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We investigate synthesis of heavy elements in a helium star of 32 Mg. Numerical calcula-
tions of nucleosynthesis have been performed during the stage of hydrostatic stellar evolution.
A collapsar model is adopted whose jets are driven by magneto-hydrodynamical effects of
differentially rotating core. Nucleosynthesis inside the jets is followed along the trajectories
of tracer particles. Both results of hydrostatic and explosive nucleosyntheses are combined
to be the yields after supernoca explosion. Comparing with the solar system abundances,
we find appreciable overproduction for nuclei of the mass number 60 < A < 200.

§1. Introduction

The origin of most elements heavier than carbon in the universe has been at-
tributed to the supernova explosions. Unfortunately, the mechanism of the supernova
explosion is not clear, because multi-dimensional hydrodynamics coupled to neutrino
transport cannot be solved numerically without some approximations. Massive stars
larger than 8 Mg evolve to form the Fe-core composed of iron-group nuclei. The
Fe-core grows and eventually begins to collapse, which will lead to supernova explo-
sion. On the other hand, it has been suggested!) that a star of more massive than
25 M, may collapse to a black hole (BH). A collapsar model?) was presented as one
of the mechanism to produce a relativistic jet of y-ray bursts, where an accretion
disk around the BH may be crucial to induce jets.?

Magnetohydrodynamic (MHD) simulations have been performed in the context
of a collapsar model and clarify the formation of a jet due to the pressure of the
collimated magnetic field that is twisted by the strong differential rotation.?) Fur-
thermore, nucleosynthesis has been calculated for the jets that run through the
Fe-core.?) However, since the calculations have been done for the newly synthesized
materials inside the jets, it is not enough for precise comparison with the solar system
abundances. Therefore, we have performed detailed calculations of nucleosynthesis
during the hydrostatic evolution of a 32 M helium star with a relatively large net-
work which includes 464 nuclei.®)

In the present paper, we investigate detailed nucleosynthesis during the jet ex-
plosion of the 32 M helium star that corresponds to 70 Mg in the main sequence
stage. We use the results of the MHD simulation of a collapsar with initial distribu-
tions of angular velocity and magnetic field implemented. Heavy-element synthesis
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is calculated using a specific collapsar model that has exploded as jets. Both results
of hydrostatic and explosive nucleosynthesis are combined to be “exact” yields after
supernova explosion.

§2. MHD model

We adopt the MHD model R51 which has been constructed in previous studies.5

For completeness, we summarize briefly the numerical method, input physics and the
initial model.

2.1. Numerical method and input physics

The MHD equations that simulate jet formation and ejection are as follows:

Dp

Dt+pV-'v=0, (2.1)

% =-VP-pV(P- f{l‘::‘) + %(v x B) x B, (2.2)
p% (%) =—-PV-v—-¢g, (2.3)

%B =V x (v x B), (2.4)

- V28 = 47Gp, (2.5)

where p is the mass density, v the fluid velocity, P the pressure but for the magnetic
pressure, ¢ the self gravitational potential, G the gravitational constant, Mgy the
BH mass, ry = 2GMpn /c? the Schwarzschild radius, B the magnetic field, e the
internal energy density, €, the neutrino energy loss rate and D/Dt the Lagrange
derivative.

Spherical coordinates (7,0, ¢) are adopted under the assumption of the symme-
tries about the rotational axis and with respect to the equatorial plane. The polar
angle is set to be 0 < # < m/2 and the radius covers the region from the absorption
boundary ri, to 3 x 10 km. BH is replaced with a point source at the center and
its mass is taken as the mass inside the radius rj; = 50 km (extended to 100 km
at the late stage of the simulation). Therefore, all the matter accreted through the
boundary is added to the point source. Let the time step of the calculation be At,
the growth in the mass of the point source is

/2
AM = At4rrd / pvy sin 0d6, (2.6)
0

where v, and p are the radial infall velocity and density, respectively, at the boundary.

