 107 114> 107 50 25 900 323 x10°  3.08 x 10° 146 x 10%
;g 12 Sgg gﬂ i 1858 jg; i igsg Hi i ig;g 50 25 1000 323 x 100 3.08 x 10 1.46 x 10
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Table 14
(Continued)

Tsai et al.

Table 14
(Continued)

Z=001 Z., He 11

Z=001Z., Hell

MWMz) MMz) a(Re) 0, Qu 0O MMz) M>Mz) a(Re) 0, QOu 0.
60 48 100 8.53 x 10%° 547 x 10 3.06 x 10 100 80 1000 3.25x 10°" 203 x 10°  1.22 x 10
60 48 200 939 x 10%° 547 x 10%°  3.92 x 10%° o = p
60 43 300 818 x 10° 546 x 10° 272 x 10%° 100 50 300 233 x 1061 2.03 x 1061 3.04 x 1060
60 43 400 052 x 10° 547 x 10° 405 x 10°° 100 50 600 2.33 x 10 2.03 x 10 3.04 x 10
100 50 700 234 x 100 2.03 x 10%"  3.07 x 10%°
60 30 200 5.98 x 10° 548 x 10%°  5.03 x 10*° 100 50 800 233 x 107 2.03 x 10°'  3.03 x 10%°
o p " 100 50 900 233 x 10" 2.03 x 10°  3.04 x 10%°
;8 22 égg }i? X :86' 225 X ;860 ;‘-ig X }gw 100 50 1000 233 x 10°'  2.03 x 10°'  3.04 x 10
. X . X R X
61 60 60
;8 22 288 iz; i }861 22; i }850 :Z‘]" i igéo Note. Q,, Q4 Q. are total, donor, and companion yields, respectively.
70 56 500 131 x 108" 857 x 10%°  4.54 x 10%°
70 56 700 1.31 x 10°7 857 x 10%°  4.54 x 10%°
70 56 900 132 x 10°" 857 x 10%°  4.66 x 10%°
70 56 1000 1.38 x 10°" 857 x 10 5.23 x 10%°
Table 15
70 35 300 972 x 10°° 857 x 10°©  1.15 x 10 LW Photon Yields from 0.01 Z., Binaries.
70 35 600 9.81 x 10  8.57 x 10%°  1.24 x 10%°
70 35 700 9.66 x 100 857 x 10 1.09 x 10 Z=001 Zo,LW
70 35 800 943 x 10%° 857 x 10  8.60 x 10 M(Mz)  MrMz)  a(Re) 0 Qu 0.
;8 iz 19(?000 ggi i 1822 gg; i ig: ;-2; i igfﬁ 10 8 100 229 x 102 159 x 102 7.00 x 10°"
o o o 10 5 900 1.69 x 10 1.59 x 10 9.55 x 10%°
28 Zi ;88 }-z; i }8“ i;i i 186‘ Z-gg i 1860 10 5 1000 1.69 x 102 159 x 10 9.55 x 10°°
80 64 300 1.89 x 108 122 x 10" 6.71 x 10% 20 16 100 7.84 x 10°% 497 x 10 2.87 x 10%
80 64 400 2.18 x 107 122 x 10%"  9.56 x 10%° 20 16 200 733 x 10  4.89 x 10 2.44 x 10%
80 64 500 1.89 x 1081 122 x 10" 6.70 x 10% 20 16 300 7.29 x 10 4.85 x 10 2.44 x 10%
80 64 600 1.89 x 10°"  1.22 x 10" 6.70 x 10%° 20 16 400 7.29 x 10 4.85 x 10 2.44 x 10%
80 64 700 1.89 x 10°"  1.22 x 10" 6.70 x 10%° 20 16 500 7.29 x 10 4.85 x 10 2.44 x 10%
80 64 800 1.99 x 10°7  1.22 x 10°"  7.74 x 10%° 20 16 600 729 x 10 4.85 x 10 2.44 x 10%
80 64 900 1.89 x 10°" 122 x 10" 6.71 x 10%° 20 16 700 729 x 10 4.85 x 10 2.44 x 10%
80 64 1000 1.89 x 10°"  1.22 x 10°'  6.70 x 10 20 16 800 729 x 10 4.85 x 10 2.44 x 10%
o p p” 20 16 900  7.29 x 10%  4.85 x 10% 2.4 x 10%
28 38 ggg }255; ¢ 186' i;i ¢ 1861 122 ’ igw 20 16 1000 7.29 x 102 485 x 102 2.44 x 107
80 40 600 1.44 x 10°7 122 x 10" 2.19 x 10%° 20 10 100 538 x 102 4.86 x 10 5.19 x 10°!
