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We investigate r-process during the magnetohydrodynamical (MHD) explosion of super-
nova in a helium star of 3.3 Mg with including the neutrino effects. Contrary to the case of
the spherical explosion, jet-like explosion due to the combined effects of differential rotation
and magnetic field reduces the electron fraction significantly inside the layers. It is found
that the ejected material of low electron fraction responsible for the r-process comes out from
just outside the neutrino sphere deep inside the Fe-core. This leads to the production of the
second to third peaks in the solar r-process elements. We suggest that there are variations
in synthesis of heavy elements according to the initial conditions of rotation and magnetic
field. In particular, the third peak elements are significantly over-produced, indicating a
possible new site of MHD jets in supernovae. We can infer that the third peak is originated
from supernova explosions associated to the jet-like explosion such as y-ray bursts.

§1. Introduction

The origin of heavy neutron-rich elements is mainly due to the r-process nucle-
osynthesis during the supernova explosions.!) The study of the r-process has been de-
veloped considerably keeping pace with the terrestrial experiments of nuclear physics
far from the stability line of nuclides. In particular, among the three peaks #Se,
130Te and 195Pt in the abundance pattern of the r-elements in the solar system, the
transition from the second to third peak elements has been advocated by nuclear
physicists. Although supernovae are the most reliable astrophysical sites of the r-
process,?) the explosion mechanism is still in debate. It has been believed that the
explosion is triggered by the gravitational collapse of massive stars of M > 10 M.%
It has been great hope that neutron-rich elements could be ejected during the shock
wave propagation. As far as the one-dimensional calculations, almost all realistic
numerical simulations concerning the collapse-driven supernovae have failed to ex-
plode the outer layer above the Fe-core due to drooping shock wave propagation.?)
Therefore, a plausible site and mechanism of the r-process has not yet been clarified.

Explosive nucleosynthesis that produces most elements up to Fe-group nuclei
has been calculated under the plausible assumption that the explosion is triggered
from outside the Fe-core whose location is defined to be mass cut.®) The abundance
pattern from C to Ge is rather consistent with the supernova observations, the
chemical evolution of galaxies and the solar system abundances.®) Although this
artificial explosion has succeeded in determining parameters to explain the observed
light curves, the method cannot be applied to the r-process due to large electron
fraction and low entropy above the mass cut.
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During the development of many hydrodynamical simulations, nucleosynthesis
in the jet-like explosion has been investigated with use of the two-dimensional (2D)
hydrodynamical code.”) It is found that the strong o-rich freeze out region forms
after the shock wave passage. 2D magnetohydrodynamical (MHD) calculations have
been performed under the various initial conditions concerning rotation and magnetic
field.8)-19) The ZEUS-2D code!!) has been modified to include a tabulated equation
of state,!2) electron captures and neutrino (v-) transport.8)

It is found that for the cylindrical profiles of the rotation and magnetic field the
shape of the shock wave becomes prolate compared to the case without magnetic
fields though detailed studies on v-transport must be developed. Furthermore, the
confined magnetic fields behind the shock front push the shock wave strongly. It
remains unclear whether some significant differences are found in MHD features if
the initial models of stellar evolution include magnetorotational effects or not.!3)

In the present paper, we perform MHD calculations of the explosion of a helium
star of 3.3 M untill the final simulation time t; ~ 600 ms. Two models are adopted
for the initial configuration of rotation and magnetic fields. Contrary to the previous
investigation of the r-process under adiabatic MHD explosion,'¥) we include the
effects of neutrinos using a leakage scheme.!®)-17) Moreover we examine possibility
of the r-process in the MHD jets with use of our large nuclear reaction network.!8)

§2. Supernova models

2.1. MHD equations and neutrino processes
Basic MHD equations are written as

Dp
= v = 2.1
Do 1
- = - - - 2
P Dt VP de§+47r(VxB)xB, (2.2)
% =V x (v x B), (2.3)
pM=_pV.v+Q+_Q—, (2.4)

Dt

where D /Dt is the Lagrange derivative, p the density, v the velocity, P the pressure,
B the magnetic field, e the internal energy density, Q* and Q™ are the v- heating
and cooling rates, respectively. The gravitational potential & is determined from the
Poisson equation.