We use a non-relativistic MHD code of ZEUS-2D7) to simulate the explosion
due to magnetic field coupled with differential rotation. The gravitational collapse
is followed, using a realistic equation of state (EOS).®) For a low density region of p
< 10° g cm™3, we take another EOS connected smoothly at the density boundary,



Synthesis of Heavy Elements in a Helium Star of 32 Mg 229

which consists of the non-relativistic ions, partially degenerate relativistic electrons
and radiation.?
As for the neutrino loss rate for p < 1012 g cm™3, we consider three processes:

pte  —n+ve; n+et — b +p,
et +e — y; + U,
n+n—n+n+vy+ i,

with ¢ = e, u, 7. These are electron-positron pair capture on nuclei (URCA process),
electron-positron pair annihilation and nucleon-nucleon bremsstrahlung.'?)

If density becomes high for neutrinos to be opaque, we use the two-stream ap-
proximation'!) that includes the effects of neutrino trapping.

2.2. Initial conditions

Using the physical quantities of the density, temperature, and electron mole num-
ber given in the presupernova model of a 32 Mg, helium core,'?) we have constructed
precollapse models whose initial quantities of the pressure, internal energy density
and entropy have been implemented in ZEUS-2D. Since these precollapse models are
in spherical symmetry, we specify the initial configurations of both angular velocity
and magnetic field. The initial angular velocity is written as:!3)

2

To
=— _ 2.7
o] "QorZ s (2.7)

where 25 = 5 s~! and 7y = 1500 km.
The initial toroidal magnetic field is given by

(2.8)

where By = 5.7 x 1012 G. We also set uniform poloidal magnetic field initially in the
direction of the rotational axis, Bz = 5 x 10!! G.

2.3. Ejection of matters due to jets

The final time of R51 is t; = 1.504 s and the central black hole grows to Mpu=
1.9 M. Ejection of mass and energy due to the jet is limited to the range 0 < 6 < w/6
at a large distance, where the ejection rates decrease more than an order of magnitude
for & > /6. The ejection rates of mass and energy at distance r; are

. w/6
Mej = 4rm r?/ P Ujet siné do, (2.9)
0
. /6 (1 1 _, .
Eej=4n 1'12/ (—pfv2 + —B°+ e) Vjet sin6 do, (2.10)
0 2 871'

where 7; (i = 1 — 20) is selected between 1x10% and 2.8x10° cm. The ejection
velocity vjet is chosen as
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{vr (vr > 0.01¢)
Vet =

0 (v <0.01¢), (2.11)

where the lower limit is taken to be 0.01¢, since matters with lower velocities cannot
exceed the corresponding escape velocity, which is around 10° cm s~! for a core of
about 1 M. The mass Me; and the energy F,j of the jet amount to 0.124 Mg and
3.02 x 10%! erg, respectively. The average rates of mass and energy ejection, (2.9)
and (2.10), are 4.77x1072 Mg s™! and 2.17x10% erg s~!, respectively.
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Fig. 1. Distribution of the tracer particles on the Fig. 2. Distribution (?f the ejected mass against
. . the electron fraction Y. ; for ejected tracer
zz-plane at the end of the simulation, t; = .
1.504 particles.

2.4. Nucleosynthesis inside the MHD jet

In calculating nucleosynthesis inside the MHD jet, two thousand tracer particles
are distributed over the region between 10? and 3 x 10* km from the center which
covers out of the deep Fe-core to the inner oxygen-rich layer. The Lagrange evo-
lution of density and temperature of each tracer particle can be obtained from the
method in Ref. 5), of which we can calculate nucleosynthesis and follow the change
in composition. Figure 1 shows the distribution of the tracer particles at the end
of the simulation. Particles that appear deep inside the original Fe-core (p > 10'°
g cm™3) suffer from electron captures. Therefore, we calculate the change in the
electron fraction Y, of the ejected tracer particles due to the weak interactions of
eT captures and 8% decays until the last stage of the nuclear statistical equilibrium
(NSE) before the calculation. The change in Y, is given by'%)

dY.
= =20 = A, (2.12)
i

where A, contains the 3~ and positron capture rates and A_ is the BT and electron
capture rates. Figure 2 shows the distribution of the ejected mass in Mg aginst the
electron fraction Y, s of ejected particles at the end of NSE.
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Table I. Nuclide contained in the two networks of ETFSI and FRDM.