80 40 800 135 x 10°0 122 x 10" 1.33 x 10% 20 10 200 537 x 10 4.85x 10 520 x 10%!
80 40 900 135 x 10°7 122 x 10" 1.33 x 10%° 20 10 300 537 x 102 4.85 x 10 520 x 10°!
80 40 1000 1.48 x 10%" 122 x 10°'  2.57 x 10 20 10 400 537 x 10 4.85 x 10% 520 x 10%!
p p p 20 10 500 537 x 10%  4.85x 10% 520 x 10°
90 72 100 3.03 x 106I 1.61 x 106] 1.42 x 1060 20 10 600 537 % 102 485 x 102 520 x 10°"
90 72 300 253 x 1061 1.60 x 1061 9.30 x 1060 20 10 700 537 % 102 485 x 102 520 x 105"
90 72 400 253 x 106I 1.60 x 106] 9.30 x 1060 20 10 200 537 x 102 485 x 102 520 x 108"
90 72 500 2.55 x 1061 1.60 x 1051 9.46 x 1060 20 10 900 537 % 102 485 x 102 520 x 105"
gg ;g Sgg ;g; ' 186' igg ' 185‘ ggg ' 1860 20 10 1000 537 x 10 4.85x 107 5.20 x 10°'
90 72 800 253 % 10" 1.60 x 10" 9.30 x 10%° 30 24 100 1.40 x 10 8.70 x 10 5.28 x 10%
90 72 900 253 % 10" 1.60 x 10" 9.30 x 10%° 30 24 400 132 x 109 8.44 x 10 4.76 x 10%
90 72 1000 253 x 10°7  1.60 x 10°'  9.30 x 10 30 24 500 132 x 10 844 x 102 4.76 x 10
o o - 30 24 600  1.32x 10%°  845x 10 476 x 10
90 45 500 1.81 x 106I 1.60 x 106] 2.09 x 1060 30 4 700 132 % 10 845 % 102 476 x 107
90 45 600 1.81 x 106] 1.60 x 1061 2.09 x 1060 20 4 200 132 % 10° 845 x 102 476 x 10%
90 45 700 1.81 x 1061 1.60 x 10@1 2.09 x 1060 30 4 900 132 % 108 845 x 102 476 x 107
gg 32 Sgg }21 ¢ 186‘ }’28 ‘ 1861 igg ¢ igﬁo 30 24 1000 132 x 10° 845 x 102 4.76 x 10
90 45 1000 1.81 x 10°"  1.60 x 10°"  2.09 x 10%° 30 15 400 9.68 x 102 8.44 x 10 1.24 x 10%
o o o 30 15 500 9.68 x 10° 844 x 10°  1.24 x 10
100 80 100 436 x 1061 2.11 x 1061 225 % 1061 20 15 600 0.69 x 107 845 x 102 124 x 105
100 80 200 3.26 x 106l 2.04 x 10@1 1.22 x 1051 30 15 700 069 x 102 845 x 102 124 x 1052
100 80 400 3.25 x 10ﬁl 2.03 x 1061 1.22 x 1061 30 15 800 069 x 10 845 x 102 124 x 10
100 80 500 3.25 x 106l 2.03 x 10@1 1.22 x 1061 20 15 900 069 x 102 845 x 102 124 x 10
igg gg sgg g;g ‘ }86' ;83 ¢ 186‘ };3 ’ }86‘ 30 15 1000 9.69 x 10 845 x 10%  1.24 x 10
100 80 800 3.25 x 107 2.03 x 10%7  1.22 x 10°! 40 32 100 2.06 x 10°% 131 x 10%  7.52 x 10%
100 80 900 3.25 x 107 2.03 x 10%7  1.22 x 10°! 40 32 200 2.05 x 10°% 130 x 10 7.48 x 10%
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Table 15 Table 15
(Continued) (Continued)
Z=0.01Z,LW Z=0.01 Z,, LW
MMz) MMz) a(Re) 0, Qu 0O MMz) M>Mz) a(Re) 0, Qa 0.
