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By applying hydrodynamic and magnetohydrodynamic (MHD) codes implemented to the Earth Simulator, we carried out
large-scale numerical simulations of cosmic structure formation and dynamics. High resolution three-dimensional MHD simu-
lations of the sunspot forming regions (emerging flux regions) of the Sun revealed that the filamentary structure often
observed in such regions arises spontaneously from the magnetic Rayleigh-Taylor instability. The intermittent nature of coro-
nal heating and patchy brightenings in solar flares are naturally explained by the intermittent magnetic reconnection between
the emerging filamentary magnetic loops and pre-existing coronal magnetic fields. We also performed high-resolution three-
dimensional numerical simulations of the galaxy formation based on the bottom-up scenario that a galaxy is built up by an
assemblage of a numerous sub-galactic clumps. We showed that multiple supernovae in the primordial galaxy can reproduce
bubbly structures and luminosity of Lya blobs recently found in proto-cluster regions. By comparing the numerical results
with Subaru observations of the Lya blobs, we identified the Lya blobs with primordial galaxies observed in supernovae-
dominated phase.
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1. Introduction cdly change with height. The Earth Simulator enables us to
We have implemented the paralelized compressible fluid ~ carry out three-dimensional simulations including multiple

dynamic code AFD2 [1] and the magnetohydrodynamic code  levels of the hierarchy (e.g., stars and galaxies, convection

CANS [2] to the Earth Simulator and carried out large-scale  zone, photosphere/chromosphere and corona) in the computa-

numerical simulations of cosmic structure formation and

dynamics. These codes include gravity, which often plays dark matter

essential roles in producing the hierarchical structure of the @ gas

universe. A galaxy, for example, is formed by gravitational @ J

attraction of numerous sub-galactic clumps (Figure 1). Stars N

are formed in the galaxy by gravitational contraction of the 4_@D =

interstellar matter. The Sun is such a star confined by its own / \

gravity. Gravity creates stratification of the solar atmosphere @ galaxy

consisting of the convection zone, photosphere/chromosphere, @

and corona. Numerical smulation of the gravitationally strati- Fig. 1 A Bottom-up scenario of galaxy formation. A galaxy Is formed

fied atmosphere is computationally challenging because by an assemblage of dark matter clumps. Primordial gas is con-

density and characteristic vertical length (scale height) drasti- fined in the gravitational potential of each clump.
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tional domain. In the following, we present the results of (1)
Large-scale numerical simulations of the sunspot forming
regions of the Sun, and (2) High resolution hydrodynamic
simulations of galaxy formation.

2. Three-dimensional MHD Simulations of Sunspot

Forming Regions

Solar activities such as flares and coronal mass gections
disturb the electromagnetic fields of the Earth and can dam-
age orbiting satellites and electric power grids. Studies of
solar activities are essential for the space weather predic-
tions. Moreover, they give hints to understand various active
phenomena observed in stars, black hole candidates, galax-
ies, and cluster of galaxies. Most of the solar activities origi-
nate from the emergence of magnetic flux from the convec-
tion zone to the corona. The region where the magnetic
loops emerge is called emerging flux region. Sunspots are
formed at the footpoints of the emerging magnetic loops
(Figure 2). Figure 3 shows the Ha image of the emerging
flux region taken with the Domeless Solar Telescope at Hida
observatory, Kyoto University. Dark filaments connect small
sunspots with opposite polarities. The region around the dark
filaments is often bright in X-rays. Observations by Y ohkoh
satellite revealed that X-ray emitting hot plasmas are some-
times gected in the emerging flux region as X-ray jets [3].
Previous two-dimensional simulations of the interaction of
the emerging magnetic loops and overlying coronal magnet-
ic fields successfully reproduced the X-ray jets [4].
However, the origin of the filamentary structure of this
region was not resolved.

By using the parallelized MHD code CANS (Coordinated
Astronomical Numerical Software) implemented to the
Earth Simulator, we performed three-dimensional simula-
tions of the emerging magnetic flux and its interaction with
pre-existing coronal magnetic fields. We succeeded to repro-
duce the filamentary structure observed in the emerging flux
region and proposed a new model for the filament formation

magnetic
field lines

N

corona

sunspot

convection zone

Fig. 2 A schematic picture showing the emerging magnetic loops.
Magnetic flux emerges from the convection zone to the corona.
The footpoints of magnetic loops correspond to sunspots.
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Fig. 3 Ha image of an emerging flux region taken by the
Domeless Solar Telescope at Hida Observatory, Kyoto
University. The dark filaments connect a sunspot (lower
left) and a bright region in the upper right. The blue cir-
cleindicates the size of the Earth.

and coronal heating. These results have been published in
Nature [5]. Here we summarize the numerical methods and
results of the numerical simulation.

