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Introduction: Chondrules are considered to have
formed through heating events in the early solar
nebula. Though the specific heating mechanism has
not yet been understood clearly, the shock wave
heating is considered to be one of the most plausible
models to explain the various properties of
chondrules; peak temperatures, stability of melt
droplets, the size range, and heating rates [e.g., 1-7].
However, source of shock waves is still under debate.
Proposed models include bow shocks in front of fast
moving planetesimals [8], accretion shocks at the
surface of nebula [9], and spiral density waves
induced by the disk self-gravity [10], though every
model has some drawbacks.

Here, we report that chondrule forming shock
waves can be generated in the upper region of the
solar nebula by X-ray flares associated with the
young Sun. X-ray flares, common among T Tauri
stars [11], emit plasma gas, which cools to be a
strong neutral gas wind. The energy, the dimension,
and the frequency of X-ray flares associated with T
Tauri stars are much larger than those of the current
Sun. Typical luminosity in the X-ray wavelength
region is about two orders of magnitude higher than
the current solar flare [11]. Since the energy released
by the X-ray flares is so large, it is naturally expected
that the flares have some effects on the dynamics and
energetics of a protoplanetary disk around the star.
Observations of X-ray flares around young T Tauri
stars indicate that their activity lasts of the order of
10° to 107 yr [11], which is consistent with the range
of chondrule formation ages [e.g., 12-14].

In this work, we numerically simulate the X-ray
flares and expanding magnetic bubbles with the disk,
and examine whether or not shock waves which can
form chondrules are generated in the nebula.
Preliminary results were reported last year [15].

MHD Simulations: We have carried out 2-D
Magneto Hydrodynamics (MHD) simulations of X-
ray flares around a central star and expanding
magnetic bubbles/winds with a disk. The minimum
mass solar nebula model [16] is employed as the disk
model. Outer boundary of the computation domain is
3 AU from the central star, and the number of grid
points in the computational domain is 1300x1300.
Details of numerical procedure are described in [17].

The temperature distribution in a global view at t
= 6.665 days after the X-ray flare event is displayed
in Figure 1. The total energy released from the X-ray
flare is 10°® erg, which is close to the maximum value
observed in T Tauri stars. The expanding bubble is
clearly shown. Main part of the bubble goes upward
along the rotational axis, and which seems to become
the jet or outflow. On the other hand, it can be seen
that a certain fraction of the bubble goes toward the
disk and interacts with the disk.

In figure 2, the density distribution in a 1 AU
region at t = 7.046 days is displayed. We can clearly
see that the density jump, i.e., the shock front, is
generated in the upper region of the disk. We
measured the propagation speed of the front, which
turned out to be about 100 km/s.

Comparing results of out current study with [3],
where suitable shock conditions for chondrule
formation were investigated, it seems that the shock
waves at L1AU seen in Figure 2 is so strong to heat the
dust particles that dust particles are expected to
evaporate away completely.

We have carried out several simulations with
other parameters, and found that (a) shock waves that
are appropriate for the chondrule formation are
generated in the upper region of the disk, and (b) the
propagation speed of the shock front depends, at least,
on the strength of the magnetic field and the gas
pressure. Comparing these results with [3], we can
see that dust particles in the upper region of the disk
can be heated enough and can form chondrules by the
shock wave heating mechanism. For example,
chondrule forming shock waves, whose velocity is
about 30 km/s and the pre-shock gas density is about
10%? cm™, were generated with weaker magnetic
fields than that of the Figure 1 case.

Discussions:

Presence of Chondrule Precursor Particles in
Upper Solar Nebula: In the absence of turbulence,
the chondrule precursor particles of 0.1 mm radii may
not be present in the upper region of the solar nebula,
because the sedimentation time scale of dust particles
is of the order of 10* yr [18] (shorter than the age of
chondrules). However, turbulence in the nebula may
lift precursor particles in the upper region for longer
time. For example, using a turbulent nebula model, it
was shown that 0.1-mm sized dust particles could be
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present at Z = 3 h (h is the gas scale height of the
disk) [19].

Dust to Gas Mass Ratio in front of Shock Waves:
An analysis for the collisional destruction among dust
particles in shock waves [20] showed that the
dust/gas mass ratio before entering the shock wave
should be of the order of or less than 0.01, otherwise,
the chondrule size distribution in ordinary chondrites
cannot be reproduced. This inferred dust/gas mass
ratio is consistent with the current model, because the
dust concentration in the upper solar nebula is
expected to be small.

A Variety of Chondrule Ages: The difference of
ages among chondrules in the same meteorites is at
least 1 Myr [e.g., 12, 13]. This implies that each
heating event influences only a limited portion of
chondrules at a time, otherwise, older chondrules
should be reheated and their age difference should be
much smaller. Our model may meet this requirement.
The heating events take place only in the upper part
of the nebula, while most of the dust particles
including previously formed chondrules stay in the
lower part of the nebula.

Chemical and Isotopic Properties of Chondrules:
The evidence of a large degree of isotopic
fractionations has not been found in chondrules [e.g.,
21]. It should be investigated whether or not the
proposed heating mechanism can explain such
properties of natural chondrules in future work.
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Figure 1. Temperature distribution at 6.665 day after
the X-ray flare event. The total energy released by
this X-ray flare is 10%® erg. The main part of the
bubble goes upward, while a small fraction of the
bubble goes toward the disk and generates shock
waves.
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Figure 2. The density distribution at 7.046 day after
the X-ray event in a 1 AU region. The density
discontinuity, i.e., the shock front, is generated at
about 0.07AU above the midplane. The shock front
propagates with the velocity of about 100 km/s.
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