40 32 300 205 % 10 130 x 10 7.48 x 10 80 64 100 501 x 10%  3.05 x 10 1.96 x 10%
40 32 400 2.05 x 10° 130 x 10 7.47 x 10%? 80 64 200 491 x 10 296 x 10° 195 x 10%
40 32 700 201 x 10 127 x 10%  7.42 x 10 80 64 300 4.84 x 10 291 x 10 1.93 x 10%
40 32 800 201 x 10 127 x 10%  7.42 x 10% 80 64 400 469 x 10 271 x 10°* 198 x 10%
40 32 900 201 x 10 127 x 10%  7.42 x 10% 80 64 500 490 x 10 296 x 10 1.94 x 10%
40 32 1000 2.01 x 10  1.27 x 109 7.42 x 10 80 64 600 4.89 x 10 295 x 10%  1.94 x 10%
p p > 80 64 700 488 x 10 294 x 10 1.94 x 10%
40 20 300 1.52 x 1063 1.30 x 1063 222 % 1062 20 61 800 460 x 10° 262 x 10° 198 x 105
40 20 500 1.51 x 1063 1.29 x 1063 2.21 x 1062 80 64 900 5.10 x 10 3.10 x 1093 2.00 x 10
40 20 600 1.49 x 1062 1.27 x 1062 2.20 x 1052 20 61 1000 490 x 10 2.96 x 105 1.94 x 10
40 20 700 149 x 108 127 x 10% 220 x 10
40 20 800 149 x 10 127 x 10% 220 x 10% 80 40 300 3.68 x 10% 294 x 10%  7.38 x 10%
40 20 900 149 x 10% 127 x 10 2.20 x 10 80 40 500 370 x 10% 296 x 10%  7.39 x 109
40 20 1000 1.49 x 10%  1.27 x 109 2.20 x 10 80 40 600 343 x 10% 266 x 10 7.72 x 10%
p p p 80 40 800 3.64 x 10%° 290 x 10 7.40 x 10%?
50 40 100 277 x 10()3 1.67 x 1053 1.10 x 1063 80 40 900 370 x 103 2.96 % 103 739 % 102
50 40 200 279 x 1063 1.75 x 1063 1.04 x 1063 20 40 1000 341 x 10° 262 x 10 7.94 x 10
50 40 300 264 x 10 1.60 x 10 1.04 x 10%
50 40 400 2.61 x 10 158 x 10 1.03 x 10% 90 72 100 5.67 x 10%° 339 x 10% 228 x 109
50 40 500 261 x 10 158 x 10 1.03 x 10% 90 72 300 555 x 10% 331 x 10% 224 x 109
50 40 600 272 x 10 1.68 x 10%°  1.04 x 10% 90 72 400 555 x 10% 331 x 10% 224 x 109
50 40 700 271 x 10 1.68 x 10%  1.03 x 10% 90 72 500 536 x 10%  3.11 x 10 2.25 x 10%
50 40 800 2.61 x 10 158 x 10 1.03 x 10% 90 72 600 549 x 10% 326 x 10 2.23 x 109
50 40 900 275 x 10°% 171 x 10%  1.04 x 10% 90 72 700 554 x 10% 330 x 10%  2.24 x 10%
50 40 1000 275 x 10% 171 x 109 1.04 x 109 90 72 800 551 x 10% 327 x 109 224 x 109
p= p > 90 72 900 553 x 10% 329 x 10 224 x 109
50 25 600 2.02 x 106} 1.69 x 10m 333 x 1062 90 7 1000 553 x 10 329 x 108 224 x 107
50 25 800 207 x 108 173 x 10% 336 x 10
50 25 900 2.05 x 10 171 x 10% 337 x 10%? 90 45 500 420 x 10 331 x 10%  8.85 x 10%?
50 25 1000 2.05x 10% 171 x 10% 337 x 10? 90 45 600 418 x 10 329 x 10%  8.85 x 109
> > P 90 45 700 4.17 x 10 329 x 10%  8.84 x 10%?