The simulation box includes the convection zone, photos-
phere/chromosphere and hot corona. We adopted Cartesian
coordinates (x, y, z). The size of the simulation box is 0 < x
< 48000 km, 0 <y < 15000 km, and -1500 km < z < 19500
km. We used 800 x 400 x 620 grid points. At the initial
state, we assumed a horizontal magnetic flux sheet imbedded
in the convection zone. To initiate the time evolution, we
perturbed alocal domain (22500 km < x < 25500 km) of the
flux sheet. The magnetic field in the coronais assumed to be
oblique and anti-parallel to those of the flux sheet. We
adopted rigid boundary conditions at the bottom and period-
ic boundary conditions in the horizontal direction. The top
boundary is treated as the free boundary where waves can be
transmitted. Among the simulation engines implemented to
CANS, we adopted the engine based on the modified Lax-
Wendroff scheme with artificial viscosity. The simulation
code is parallelized by using MPI. In order to simulate mag-
netic reconnection between the emerging magnetic loops and
overlying magnetic fields, we assumed anomalous resistivity
which sets in when J/p (J is current density, and p is matter
density) exceeds a threshold.

Figure 4 shows the three-dimensional visuaization of the
simulation result. The gray surfaces are isosurface of matter
density. The color on the slice shows temperature distribu-
tions. Blue tubes show magnetic field lines. The semi-circu-
lar magnetic field lines near the center of the figure are
emerging magnetic loops. They interact with the overlying



corona magnetic fields and create thin current sheets. The
current sheet can be identified as the thin high-temperature
region along the top of the emerging magnetic loop.
Magnetic reconnection taking place in the interacting region
creates V-shaped magnetic field lines, which accelerate the
hot plasma and create X-ray jets. Density distribution (gray
surface) shows narrow filaments around the top of the
emerging magnetic loops. These filaments correspond to the
arch filament system observed in the Ha image of the
emerging flux region (see figure 3). We found that the dense
filaments are created due to the magnetic Rayleigh-Taylor
instability. The instability grows around the top of the
emerging magnetic loops because dense chromospheric mat-
ter islifted against gravity by the magnetic pressure of rising
magnetic loops. Such top-heavy density distribution
becomes unstable and the heavy cool gas interchanges with
the magnetic fields, forming the dense filaments.

The formation of dense filaments due to the magnetic
Rayleigh-Taylor instability deforms magnetic field lines and
induces small-scale electric currents around the dense fila-
ments. The color in figure 5 shows the distribution of electric
current density. Gray surfaces are the density isosurface corre-
sponding to the arch filaments. The gray tubes show magnetic
field lines. The dissipation of the filamentary current sheets
leads to the heating of the plasma around the dense filaments
and creates hot and cool loops existing alternatively. The
numerical result naturally explains the coexistence of hot and
cold loops indicated by the extreme ultraviolet image of the
emerging flux regions. The formation of small-scale current
sheets in the emerging flux supports the idea that the coronais
heated by dissipation of current sheets. When the filamentary
magnetic fields interact with the overlying coronal magnetic
fields, magnetic reconnection takes place spatially intermit-
tently. Such 'patchy' reconnection creates fine structures in
flares and jets, and should produce patchy brightenings
observed in emerging flux regions (see [5] for detail).

Fig. 4 Three-dimensional visualization of the simulation result. The
gray surfaces show the isosurface of density. The color on the
slice show the temperature distribution (blue: cold, red: hot). The
blue tubes show magnetic field lines.
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Fig. 5 Color shows the electric current density (red: large, blue: small).
The gray surfaces show isosurface of density. Gray tubes show
magnetic field lines.

3. Numerical Simulations of Galaxy Formation and
Chemical Enrichment of the Inter Galactic M atter
Recent imaging observations of proto-cluster regions by

using the Lya emission line revealed the existence of very

luminous and extended Lya nubulae, so-called Lya blobs,
which have the Lya luminosity of more than 10 erg/s and

physical extent of about 100kpc (1pc = 3.26 light years) [6]

[7] [8]. By using the Subaru Telescope, Matsuda et al.

(2004) [8] found 35 extended Lya blobs in the proto-cluster

region at redshift z = 3.1. One third of them are apparently

not associated with ultraviolet continuum sources that are
bright enough to produce Lya emission. More interestingly,
the Lya blobs have bubbly features. These bubbly structures
strongly suggest that the extended Lya emission in Lya
blobs are produced due to the shock heating by supernova
driven galactic outflows. However, it has not been shown
whether multiple supernova explosions can actually produce
the observed Lya emission. For this purpose, we carried out
high-resolution (10242 grids) simulation of galaxy formation
including the supernova explosions. Since we already report-

ed the numerical results in the Earth Simulator Journal [9],

here we briefly summarize the simulation methods and com-

pare numerical results with Matsuda et al's observation [8].