Neutrino luminosity L, is evaluated from the average v-energy €, esc (see Eq. (2.16)
below) that escapes freely:

L, = / & e ldV, (2.5)
1% Tesc

where n,, is the v-number density and 7esc is the escape time for a neutrino to reach
the v-sphere R, that is obtained from the leakage scheme!?) in terms of the v-mean
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free path A\ as

© dr

R, /\tot

2

Contrary to the original leakage scheme, we do not adopt free stream approximation
for neutrinos outside R,. We consider the fact that for each time step of At, neutrinos
run by cAt, which is typically 10* cm in our simulations.

We evaluate Q* and Q~ as!?)

L - _ n,

Q+ = O'abnnF:z, Q = 5u,escé, (27)
where n,, is the number density of free neutrons and o, is the v-absorption cross
section by free neutrons that is the most important heating source.

The change in Y, is governed by v-interactions with protons and nuclei as
dY.

W=—Fpifp"'FNYN' (28)

The electron capture rate by a proton (p + e~ — n + v) with Qp = 1.3 MeV is

_ 1 GiC%(1+3a?)
P omdkh  (h3c3)2

I= f;’ dEE2ELf,(1 - £,). (2.10)

I, (2.9)

Here GF is the Fermi coupling constant, Cy = 0.97 is the pseudo vector coupling
constant, | =2, Q = Qp + py and f, is the Fermi-Dirac distribution of particles

1
= 1 + elea—#a)/Ta

fa fora=e, v, (2.11)
where €, and p, are the single particle energy and the chemical potential, respec-
tively, in units of the Boltzmann constant. We note that outside the equilibrium re-
gion of neutrinos and baryons, significant thermal deviation comes out, i.e., T, # Tp,.
The electron capture rate by a nucleus of the atomic number Z with Qy is

_12 1 G';Lci(Z—zo)I
TT7oh (W3S NV

I'y (2.12)
where Iy is obtained from Eq. (2.10) with [ = 2 and Q = QN + pu, Ca is the axial
vector coupling constant. We set |C4/Cy| = 1.27. Note that this capture process is
inhibited above the neutron number N = 40 due to the effects of shell-blocking.2?)
Energies of emitted neutrinos by the individual electron captures are?!)

J. JN
E,,= -—?, E = —, 2.13
v,p Ip v,N In ( )



238 M. Saruwatari, M. Hashimoto and K. Arai

where Jp and Jy are obtained from I, and Iy, respectively, with [ = 3. The average
energy of neutrinos emitted by electron captures are written as

E = EV’pr +Ey’NYN
Y Yp+YN

: (2.14)

where Yy, Yn and Y, are the number fractions of protons, nuclei and electrons,
relative to baryons. This average energy is added to obtain the v-energy density at
the next time step in our simulations.

Inside the v-sphere, T, and p, are evaluated in terms of n, and the v-energy
density e,

T3 T,
n = ks [4ndtides, = s [ 4nedpudes, (2.15)

where the Fermi-Dirac distribution is assumed for neutrinos. Outside the v-sphere,
neutrino radiation can be approximated as the black body with y, = 0. The average

v-energy is written as

- F:
€vesc = FzTu,spa (2'16)

where T}, 5 is the v-temperature at the v-sphere and the Fermi integral F; is obtained
from

00 mi
i = ) = . 1
F; /0 1+ezda: fori=1, 2 (2.17)

If T, > T,, inside the v-sphere, the baryon energy density e,, increases due to
the energy flow from neutrinos

den, c

_-m _ 2.1
dt Ayem ( 8)

where ), is the mean free path of neutrinos.??) In this region, we replace T} sp by Tm

to get €, esc in Eq. (2.16) to avoid numerical problems, which would be underestimate
of v-energy.