60 48 100 3.51 x 1063 2.18 x 1063 1.33 x 1063 9 45 800 418 x 10° 329 x 10°  8.85 x 105
60 48 200 3.44 x 1063 2.05 x 10@3 1.39 x 1063 90 45 000 419 x 10° 330 x 102 8.85 x 1052
60 48 300 3.45 x 1063 212 % 1063 1.33 x 1063 9 45 1000 415 x 10° 327 x 10 8.84 x 10
60 48 400 3.30 x 10 1.93 x 10 1.37 x 10
100 80 100 6.48 x 10  3.86 x 10%  2.62 x 10%
60 30 200 2.52 x 109 2.06 x 10% 4.64 x 10%? 100 80 200 6.37 x 10%° 3.80 x 10%° 2.57 x 10%3
63 63 63
20 <6 100 421 < 107 258 % 107 163 x 10° 100 80 400 6.20 x 1063 3.65 x 1063 255 x 1062
& & Pu 100 80 500 6.22 x 10 3.67 x 10 2.55 x 10%°
70 56 200  4.11x 10 2.44 x 10 1.67 x 10 o3 3 ©
63 63 63 100 80 600 6.15 x 10™ 3.58 x 10™ 2.57 x 10>
70 56 300 4.18 x 10 2.55 x 10 1.63 x 10 o o o
& 6 Pu 100 80 700 6.18 x 10 3.63 x 10 2.55 x 10
70 56 400 3.99 x 10 237 x 10 1.62 x 10 o3 o3 ©
P, 6 . 100 30 800 6.22 x 10%°  3.67 x 10 2.55 x 10%
70 56 500  4.14 x 10 251 x 10 1.63 x 10 . 3 3
& © Pu 100 80 900 6.03 x 10 3.49 x 10 2.54 x 10
70 56 700 4.13 x 10 2.50 x 10 1.63 x 10 100 %0 1000 621 % 105 3.66 % 107 2.55 « 107
70 56 900 394 x 10 231 x 10  1.63 x 105 =X 0o X 2 X
70 56 1000 3.87 x 10% 223 x 109 1.64 x 10% 100 50 300 473 x 102 370 x 10 1.03 x 10%°
63 63 63
70 35 300 2.99 x 108 237 x 108 6.17 x 1052 100 20 600 468> 107 3.65> 107 LO3x 107
63 63 62 100 50 700 4.47 x 10> 3.44 x 10> 1.03 x 10>
70 35 600 2.89 x 10 2.26 x 10 6.32 x 10 . 3 3
& © © 100 50 800  4.52 x 10 3.49 x 10 1.03 x 10
70 35 700 2.87 x 10 2.25 x 10 6.21 x 10 o3 o3 ©
6 Pa 0 100 50 900  4.69 x 109 3.66 x 10 1.03 x 10
70 35 800 2905107 2.30> 107 6.01 > 10 100 50 1000 469 x 108 3.66 x 10 1.03 x 10
70 35 900 2.86 x 10 224 x 10%  6.19 x 10% ’ ] ’
70 35 1000 2.87 x 10% 226 x 10 6.08 x 10

Note. Q,, O, Q. are total, donor, and companion yields, respectively.
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Table 16
Total H1, He I, He 11, and LW Photon Yields from Single Stars

Single star

MM.) ZZ.] H1 Hel He It LW
10 0 3.66 x 10 5.37 x 10%! 1.02 x 10°° 1.59 x 10%?
20 0 1.15 x 10% 2.94 x 10 3.26 x 10%° 3.28 x 10%?
30 0 2.29 x 10% 6.98 x 10%* 1.37 x 10%! 5.62 x 10%
40 0 3.53 x 10% 1.18 x 109 3.16 x 10 8.03 x 10
50 0 4.82 x 10% 1.69 x 10 5.53 x 10%! 1.05 x 10%
60 0 6.13 x 10% 2.22 x 10% 8.32 x 10%! 1.30 x 10%
70 0 7.43 x 10%° 2.74 x 10% 1.14 x 10%? 1.58 x 10
80 0 9.48 % 10% 3.46 x 10% 1.49 x 10%* 2.04 x 10%
90 0 1.00 x 10%* 3.83 x 10% 1.83 x 10%? 2.10 x 10%
100 0 1.13 x 10%* 437 x 108 2.19 x 10 2.37 x 10%
110 0 1.26 x 10%* 495 x 109 2.58 x 10%? 2.60 x 10%
120 0 1.50 x 10%* 5.69 x 10% 2.96 x 10% 3.23 x 10%
130 0 1.62 x 10%* 6.19 x 10% 3.34 x 10%? 3.47 x 10%
140 0 1.71 x 10%* 6.59 x 10% 3.71 x 10% 3.73 x 10%
150 0 1.76 x 10% 7.02 x 10% 4.11 x 10%? 3.61 x 10%
160 0 1.91 x 10%* 7.64 x 10% 4.50 x 10%* 3.91 x 10%
170 0 2.05 x 10% 8.22 x 109 4.92 x 10%? 4.40 x 109
180 0 2.13 x 10% 8.70 x 109 5.34 x 10%* 427 x 109
10 1073 2.17 x 10% 1.07 x 10% 1.15 x 10”7 1.79 x 10%?