ETFSI FRDM ETFSI FRDM

Nuclide A A Nuclide A A

H 1 - 3 1 - 3|Sb 102 - 161 119 - 162
He 3 - 6 3 - 6 | Te 104 - 164 120 - 164
Li 6 - 8 6 - 8|1 110 - 165 123 - 171
Be 7 - 12 7 - 12 | Xe 112 - 168 124 - 180
B 8§ - 14 8 - 14 | Cs 114 - 181 129 - 181
C 9 - 18 11 - 18 | Ba 117 - 182 130 - 182
N 1 - 21 12 - 21 | La 120 - 183 135 - 183
O 13 - 22 14 - 22 | Ce 126 - 184 136 - 184
F 14 - 26 17 - 26 | Pr 127 - 185 141 - 185
Ne 15 - 34 17 - 30 | Nd 132 - 186 142 - 186
Na 17 - 37 20 - 34 | Pm 133 - 187 143 - 187
Mg 19 - 38 20 - 36| Sm 136 - 188 144 - 188
Al 21 - 41 22 - 41 | Eu 137 - 193 151 - 189
Si 22 - 46 24 - 44| Gd 149 - 196 152 - 190
P 23 - 49 27 - 45| Tb 143 - 197 155 - 198
S 24 - 50 28 - 48 | Dy 146 - - 202 156 - 212
Cl 26 - 51 31 - 51 | Ho 149 - 203 161 - 215
Ar 27 - 54 32 - 56 | Er 151 - 208 162 - 216
K 30 - 57 35 - 55 | Tm 152 - 215 167 - 221
Ca 32 - 60 36 - 62|YDb 154 - 218 168 - 222
Sc 34 - 67 39 - 67| Lu 156 - 225 173 - 224
Ti 36 - 72 40 - 70 | Hf 158 - 228 174 - 226
A% 38 - 76 43 - 73 | Ta 164 - 229 179 - 235
Cr 40 - 78 4 - 74| W 166 - 232 180 - 236
Mn 42 - 81 46 - 77 | Re 168 - 235 183 - 239
Fe 43 - 84 47 - 78 | Os 170 - 236 184 - 240
Co 45 - 85 50 - 81 |Ir 172 - 239 189 - 241
Ni 47 - 86 51 - 82 | Pt 174 - 243 190 - 242
Cu 49 - 89 56 - 91 | Au 178 - 247 195 - 247
Zn 52 - 92 57 - 94 | Hg 180 - 251 196 - 258
Ga 54 - 97 60 - 95| Tl 186 - 255 203 - 263
Ge 56 - 100 61 - 102 | Pb 190 - 259 204 - 264
As 58 - 101 64 - 103 | Bi 192 - 263 209 - 265
Se 60 - 104 65 - 106 | Po 210 - 267 210 - 266
Br 62 - 117 68 - 117 | At 211 - 269 211 - 269
Kr 64 - 118 69 - 118 | Rn 215 - 270 215 - 270
Rb 68 - 119 4 - 119 | Fr 218 - 271 218 - 271
Sr 70 - 120 77 - 120 | Ra 221 - 272 221 - 272
Y 72 - 121 79 - 121 | Ac 224 - 273 224 - 273
Zr 74 - 124 81 - 122 | Th 227 - 274 227 - 274
Nb 78 - 129 83 - 125 | Pa 230 - 277 230 - 278
Mo 80 - 132 86 - 126 | U 232 - 280 232 - 280
Tc 82 - 133 90 - 129 | Np 235 - 284 235 - 284
Ru 84 - 136 96 - 130 | Pu 238 - 288 238 - 287
Rh 87 - 137 101 - 141 | Am 241 - 292 241 - 290
Pd 90 - 138 102 - 142 ( Cm - 244 - 294
Ag 92 - 147 105 - 149 | Bk - 247 - 298
Cd 94 - 148 106 - 150 | Cf - 250 - 302
In 9% - 149 111 - 155 | Es - 253 - 306
Sn 100 - 154 112 - 156 | Fm - 256 - 310
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Fig. 3. Normalized overproduction factors of nuclei produced by the jet explosion with use of the

mass formula ETFSI. The filled and open squares indicate the isotopes with even and odd atomic
numbers, respectively.