The similar procedure can be applied to anti-neutrinos of the reaction, n+e* —
P + Ue, with the substitutions

”e — _ﬂe, ﬂy — ﬂaF, Ty — TF. (2.19)
We include the effects of other v-processes in Eq. (2.4). They are

et +e” — v + 7y,
Y — vz + Vg
for three flabors of neutrinos, £ = e, 7 and u. These processes are important in the

late stage of the explosion. Almost all v-luminosity at this stage is supplied by these
processes. The reaction rates are given in Ref. 16). Electron neutrinos contribute
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both cooling and heating. On the other hand, ;4 and 7 neutrinos do only cooling.
The emission rate of v, and 7, by electron-positron pair annihilation is given by

(€ + 3062).,.,v, (mi(:;ﬁ €e-€et (1 = fr(€)ee (1 = f5.(€))eer  (2:20)

Ree(Vea 7e) =

where 09 = 1.76 x10~*4cm? and ¢,- and €.+ indicate energy densities of electrons and
positrons. The weak interaction constants are (C; +C2) = (Cy —Ca)%+(Cy +Ca)?.
The blocking factor (1— f,, (€))ee in the neutrino phase space is approximately written

as
1= [tren (- (R0 R )] - o

where F,(n) is the Fermi integral

Tn+1 00 $"'
F.(np) = (™ /,; 1= ez_ndx forn=3, 4 (2.22)

with 9 = p./T.
For the production of (v, 7,) and (v;,7;), the corresponding rate is

C + C Vz,Uz
Ree(vz) = G 92) (n::::cg)gee—ee"'(l = Jv. (6))36, (2.23)

where (C) + C2)u, 5, = (Cy — Ca)? + (Cy + C4 — 2)2. The rate of creation of v, or
V. by the decay of transversal plasmons can be written with sufficient accuracy as

3 8
Ry (ve,7) = 3-C% (,;‘,jjf)z g RN+~ () (1= (e (220

and the corresponding rate for producing v; is

8
Ry0e72) = (O = D2 e+ )= for (225

where a* is the fine-structure constant, v = 5.5565 x 10~2,/(n2 + 3n2)/3 and the

blocking factor

1 42 -1
- = - - — Ny, . 2.26
(1= fu)y [l+eXP( (1+21+7 nu.))] (2.26)

Outside R, we include the terms of v-radiation in Eq. (2.8) as

dY, c c

- I'Y. — c_° 2.27
= LYy = INYn + 3= = 3-Ya, (2.27)

where )\, and )y are the mean free paths of electron neutrinos and anti-neutrinos.
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Table I. Initial parameters of pre-collapse models.

Model  T/[W| Em/|W| Xo Zo I Bo
(%) %)  (10°cm) (10°cm) (s7') G)

model A 0.5 0.1 0.1 1 429 52 x107

model B 15 0.1 0.1 1 72.9 5.2 x1013

2.2. Initial models

A presupernova model is calculated from the evolution of a He-core of 3.3 Mg
that corresponds to 13 M, in the main sequence stage.?) The mass of the Fe-core
is 1.18 Mg that is the smallest Fe-core in massive stars obtained from the stellar
evolution calculations with the limitation of spherical symmetry. The radius of the
Fe-core that has steep density gradient is R = 8.50 x 107 cm. The mass of the
Si-rich layer is 0.33 M and the layer extends to 5.47 x 108 cm above the Fe-core.
When density exceeds p = 2.79 x 10!° g cm~3 and temperature is T = 9.04 x 10°
K, the Fe-core begins to collapse, implying the transition from the hydrostatical to
hydrodynamical stage.