The full description of this simulation will be published by

Mori and Umemura (2005, in preparation).

According to the bottom-up scenario of galaxy formation
(figure 1), we model a protogalaxy as an assemblage of 20
dark matter clumps. The total mass of the gaseous matter of
the protogalaxy is initially assumed to be 1.3 x 10%solar
mass and the total mass including the dark matter is 10*'solar
mass. At the initial state, the gas is assumed to be in hydro-
static equilibrium confined by the gravity of the dark matter.
Instead of solving the dynamics of each dark matter particle,
we represent the gravity of each clump by that of a macro
particle and computed the evolution of the macro-particles
by solving the gravitational N-body problem. The dynamics
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of gas components is computed by applying the compressi-
ble fluid dynamic code AFD2 based on the AUSM-DV
scheme [1]. The parallelization efficiency of the AFD2 code
for 1024 grid simulations is 55.6% on 128 nodes of the
Earth Simulator. Radiative cooling is incorporated using the
metalicity-dependent cooling curves by Sutherland and
Dopita [10]. Stars are assumed to be formed in Jeans unsta-
ble regions. When a star particle is formed, we identify this
with approximately 10* single stars and distributed the asso-
ciated mass according to Salpeter's initial mass function.
Stars more massive than 8 solar mass explode as type |1
supernovae and eject their outer layers with synthesized
heavy elements.

Figure 6 shows the snapshots of the gas density, the gas
metalicity, and the gas temperature distribution in a slice
along the X-Y plane. The gas temperature increases up to
about 10°K and expanding hot bubbles of kpc size are pro-
duced. They are enclosed by cold, dense shells. The super-
novae-driven shock waves quickly collide with each other
and generate super-bubbles with 10kpc size. At around
200Myr, individual bubbles have merged into an expanding
super-bubble. The interactions of expanding hot bubbles
give rise to a complex structure in the inner regions, where a
metal-rich gas coexists with an almost primordial gas. The
rightmost panels of figure 6 show that the simulation box is
filled with warm, chemically enriched gas. The out-flowing
gas escapes from the gravitational potential of the whole sys-
tem and is gjected into the intergal actic space.

Finally let us compare the numerical results with observa-
tion of Lya blaobs. The left panels of figure 7 show the Lya
image of two of the Lya blobs reported by Matsuda et al.
[8]. Size of the Lya emitting clouds are larger than 100kpc,
thus they are much larger than current galaxies. The right
panels of figure 7 show the ‘virtual' image of the Lya blobs
obtained by assuming optically thin gasin collisional ioniza-
tion equilibrium and using the MAPPINGSIII code by

Fig. 6 Snapshots of the gas density, metalicity, and temperature distri-
bution in aslice along the X-Y plane.
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Fig. 7 (Left) Lya images of the Lya blobs observed by Matsuda et al.
(2004) using the Subaru Telescope [8]. (Right) Projected distri-
bution of the Lya emission derived from numerical results.

Sutherland and Dopita [10]. We found that the Lya luminos-
ity can account for the observed luminosity of Lya blobs.
The bubbly structures created by multiple supernovae explo-
sions are quite similar to the observed features of Lya blobs.

4, Summary

We have carried out (1) three-dimensional MHD simula-
tions of the emerging magnetic loops in sunspot forming
regions, and (2) three-dimensional fluid dynamic simulations
of the galaxy formation based on the bottom-up scenario of
galaxy formation. In the former simulation, we found that
arch filaments observed in the emerging flux regions are
spontaneously created by the magnetic Rayleigh-Taylor
instability. Numerical results also indicated that filamentary
distribution of electric currents produce spatially intermittent
heating and patchy brightenings. The simulation of the
galaxy formation indicated that the distribution of the Lya
emission derived by numerical resultsis similar to the image
of the Lya blobs in proto-cluster regions recently observed
by the Subaru telescope. We also found that the inhomoge-
neous mixing of heavy elements produces a large spread of
metalicities. We conclude that the Lya blobs can be identi-
fied with primordial galaxies observed in a supernovae-dom-
inated phase. In the simulation we presented in this report,
heavy elements are blown out of the outer boundary of the
simulation box. In order to study how far from the produc-
tion sites can heavy elements be gjected, the simulation box
should be much larger than the current ssmulation. In order
to carry out such simulations, keeping the resolution in the
central region of the proto-galaxy, we have implemented a
paralel nested grid code AFD4 to the Earth Simulator. We
would like to report the results of simulations using AFD4 in
near future.
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