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We investigate the formation of protostar and protoplanetary disk starting from prestellar cloud cores using three-dimensional

magneto-hydrodynamics nested grid simulations. Recent observations imply that the magnetic field plays a critical role in the star

formation process. Star forms in gravitationally collapsing cloud, and protoplanetary disk appears around the protostar. The magnetic

field transfers the excess angular momentum in the collapsing cloud and promotes the formation of protostar. Thus, in order to

investigate the planet formation in the protoplanetary disk, we need to understand the star formation process. In this study, we derive

the formation condition of the protoplanetary disk with a parameter of the magnetic field strength of the prestellar cloud core. In

addition, we show that the magnetic energy comparable to the gravitational energy is necessary for driving prestellar outflows and

jets which are usually observed in various star-forming regions.
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1. Introduction

Planets such as Earth, Mars, Jupiter and Saturn are formed
in the protoplanetary disk. The protoplanetary disk is formed
in the star formation process. Thus, to unveil the formation
process of earth- and Jupiter-like planets, we need to clarify
the star formation process. Recent observations showed that
the magnetic field is crucially important for the star formation
process, because it transfers the angular momentum in the star
forming clouds [1, 2]. An amount of the angular momentum
remaining in the star forming cloud determines the properties
of the protoplanetary disk, such as the total mass and radius.
When the magnetic braking is effective and angular momentum
is largely removed from the central region, a compact planetary
system composed of small-earth like planets would form. On
the other hand, when the magnetic braking is not very effective,
a sufficiently large amount of the angular momentum results
in forming a large protoplanetary system which would include
both massive (e.g. Jupiter and Saturn) and small (e.g. Earth and
Mars) planets.

In this study, we investigate the efficiency of the angular
momentum transfer by the magnetic field effect such as
magnetic braking and determine the formation condition of the
protoplanetary disk. In addition, we also investigate the origin
and driving mechanism of outflows and protostellar jets which

are frequently observed in star forming regions.

2. Numerical Method and Settings
The molecular cloud cores, which are the parents of the

stars, have a size of >10,000 AU, while the size of the protostar
is about 0.01 AU. Thus, the spatial difference between them
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is about six orders of magnitude. To spatially resolve both the
molecular cloud core and protostar, we used the nested grid
method which can cover both objects. For this method, some
different grids are nested and the inner grid has a finer spatial
resolution. Thus, we cover the region around the protostar
with a higher resolution grid, and the cloud core with a coarser
resolution grid.

The molecular cloud core is in a weakly plasma state. In
addition, the ionization degree decreases as the cloud collapses
or the density increases. Thus, the magnetic field dissipates by
Ohmic dissipation and ambipolar diffusion in a high-density gas
region [3, 4]. For this reason, we implemented the dissipation
term of the magnetic field to our nested grid code. The
dissipation coefficients are estimated by one-zone calculation,
in which chemical reactions and electric conductivities are
pre-calculated. As an initial state, we prepare the equilibrium
sphere (so-called the critical Bonnor-Ebert sphere), in which the
gravity is balanced with the pressure gradient force. In addition,
an uniform magnetic field and rigid rotation are imposed to the

initial cloud core.

3. Results

We calculated the evolution of cloud with different magnetic
fields until the protostar formation. Figure 1 shows the density
and velocity distributions for each model at the protostar
formation epoch. When the initial magnetic field is strong, no
disk appears (Fig. 1 left) without rotation, in which a large
amount of the angular momentum is already transferred by
the magnetic braking in the collapsing cloud. On the other
hand, a rotationally supported disk appears in the cloud with a
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Fig. 1 Density (color) and velocity (arrows) distributions on the equatorial plane for models with different magnetic field strengths.

relatively weak magnetic field as seen in the right panel of Fig.
1. The clockwise rotation seen in the middle panel of Fig. 1 is
caused by the magnetic tension force. For this model, the gas is
swinging back by the magnetic tension force. Thus, clockwise
and anticlockwise rotations coexist in this model.

Figure 2 shows the three dimensional view of strongly (left)
and weakly (right) magnetized models. In both models, the
pseudo-disk, which is supported by the Lorentz force, appears
(red-isosurfaces). However, the outflow appears in the right
panel, while it does not appear in the left panel. In observations,
the outflow universally appears in the star formation process [5,
6]. Thus, the star formation simulated in a considerably strong

magnetic field is not consistent with observations [7].

Model R0O5 Model R3

200AU

Fig. 2 Three-dimensional view for strong (left) and weak (right) magnetic
field models. Lines are the magnetic field lines. The red and green
surfaces correspond to the high-density and outflowing regions.

4. Summary

We investigated the formation of the protostar and
protoplanetary disk using three-dimensional non-ideal MHD
nested grid simulations with a parameter of magnetic field
strength of the prestellar cloud. When the initial cloud has a
magnetic energy larger than the gravitational energy, the cloud
collapse slows because the rapid collapse does not occur until
the magnetic flux is removed by ambipolar diffusion. In such
a case, a large amount of the angular momentum is removed
by the magnetic braking and is transferred into the interstellar
medium. In addition, for this model, neither protoplanetary disk
nor outflow/jet appears because of the deficit of the angular

momentum. On the other hand, when the magnetic energy is
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smaller than the gravitational energy, the cloud rapidly collapses
maintaining a large amount of the angular momentum. In such
a cloud, both the protoplanetary disk and outflow/jet appear.
Thus, the strength of the magnetic field in the prestellar cloud
core significantly affects the formation process of protostars and

protoplanetary disks, and controls the planet formation.
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