The initial pre-collapse models are constructed by using the density and tem-
perature distributions of the original Fe+Si core. We specify cylindrical properties
of the as.r)lgular velocity £2 and the toroidal component of the magnetic field By as
follows:

X§ _ Z; _ Xt _Z
X2+ X225+ 28 Bo(X.2) = Boz + X225+ 28

AX,Z) = 0 (2.28)

where X and Z are the distances from the rotational axis and the equatorial plane
with Xy, Zy, 20 and By being model parameters. The initial parameters of models
are given in Table I, where T is the rotational energy, E,, is the magnetic energy and
W is the gravitational energy. Note that model A contains a rapidly rotating core and
strong magnetic field. Model B represents an extreme case with very rapid rotation
and strong magnetic field. In all our computations, spherical coordinates (r, 6) are
adopted. The computational region is set to be 0 < r < 4000 km and 0 < 6 < 7/2,
where the mass included in the pre-collapse models amounts to 1.42 M. The first
quadrant of the meridian section is covered with 300 (r) x 30 () mesh points. To
get information of mass elements, ten thousand tracer particles are placed within
the region of 0.449 < Y, < 0.49 between 0.8 Mg (r = 410 km) and 1.3 Mg (r = 2200
km).

Table II. Crucial quantities for the collapse-driven supernova simulationsr-process. t; is the time
at the bounce and t; is the final time.
Model ty ty T/|W|f Em/|W|f Eexp Mej
(ms) (ms) (%) (%) (10°! erg) (Mo)
model A 133 433 8.80 0.142 1.13 0.111
model B 180 624 15.3 0.339 0.484 0.022
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Fig. 1. Snapshots of tracer particles at t = 100 ms (top) and ¢ = 200 ms (bottom) after the bounce
in models A (left) and B (right).

§3. Explosion models

We perform calculations of the collapse, bounce and propagation of the shock
wave with use of ZEUS-2D where the realistic equation of state!?) has been imple-
mented.?) It is noted that the contribution of the nuclear energy generation is usually
negligible compared to the shock energy. Our results of MHD calculations are sum-
marized in Table II, where Feyp is the explosion energy when the shock reaches the
edge of the Fe-core'®) and M,; is the mass summed over the ejected tracer particles.
It does not always depend on T'/|W| and/or E,,/|W| whether the explosion succeeds
or not. While the jet-like explosion occurs along the equator (up to 40° from the
equator) in model A, a collimated jet emerges from the rotational axis in model B
(Fig. 1). A proto-neutron star remains after the jet-like explosion. The masses are
1.01 and 1.12 M, for models A and B, respectively, inside the radius 300 km. During
the explosion, temperature exceeds 101® K around the original layers of the Si+Fe
core, where the nuclear statistical equilibrium (NSE) is realized.

As seen from Fig. 1 the equatorial region is ejected in model A with rather high
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Fig. 2. Contour of Y. over the range 0.1 - 0.5 at final stage of calculation in models A (left) and
B (right).
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Fig. 3. Evolution of Y. in models A (left) and B (right).

value of Y, ~ 0.50 (Fig. 2). In model B, materials are ejected as the jets along the
polar regions where total angle is collimated around 20° from the axis (see the right
panel in Fig. 1) The corresponding evolutions of Y, relevant to the r-process are
shown in Fig. 3. The lowest value of Y, ~ 0.20 is found around the polar region as
seen in the right panel of Fig. 2.

Figure 4 shows the ejected mass against Y, in the range 0.05 < Y, < 0.50. In
model A the ejection for Y, > 0.40 comes from the Si-rich layer along the equatorial
region, which is attributed to strong centrifugal force relative to magnetic one. We
recognize that as against the spherical explosion, Y, decreases significantly in jet-like
explosion of model B.

