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Numerical Studies of Emerging Magnetic Flux in
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The emergence of magnetic flux from the interior of the Sun into the solar atmosphere
is one of the most important subjects in solar physics because it plays an essential role
in various active phenomena, such as flares, surges, X-ray jets, and coronal mass
ejections. In order to ujnderstand the mechanism of solar activity, we need to
investigate how the magnetic fields appear and then evolve in the solar atmosphere.
The emergence of a magnetic field into the atmosphere is a highly nonlinear process,
and numerical simulations are the most powerful means to investigate the dynamics of
emerging flux. In the present thesis, we will perform two and three dimensional
magnetohydrodynamic (MHD) simulations of the emerging magnetic flux in order to
investigate the relation between the observed dynamics and the underlying physical

mechanisms.

At first, we investigate the nonlinear dynamics of solar emerging flux and the
formation of intense flux tubes by two-dimensional‘ MHD simulations. An isolated
horizontal magnetic flux sheet that is placed below the solar photosphere is unstable
to both convective instability and the Parker instability. We performed two cases in the
simulations: with and without radiative cooling in the photosphere. Our main
results show the followihg: (1) An initially weak convection zone magnetic flux (B ~
600 G) is amplified up to ~ 1000 - 1500 G by the mechanism known as the convective
collapse of the flux tube triggered by downflow along the tube in a very short time (~ 10
min) after the emergence of the tube into the photosphere. (2) The maximum speed of
the downflow inside the intense flux tube (with a size of 200 - 400 km) just after the
convective collapse is nearly half the sound speed (~ 5 km/s) at the photosphere, and
subsequent bounced upward flows exceed the sound speed in the low chromosphere (~
10 - 15 km/s). Thus shock waves are generated and significantly heat the plasma in the
flux tube in the low chromosphere. (38) Strong downdrafts inside the vertical flux tube
resulting from the convective collapse produce a line-tying effect near the photosphere,
which decelerates the rise motion of the magnetic loop. We found that the numerical
results reproduce basic observational features. In the photosphere, the emerging
magnetic field is observed as a pair of opposite polarity magnetic elements
corresponding to the loop footpoints which move away from each other at around 4
km/s in the initial phase, and they slow down to 1 km/s or less in the later phase of flux
emergence. These observed results are consistent with our simulations. Some
observational studies have already indicated the evidence of convective collapse in the
quiet regions. The observed evolution of field strength (~ 1500 G), velocity fields (~ 5
km/s downflow), and time scale (~ 10 min) of the convective collapse is quantitatively
consistent with our simulation results. Bright points are frequently observed in the

emerging flux regions. On the basis of these results, we suggest that the emission in



the bright points might be due to the downflow and subsequent shock waves after the

convective collapse.

Next, we extend the two dimensional simulations by performing three-dimensional
simulations of an emerging magnetic flux tube coupled with surface cooling. We study
the effect of the initial twist parameter in an isolated flux tube by taking into account
the effect of convective instability due to the surface cooling. The convective collapse is
driven by the displacement of matter along the tube by convective instability. Thus the
pressure scale height inside the tube decreases, and the pressure equilibrium with the
surroundings is only maintained by a contraction of the tube, which increases the field
strength. In the case of twisted flux tubes, it is expected that the collapse of the tube
may be altered by the azimuthal field component inside the tube. In the simulations we
found the following results. (1) In the non-twisted cases, the magnetic field is
amplified up to B > 1500 G by the convective collapse of the flux tube triggered by
downflows after the emergence of the tube into the photosphere. This result is similar
to 2D simulations. However, the process is different from 2D simulations in that the
tube expands horizontally in the photosphere, and the emerging motion is suppressed
temporarily. However, as time goes on, the emergence starts again at the vicinity of the
footpoints of the tube. (2) In the twisted cases, the emerging magnetic fields at the
photosphere are stronger (B > 1500 G) than the non-twisted cases. Therefore, the
convective collapse does not occur easily at the footpoints of the tube. The azimuthal
field component of the tube also forms a loop structure and the convective collapse is
generated partially at the footpoints. This result indicates that the convective collapse

will occur easily in regions of weak and vertical magnetic fields.

Finally, we carried out two-dimensional magnetohydrodynamic simulations of the
Galactic center gas disk to show that the dense loop-like structures discovered by the
Galactic molecular cloud survey by NANTEN 4m telescope can be formed by the
buoyant rise of magnetic loops due to the Parker instability. At the initial state, we
assumed a gravitationally stratified disk consisting of the cool layer (T ~ 103 K), warm
layer (T ~ 104 K), and hot layer (T ~ 105 K). The simulation box is a local part of the
disk containing the equatorial plane. The gravitational field is approximated by that of
a point mass at the Galactic center. The self-gravity, and the effects of the galactic
rotation are ignored. Numerical results indicate that the length of the magnetic loops
emerged from the disk is determined by the scale height of the hot layer (~ 100 pc at
lkpe from the Galactic center). The loop length, width, velocity gradient along the
loops and large velocity dispersions at their foot points are consistent with the
NANTEN observations. We also show that the loops become top-heavy when the
curvature of the loop is sufficiently small. so that the rising loop accumulates the

overlying gas faster than allowing it to slide down along the loop. This mechanism is



similar to that of the formation of solar chromospheric arch filaments. The molecular
loops emerge from the low temperature layer just like the dark filaments observed in

the Ho image of the emerging flux region of the sun.
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