20 1073 9.55 x 10%? 1.12 x 10%? 1.32 x 10% 4.95 x 102
30 1073 1.98 x 10% 3.22 x 109 9.88 x 10°° 8.39 x 102
40 1073 3.23 x 10% 6.12 x 10% 3.04 x 10%° 1.21 x 109
50 1073 4.62 x 10% 9.53 x 10% 6.39 x 10%° 1.63 x 10
60 1073 5.80 x 10 1.28 x 10 1.09 x 10% 1.98 x 10
70 1073 7.14 % 10% 1.65 x 10 1.65 x 10°%! 2.39 x 10%
80 1073 8.49 x 10% 2.01 x 10% 2.29 x 10°! 2.83 x 10%
90 1073 9.34 x 10% 2.34 x 10% 2.99 x 10% 3.03 x 10%
100 1073 1.11 x 10%* 2.79 x 10% 3.81 x 10° 3.57 x 10%
110 1073 1.21 x 10% 3.08 x 109 4.58 x 10% 3.95 x 10%
120 1073 1.31 x 10%* 3.56 x 10% 5.44 x 10% 3.81 x 10%
130 1073 1.43 x 10%* 3.91 x 10% 6.36 x 10°! 4.13 x 109
140 1073 1.59 x 10% 430 x 109 7.18 x 10%! 4.89 x 109
150 1073 1.67 x 10%* 4.67 x 109 8.09 x 10°%! 472 x 109
160 1073 1.79 x 10%* 5.05 x 10% 9.02 x 10%! 5.03 x 10%
170 1073 1.85 x 10%* 5.29 x 10% 9.90 x 10% 5.33 x 10%
180 1073 1.93 x 10%* 5.64 x 10% 1.11 x 10 5.66 x 10%
10 1072 1.70 x 102 6.36 x 10%° 3.05 x 10°® 1.60 x 102
20 1072 8.28 x 10%? 7.90 x 10°! 5.04 x 10%® 4.86 x 102
30 1072 1.81 x 10% 2.48 x 10% 4.36 x 10°° 8.55 x 102
40 1072 291 x 10% 4.60 x 102 1.40 x 10%° 1.27 x 10
50 1072 3.98 x 10% 7.31 x 10% 3.19 x 10%° 1.54 x 10%
60 1072 5.23 x 10% 1.03 x 10 5.55 x 10%° 1.89 x 10%
70 1072 6.58 x 10% 1.32 x 109 8.58 x 10%° 2.50 x 10%
80 1072 7.84 x 10%° 1.64 x 10 1.22 x 10%! 2.92 x 10%
90 1072 9.03 x 10% 1.92 x 109 1.59 x 10%! 3.35 x 10%
100 1072 1.03 x 10%* 2.28 x 10% 2.05 x 10% 3.67 x 10%
110 1072 1.12 x 10%* 2.54 x 10% 2.48 x 10%! 4.02 x 109
120 1072 1.24 x 10% 2.92 x 10% 2.99 x 10% 4.04 x 109
130 1072 1.36 x 10%* 3.24 x 109 3.52 x 10%! 4.59 x 10%
140 1072 1.47 x 10%* 3.56 x 10% 4.05 x 10% 476 x 109
150 1072 1.59 x 10%* 3.88 x 109 4.57 x 10% 5.36 x 10%
160 1072 1.70 x 10% 422 x 109 5.10 x 10% 5.42 x 10%
170 1072 1.79 x 10%* 4.53 x 109 5.62 x 10% 5.69 x 10%
180 1072 1.82 x 10%* 475 x 109 6.29 x 10%! 5.84 x 10%
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