§4. Nuclear reaction network for the r process nucleosynthesis

We calculate the r-process nucleosynthesis for the explosion model B. We have
developed the nuclear reaction network that had been constructed for the r-process
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Fig. 4. Ejected mass as a function of Y. in models A (thick line) and B (dotted line).

based on Ref. 14). The network has been extended toward the neutron-rich side
toward the neutron-drip line. The full network consists of about 4000 nuclear species
up to Z = 100. We include two body reactions, (n,%), (»,7), (a, v), (p,n), (a,p),
(a,n) and their inverses. We construct two kinds of the network, called FRDM
and ETFSI. The mass formula of FRDM is constructed by the Nilsson-Struntinsky
model considering effects of shell and microscopic part. ETFSI approach is a semi-
classical approximation to the Hartree-Fock method in which the shell corrections are
calculated with the integral version of the Strutinsky theorem. Most reaction rates
are taken from experimental ones if avairable which are supplemented by theoretical
data with inverse reaction rates and partition functions with use of FRDM or ETFSI.

When T > 10!° K, all nuclei are assumed to be in NSE.14):18) The NSE code
is used just after the temperature drops 10!° K until around 9 x 10° K. Then the
nuclear reaction network of the r-process has been operated till the temperature
decreases to 2 — 3 x 10° K (¢ ~ 600 ms) using the data of the MHD calculations.
After this epoch, network calculations are performed until T ~ 107 K (¢ ~ 10 s) with
the method described in Ref. 14).

1010® 15108

5010 1.010% 15108
R{cm) R(cm)

Fig. 5. Density contour over 10® — 10'* g cm™3 at ¢ = 200 ms after the bounce in models A (left)
and B (right).
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§5. Discussions

We can indicate the possibility of the r-process nucleosynthesis during MHD
explosion in a massive star of 13 My, where we have examined two pre-collapse
models. They have been constructed changing the artificial distributions of rotation
and magnetic fields parametrically.!4)

We include the effects of neutrinos by using the leakage scheme. This scheme
treats the neutrino effects approximately and assumes the Fermi-Dirac distribution
for neutrinos. Other schemes are developed for solving neutrino transport in recent
researches. For example, an isotropic diffusion source approximation scheme solves
the Boltzmann equation approximately and obtains the consistent results with 1D
simulations. We will use it in future work.

In case of the rapid rotation and strong magnetic field (model A), jet like explo-
sion is obtained in the direction of the equatorial region (the left panel in Fig. 5). It
is, however, impossible to reproduce the r-elements even up to the second peak of the
solar r-process abundance pattern, because Y of the ejected materials distributes in
the range of high values of Y, > 0.4. In model B, where we have adopted a special
initial configuration of concentrated magnetic field with strong differential rotation,
the jet-like explosion emerges in the direction of the rotational axis (the right panel
in Fig. 5). The difference is ascribed to the fact that model B has larger value of
the angular velocity compared to model A by a factor of 1.7. We compared the pro-
duced heavy elements with the solar r-elements in Fig. 6, where the results for two
different mass formulae are shown. The model B may present an appropriate site
for reproducing only the third peak with the first and second peaks under-produced.
Contrary to the negative conclusion against the possible r-process in the previous
study,¥) we have succeeded in reproducing the distributions of the r-elements as
far as the third peak of the solar pattern is concerned. At the same time, we have
proposed the possibility for the lower Y, materials to be ejected significantly if the
neutrino transport works appropriately.

Observations of y-ray bursts associated with supernovae are rare at the present
observations. Therefore, the new site of the r-process to produce only the third peak
of the solar pattern should be also rare not to conflict with the chemical evolution
of galaxies. The nuclear process after the third peak would have some relations to
our MHD jet model. Since y-ray bursts have continued from the formation of the
first star, a new model beyond our jet model would give a clue of nuclear cosmo-
chronology represented by a nucleus of 232Th whose half life is as long as the age of
the universe.23)

We could conclude that supernova explosions of massive stars associated with
the r-process could come true if a progenitor has special distributions of rota-
tional/magnetic fields inside the stellar core and simple neutrino transport scheme
like leakage one can be applied.
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