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Chondrules and X-Ray Flares:  Chondrules are
thought to have formed through some 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 the most plausi-
ble mechanism to explain the various properties of
chondrules [1,2]. However, the source of shock waves
and the place of the shocks in the nebula are still under
debate. Proposed models include bow shocks in front of
fast moving planetesimals [3], accretion shocks at the
surface of nebula [4], and spiral density waves induced
by the disk self-gravity [5], though every model has
some drawbacks.

Here, we propose an alternative model: shock waves
in the upper solar nebula induced by X-ray flares asso-
ciated with the young Sun. X-ray flares, common
among T Tauri stars [6], emit plasma gas, which cools
to be a strong neutral gas wind. The energy, the dimen-
sion, 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 of the order of 1030 erg s-1, which is about two orders
of magnitude higher than the current solar flare [6].
Such energetic flares emerge about once a day [6],
almost three orders of magnitude more frequently than
the current Sun. Because of the enormous amount of
energy released by the X-ray flares, the flares should
have significant effects on the dynamics and energetics
of a disk around the star. Observations of X-ray flares
around young T Tauri stars indicate that their activity
decreases with a time scale of the order or 106 yr [6],
which is similar to the range of chondrule ages, i.e.,
from about 1 Myr to 3 Myr [7]. In this work, we esti-
mate the influence of the X-ray flares to the nebula and
evaluate the possibility of chondrule-forming shock
waves in the nebula. Here, we focus on shock waves at
the upper solar nebula in the present asteroid region (in
a range 2 - 4 AU from the Sun). Although our analysis is
still crude, we can see that it may be possible to form
chondrules by shock waves in the upper solar nebula
induced by X-ray flares.

Shock Waves in Upper Solar Nebula Induced by
X-Ray Flares:  We can expect that a shock wave should
occur at a place where the ram pressure of the impacting
wind becomes the same with the static gas pressure of
the nebula gas. The ram pressure can be estimated as

follows. The ram pressure is given by Pram(R) = M 
．

v cos

θ / (Ω R2), where R is the distance from the Sun, M
．
  is

the mass flux of the wind, v is the wind velocity, θ is the
impact angle to the nebula surface (see Fig. 1), and Ω is
the solid angle of the expanding wind. According to
numerical simulations [8], the mass flux of the outflow

is estimated to be M
．
 = 10-8 (v / 170 km s-1) M


 yr-1. We

assume the solid angle Ω of the expanding wind is π/2,
since the wind is not spherically symmetric with respect
to the star. And we assume cos θ = 0.01 [9].

As for the nebula gas pressure, assuming that the
nebula is isothermal along the direction perpendicular to
the nebula mid-plane, we have Pneb(R, Z) = Pneb,0(R)
exp[-(Z/h)2], where h is the scale height of the nebula
and Pneb,0(R) is the gas pressure at the mid-plane of the
nebula. In the case of minimum-mass solar nebula
model [10], we have Pneb,0(R) =  1.37 x10-5 (R / 1 AU)-13/4

bar.
By balancing two pressures, Pram(R) = Pneb(R, Z), we

can estimate the height where shock wave is expected to
be present as a function of R: Zshock/h(R) = [9.47 - 1.25
ln(R / 1 AU)]1/2  (see Fig. 2). We can see that Zshock/h is a
decreasing function of R and in a rather narrow range
from 2.78 (R = 4 AU) to 2.93 (R = 2 AU). Nebula gas
densities at those heights before being smashed by
winds are 1.36 x10-14 g cm-3 (R = 4 AU) and 3.89 x10-14

g cm-3 (R = 2 AU), respectively. Although those gas
densities are much smaller than those in the nebular
mid-plane, it is expected that the nebula gas is com-
pressed by the shock and the nebula density is enhanced
to an extent, though the degree of enhancement is not
known precisely.

According to numerical simulations of shock-wave
heating chondrule formation [2], 0.1-mm sized dust
particles can be heated enough to melt and form chon-
drules, when the preshock gas density is of the order of
10-14-10-13 g cm-3 and the shock velocity is several tens
km s-1. In the case of winds induced by X-ray flares, it
seems possible to form shock waves with such veloci-
ties, though further detailed analysis is needed to draw
more rigorous conclusion.

Discussion:
Presence of Chondrule Precursors in Upper Solar

Nebula:  In the absence of turbulance, the chondrule
precursor particles with around 0.1 mm radii may not
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present in the upper solar nebula region where shock
waves induced by X-ray flares should take place, be-
cause the sedimentation time scale of the dust particles
is of the order of 104 yr [11] (shorter than the age of
chondrules). However,  turbulence in the nebula may
rift chondrule precursor particles in the upper solar
nebula for longer time. For example, using a turbulent
nebula model, it was shown that 0.1-mm sized dust
particles could be present as high as 3 h, even though the
concentration is very small [12]. Therefore, it is pos-
sible that chondrules are heated and formed in the upper
solar nebula (at around 3 h) by X-ray flare induced
shock waves.

A Variety of  Chondrule Ages:  In　primitive chon-
drites, we see chondrules with a variety of ages are
randomly mixed in less than mm scale. The difference
between chondrule ages in the same meteorites is at
least 1 Myr [13]. This implies that heating events influ-
ence only a limited portion of chondrules and chondrule
precursors at each time, otherwise, older chondrules
should be reheated and their age difference should be
much smaller. Our hypothetical model here may meet
this requirement. The heating events take place only in
the upper part of the nebula (around 3 h), while most of
the dust particles stay in the lower part of the nebula.  

Frequency of Heating Events:  Can this model ex-
plain abundant chondrules seen in meteorites (as much
as 70% in ordinary chondrites)? It is estimated that the
total number of heating events to produce such an abun-
dant chondrules is about several times over all the dust
particles in a period of 2 Myr [7]. This means that each
dust particle was heated several times in the 2 Myr
period averagely. For a dust particle, heating once every
a few 105 yr is enough. This frequency is rather low. If
the frequency is higher than this, it seems difficult to
reconcile the chondrule age distribution: age distribu-
tion would shift to younger side. In the current hy-
pothetical model, it is not easy for a dust particle to be in
the upper solar nebula where chondrule-forming shock
waves are present. Thus, the inferred low frequency of
the heating event seems consistent with the model,
though the possibility of being in the upper solar nebula
depends on the turbulence model. Obviously, detailed
investigation is needed.

Dust to Gas Mass Ratio before Shock Waves: Ac-
cording to an analysis for the collisional destruction
among dust particles in shock waves [14], the dust/gas
mass ratio before entering the shock wave is inferred to
be of the order of or less than 0.01, otherwise, the chon-
drule size distribution in ordinary chondrites cannot be
reproduced. This inferred dust/gas mass ratio may be
consistent with the current model, because the dust
concentration in the upper solar nebula is expected to be
small.
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Fig.1. Scale height of a minimum mass solar nebula
model [10] (solid curve). Dashed line represents a line
connecting the Sun and the nebula scale height at R = 3
AU. The impacting angle is denoted by θ.

Fig.2. Expected height where shock waves are present
as a function of R. Notice that the height is normalized
by the scale height h at each R.
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