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Abstract. We perform three-dimensional (3D) hydrodynamics simulations of

shell burning in the silicon- and oxygen-rich layers in pre-collapse massive
stars. We adopt a non-rotating 27 M⊙ star having an extended O/Si/Ne layer and
a fast-rotating 38 M⊙ star having a Si/O layer, that has experienced chemically
homogeneous evolution. Both pre-collapse stars show large-scale turbulent motion with a maximum Mach number of ∼0.1 in the convective layers activated
by neon and oxygen shell burning. The radial proflie of the angle-averaged mass
fraction distribution in O/Si/Ne layer is more homogeneous in the 3D simulation
compared to the 1D evolution for the 27 M⊙ star. The angle-averaged specific
angular momentum in the Si/O layer of the fast-rotating 38 M⊙ star tends to
become roughly constant in the convective layer of the 3D simulation, which is
not considered in the 1D evolution.

1 Introduction
Multi-dimensional (multi-D) hydrodynamics simulations of shell burning in convective layers during advanced evolution of massive stars have been performed to investigate the convection properties in evolved massive stars (e.g., [1, 2]). Recently, it has been pointed out
that asphericity of wide silicon- and oxygen-rich (Si/O) convective layers, such as large-scale
convective flows, in pre-collapse stars gives a favorable condition to energetic supernova
explosion [3, 4]. Then, three-dimensional (3D) hydrodynamics simulations of the Si/O convective layers of pre-collapse massive stars have been performed for hundreds seconds and
showed a large-scale and high-velocity turbulent motion in these layers (e.g., [5–8]). We perform 3D hydrodynamics simulations of shell burning in wide Si/O-rich convective layers of
∗ e-mail: yoshida@yukawa.kyoto-u.ac.jp

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).

EPJ Web of Conferences 260, 11038 (2022)
NIC-XVI

ℓpeak

8

4

6

3

4

2

2

1

27LA

0

100

5

10

20

30

40

50

O
Ne
Si

10-1
27LA
10-2

0
0

Mass Fraction

8.0 M⊙
ℓpeak
εr,turb

εr,turb (1014 cm2 s-2)

4.0 M⊙

10

https://doi.org/10.1051/epjconf/202226011038

60

0

Radius (108 cm)

1

2

3

4 5 6
Mr / M⊙

7

8

9

Figure 1. Left panel: The radial profiles of the peak mode ℓpeak obtained by the spectrum analysis of
the radial turbulent velocity (solid curve) and the radial turbulent kinetic energy (dashed curve) of the
27 M⊙ star. Right panel: the radial profiles of the oxygen (blue), neon (green), and silicon (magenta)
mass fractions. Solid and dashed curves correspond to the last and initial profiles of the 3D simulation.

pre-collapse massive stars for 100–200 s. We investigate convection properties of the O/Si/Ne
layer induced by the neon shell burning in a non-rotating 27 M⊙ star and rotation eﬀects of
the oxygen-shell burning in the Si/O layer of a fast-rotating 38 M⊙ star.

2 Models
We adopt two pre-collapse massive star models for 3D hydrodynamics simulations of shell
burning. The one is a non-rotating 27 M⊙ star (model 27LA [7, 9]) with the solar metallicity,
having the convective O/Si/Ne layer with the range of (5.8–60) ×108 cm. The other is a fastrotating 38 M⊙ star with Z∼1/50 Z⊙ and the initial rotation velocity of 600 km s−1 [10, 11],
having the Si/O convective layer in the range of (4.7–17) ×108 cm. This star has experienced
chemically homogeneous evolution. We perform 3D hydrodynamics simulations of the 27
M⊙ star and the fast-rotating 38 M⊙ star for 218.5 s and 91.6 s, respectively, until the central
temperature becomes 1010 K using multi-dimensional hydrodynamics code 3DnSEV [7].

3 Results
First, we show convection properties of the neon shell burning in the O/Si/Ne layer of the 27
M⊙ star [9]. We obtained the angle-averaged turbulent Mach number of ⟨Ma2 ⟩1/2 ∼ 0.1. The
angle-averaged turbulent velocity reaches 4.2 × 107 cm s−1 (see also left panel of Figure 1).
This high-velocity turbulence forms large-scale turbulence eddies in the convective layer. In
the power spectrum analysis of the radial turbulent velocity, the peak mode of ℓpeak = 3 is
obtained in a wide range of the convective layer (left panel of Figure 1). The averaged value
of the peak mode in the O/Si/Ne layer is ⟨ℓpeak ⟩ = 3.56. The turbulent motion is activated by
neon shell burning during the contraction and extends to the outer boundary.
The turbulent mixing in the 3D simulation causes the radial profile of the angle-averaged
neon and silicon mass fractions diﬀerent from that in the 1D stellar evolution. The radial
gradient of the neon and silicon mass fractions in the O/Si/Ne layer in the 3D simulation
becomes less steep compared to the 1D evolution profile (right panel of Figure 1). The mixing
time scale of the 3D simulation is compatible to the advection time scale of the turbulent flow
and shorter than the diﬀusion time scale deduced using the mixing length theory.
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Figure 2. Left panel: Slices in the x-y plane showing the silicon mass fraction distribution at the last
time step (91.6 s) of the fast-rotating 38 M⊙ star. Right panel: Radial profiles of the angle-averaged
specific angular momentum at the initial (dotted curve) and last (solid curve) time steps.

Next, we show convection and rotation properties of the oxygen shell burning in the
Si/O convective layer of the fast-rotating 38 M⊙ star. This star also shows a large-scale turbulence with high turbulent velocity. The angle-averaged turbulent Mach number becomes
⟨Ma2 ⟩1/2 ∼ 0.135 at the maximum. The power spectrum analysis of the radial turbulent velocity indicates the peak mode of ℓ = 3 in the range of (5–13) ×108 cm. Spiral-arm structures
of silicon enhancement in the silicon mass fraction distribution in the equatorial plane are
seen as a rotation eﬀect in this layer (left panel of Figure 2). We also obtain dominant low
order modes (m ∼ 1–3) in the fluctuations of the density and rotational kinetic energy density.
The angular momentum transfer in the Si/O convective layer is investigated for the fastrotating star. We see that the the monotonically increasing profile of the angle-averaged
specific angular momentum in the Si/O layer, corresponding to a rigid rotation, changes to a
roughly constant profile in the 3D simulation (right panel of Figure 2). This profile is diﬀerent
from the convective layer considered in 1D spherically symmetrical evolution models. To
confirm such kind of angular momentum transfer by convection, we would need to investigate
for longer time scale achieving a steady state convection.
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