To investigate the heavy-element synthesis, we calculate nucleosynthesis with
respect to the ejected particles using a large nuclear reaction network, where the
reaction rates are based on the mass formula of the extended Thomas-Fermi plus
Strutinsky integral (ETFSI)!®) which includes 4463 nuclei up to 292Am. We also
calculate nucleosynthesis with a network based on the mass formula of the finite-
range droplet model (FRDM)!®) which includes 4071 nuclei up to 3°Fm. The two
networks are shown in Table 1. Finally, to compare with solar abundances, both
results of hydrostatic and explosive nucleosynthesis are combined to be the yields
after supernoca explosion.

§3. Results and discussion

We compare the produced elements calculated from two networks with the solar
system abundances. The normalized overproduction factor relative to 160 is defined
as [X;/1%0] = log[ (X (i)/X (*60))] — log[ (X (¢)/X (*60))e), where X (i) denotes the
mass fraction of i-th nuclei. Figure 3 shows the overproduction factors against mass
number with use of the mass formula ETFSI. The filled and open squares indicate
the isotopes with even and odd atomic numbers, respectively. Note that neutron-
rich elements of 45 < A < 55 and 60 < A < 140 are highly overproduced. The
overproduced elements of 140 < A < 200 are due to the ejected matter which
have low Y, s around 0.2 as shown in Fig. 2, from which ejected materials undergo
the r-process nucleosynthesis. The overproduced elements of A > 90 are primaly
synthesized in the jet. The overproduction factor has a peak at A = 195, of which the
mass number correspond to the neutron magic number of 126. The stable elements
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of 60 < A < 90 are overproduced significantly, which is due to the weak s-process in
the hydrostatic evolution. In contrast, the stable nuclei of A > 90 are underproduced

and they could be compensated by the products of the s-process in the relatively
low mass AGB stars.
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Fig. 4. Same as Fig. 3 but for the mass formula FRDM.

In Fig. 4, we show the overproduction factors calculated with the network of the
mass formula FRDM. Neutron rich elements of 60 < A < 140 are overproduced as
in the case of ETFSI, but the elements of 140 < A < 200 are more abundant than
that of ETFSI. The overabundances are more outstanding at A = 130 than that of
ETFSI, which corresponds to the nutron magic number of 82. These differences are
mainly due to the difference in the neutron drip line.

Overall, our supernova explosion model produces the neutron-rich elements of
70 < A < 140 and weak s-elements of 70 < A < 90. The overproduction level
is within the 2 — 3 orders of magnitude and the total ejected mass of this jet-like
explosion model could be around 1 Mg, which is one order of magnitude less than
that of spherical explosion models. Therefore, our model could correspond to rare
case and the event rate could be 1 — 2 orders of magnitude less than that of usual
supernova explosion models. Other underproduced elements would be ascribed to
different types of supernovae.

In the present paper, we have considered the elements of A < 90 in the hydro-
static nucleosynthesis. Therefore, we may underestimate the stable nuclei of A > 90.
We should investigate the full s-process in the hydrostatic evolution stage, where the
following input physics on nuclear processes is important: exprimental nuclear reac-
tion rates of neutron capture processes around stabe nuclei, beta decay rates from
thermally excited states, separate treatment of long-lived isomeric states. Convec-
tion in hydrostatic stellar evolution should be impotant ingredients for the s-process.
Related to the s-process, we will study the p-process in the explosive nucleosynthesis
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in future, where the seeds of s-elements directly affect the yeilds of p-elements.
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