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Using three-dimensional non-ideal magnetohydrodynamics simulations, we investigate the driving condition of protostellar
jet. We adopt a gas sphere with a radius of 10 au as the initial state and simulate the gravitationally contraction process of such
a sphere. When the number density of the gravitationally collapsing cloud exceeds 10?° cm™, the gas contraction stops and a
protostar forms. A circumstellar disk appears after protostar formation. The jets are driven near the protostar or the inner edge
of the disk and they evolve with time. However, the ram pressure cannot be ignored when considering the jet driving in the
main accretion phase during which the gas accretion onto the disk is significant. This study focuses on the condition for the jet
driving, in which we use two parameters of thermal stability and magnetic field strength. Our simulations show that the
protostellar jet does not appear when the mass accretion rate is higher than >10* Msun yr'!. In such a case, the magnetic braking
play a significant role for transporting an excess angular momentum around the protostar. In addition, massive stars tend to be
formed without appearance of the jet, because the mass ejection does not occur.

Keywords : Jet, Binary system, Magnetohydrodynamics, Circum-binary disk, Weakly ionized plasma
protostar formation (Machida 2021). Since the protostellar jet is

1. Introduction magnetically driven, the latter is closely related to the jet driving

High-mass stars are important for investigating the history
and structure of the universe (Harada et al. 2021, Hirano et al.
2021). However, it is difficult to observe forming high-mass
stars, because the existence probability of the high-mass stars is
very low compared with the low-mass stars. Thus, a few high-
mass star exist in nearby star-forming regions. Therefore, we
need to observe the forming high-mass stars far from the sun.

It is considered that the protostellar jet always appears in the
star formation process (Chuang et al. 2021, Riaz & Machida
2021, Matsushita et al. 2021, Morii et al. 2021). Thus, the
protostellar jets are a useful index to find out forming high-mass
stars. However, recent observations indicate that the protostar
does not always show the protostellar jet. Thus, we can not
determine whether or not the protostellar jet are useful to survey
forming high-mass stars. In addition, the protostellar jet plays a
significant role in the star formation process. An excess angular
momentum around the protostar is transferred by the jet.
Moreover, the star formation efficiency is closely related to the
strength of the jet (Machida 2021).

In this study, we investigate the driving condition of the
protostellar jet using three-dimensional non-ideal
magnetohydrodynamic nested grid code.

2. Numerical method and initial settings

As the initial state, the gas sphere having a Bonnor-Ebert density
profile is adopted. A uniform magnetic field and a rigid rotation
are imposed to the sphere. To characterize the initial cloud core,
we use two parameters of the thermal stability and magnetic field

strength. The former controls the mass accretion rate after

condition.

The simulation is executed by our nested grid code, in which
different sized grids are nested. Each grid has the same cell
number and is composed of (i, j, k)=(64, 64, 64) cells. On the
other hand, the spatial scale is different among the grids (for
details, see Machida 2021). Firstly, we prepare five levels of grid
(I=5). After the calculation begins, a new finer grid is
automatically generated to resolve the minimum Jeans
wavelength. The maximum grid is set to be 21 (1=21). With this
code, we can resolve both the prestellar core (~10* au) and
protostar (0.01 au). With two parameters, we prepare 22 models.

ne 0og

Fig. 1 Jet (Blue surface) driven by protostar

(orange surface). Blue lines are magnetic field
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Fig. 2 Density (color) and velocity (arrows)

distributions around protostar.

We simulate the gravitational collapse for each model and
execute the calculation for 500 years after protostar formation.

3. Results

Firstly, we show the results for the models with the strongest
magnetic field. Fig. 1 shows a three-dimensional view of the jet
and magnetic field for the model with a low-mass accretion. In
the figure, a clear jet and complicated structure of magnetic field
lines can be confirmed. For this model, the jet continues to evolve
and reaches about 1000 au at the end of the simulation.

Fig. 2 shows the density and velocity distributions around the
protostar at the end of the simulation for the model with a high
mass accretion rate. As seen in the figure, the jet does not
sufficiently evolve for this model. Although the outflowing gas
appears near the protostar, the evolution of jet is suppressed by
the infalling gas. As a result, the outflowing gas are distributed
only around the protostar.

4. Summary and Discussion

Our simulations show that the protostellar jet cannot evolve
when the mass accretion rate is as high as >10* Mg yr'. In this
case, only a weak outflowing gas appears near the protostar,
while it is suppressed by the accretion flow. In other words, the
ram pressure dominates the magnetic pressure around the
protostar. Thus, the evolution of protostellar jet is suppressed by
a strong ram pressure. The mass accretion rate at arbitrary radius
is determined by the density and radial velocity. The mass
accretion rate is high when the density and velocity are large.
Since the ram pressure is the product of the density and square of

the velocity, the ram pressure is large as the high accretion rate

becomes high. Therefore, the jet driving tends to be suppressed
when the mass accretion is high.

The protostellar jet play a role in the star formation process. An
excess angular momentum is transported by the protostellar jet.
In the absence of the protostellar jet, the angular momentum
should be transported by either magnetic braking nor
gravitational torque (Kawasaki et al. 2021). In addition, the
protostellar jet expels a large fraction of the infalling gas. The
high mass star tends to be formed when no jet appears, because
the mass ejection does not occur. It is expected that the star
formation process is significantly changed if no jet appears.
However, we calculated the jet driving only for 500 years.
Further long-term simulations are necessary to understand the
high-mass star formation and jet driving.
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