X-rays and Fluctuating X-Winds
from Protostars
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Protostars emit more x-rays, hard and soft, than young sunlike stars in more advanced
stages of formation. The x-ray emission becomes harder and stronger during flares. The
excess x-rays may arise as a result of the time-dependent interaction of an accretion disk
with the magnetosphere of the central star. Flares produced by such fluctuations have
important implications for the x-wind model of protostellar jets, for the flash-heating of
the chondrules found in chondritic meteorites, and for the production of short-lived
radioactivities through the bombardment of primitive rocks by solar cosmic rays.

Copious x-ray emission provides one of the
strongest pieces of evidence for enhanced
magnetic activity on the surfaces of young
sunlike stars (1). Much of the early infor-
mation derived from measurements at rela-
tively soft energies (~0.4 to 4 keV) by the
focusing x-ray telescope borne into space on
the Einstein satellite (2). The majority of
the young stellar objects (YSOs) observed
by the Einstein satellite belong to the cat-
egory of optically revealed sources without
circumstellar disks known as weak-lined T
Tauri stars (WTTSs). WTTSs and their
counterparts with nebular disks known as
classical T Tauri stars (CTTSs) are be-
lieved to have ages of one to a few million
years (3). They represent a later phase of
young star evolution than embedded proto-
stars, which undergo not only active disk
accretion but also infall from their sur-
rounding molecular cloud cores (4). The
surrounding envelope absorbs much of the
soft x-rays from the central protostar, mak-
ing embedded protostars difficult to detect
by the Einstein satellite.

The Einstein measurements gave rise to
the analogy of T Tauri stars (TTSs) as
objects with surface magnetic activity much
like that of the sun at present, except mag-
nified manyfold. TTSs have typical soft
x-ray Jluminosities of ~3 X 10* ergs™! (5),
and the flares that arise in them can be
~10° times as strong as the sun (6). In the
sun, soft x-ray flares originate in hot coro-
nal gas (temperature T ~ 107 K) trapped in
loops of intense magnetic field (7). Models
of the soft x-ray flares on TTSs assume
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similar temperatures, but larger loop sizes
(~10'"" cm high), and imply plasma densi-
ties of ~10' e¢cm™? and magnetic field
strengths of ~10° G at the base of the loops
that are not very different from those of the
modern sun (1).

Recent observations of YSOs at hard
x-ray energies (0.4 to 12 keV) by the
ASCA satellite and to deeper sensitivity
levels at soft x-ray energies (0.1 to 2.4 keV)
by the Roentgen x-ray satellite (ROSAT)
have motivated a reevaluation. Except for
XZ Tau (8), a single source, CT TSs genet-
ally emit fewer x-rays than WTTSs (9),
probably because interactions with circum-
stellar disks slow down the rotation of
CTTSs with respect to WTTSs (10). On
the other hand, embedded protostars appear
to be more powerful and harder x-ray emit-
ters than either WTTSs or CTTSs (11).
The x-ray spectra of YSOs harden during
x-ray flares. The soft x-rays may come from
a mechanism of heating stellar coronas
common to all stars with surface magnetic
activity whether or not they have surround-
ing accretion disks. The hard x-rays proba-
bly arise from fast particle acceleration and
deceleration events.

The mean luminosity in hard x-rays of
several embedded protostellar sources dis-
covered by the ASCA satellite in the near-

by dark cloud R CrA is b = 3 X 10 erg |

s (I11). A recent sampling of embedded
protostars indicated an average luminosity
in total x-rays, corrected for the effects of
envelope absorption and finite ROSAT
bandwidth, Lt = 10*! erg s™! (12). Of the
latter value, we assume that an amount 10%”
to 10%° erg s™! can be associated with “nor-
mal” coronal plasma at T ~ 107 K similar to
that observed in WTTSs. The rest we at-
tribute to heating by fast particles generated
in big and small flares.

Fast particles associated with x-ray
flares. Fast particles in the sun originate in
two types of flares (I13) through the re-
lease of the energy stored in stressed

magnetic fields (14). Impulsive flares, last-
ing typically only tens of minutes, are
electron and *He rich and probably arise
low in the solar corona in reconnection
events involving closed magnetic field
lines. The fast electrons generated by the
flare stream along the field lines to their
foot points in the solar photosphere, re-
leasing visible and hard x-ray photons
when they strike the surface of the sun.
The accompanying fast protons and ions
produce gamma rays in their interactions
with the solar atmosphere.

On the sun, there are also proton-rich
events that release large numbers of cos-
mic ray ions without producing many pho-
tons either in visible light or in x-rays (15,
16). Rarer by a factor of ~10 but lasting
from hours to days when they occur, grad-
ual flares arise high in the solar corona,
perhaps in magnetic field configurations
called flare loops or helmet streamers [see
figure 5 in (14)]. Magnetic energy released
in the helmet streamer (coming before
reconnection of oppositely directed field
lines) drives violent outward motions in
the surrounding plasma, leading to coronal
mass ejections (CMEs). Magnetohydrody-
namic shock waves associated with CMEs
then accelerate copious numbers of solar
energetic particles, initiating, in the case
of the solar system, geomagnetic storms
when they interact downstream with
Earth’s magnetosphere.

Enhanced disk-magnetosphere interac-
tions in protostars. The total photon lumi-
nosity of an embedded protostar is compa-
rable to that of a CTTS [see figure 6 in
(17)]. Why then does the former emit so
much more energy in hard and soft x-rays
(10)? Alternatively, why does the former
accelerate so many more fast particles? Be-
cause one big difference between an embed-
ded protostar and a CTTS is the rate at
which disk accretion occurs (18), the un-
derlying cause may involve the enhanced
interaction between the stellar magneto-
sphere and the surrounding accretion disk,
similar to phenomena that astronomers see
in binary x-ray sources and cataclysmic
variables (19).

To develop this speculation into a useful
tool for the analysis of YSOs, we need a
concrete model of the interaction. Here, we
adopt the x-wind model (20), which has
been described previously as the under-
lying mechanism for the production of
calcium-aluminum-rich inclusions (CAls)
and chondrules in chondritic meteorites
(21). In fact, x-ray astronomers have long
held the conviction that x-rays provide the
crucial link that might unify seemingly dis-
parate aspects of the rich phenomenology
that involves YSOs: magnetic activity, pro-
tostellar winds and jets, and extinct radio-
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activities in meteorites (1, 22).

The x-wind model. In the x-wind model
(see Fig. 1), the interaction of mass accre-
tion at a rate M through a disk with the
magnetosphere of a protostar of mass M,
and magnetic dipole moment p., truncates
the gas disk at an inner edge at a radius R,
larger than the stellar radius Ry. The disk
accretion divides at R, into an x-wind out-
flow with mass loss rate M,, = fMp and a
funnel inflow onto the star at rate M, =
(1 — f)Mp, where the fraction f is obtained
by considerations of angular-momentum
balance in the steady state. This balance
regulates the spin rate of the central star ),
to the Keplerian angular velocity Q, of the
inner edge of the gaseous disk with which
the star shares common field lines.

The equilibrium state is characterized by
Q, = Q,, because if corotation did not
hold, the subsequent generation of magnet-
ic torques would tend to reduce the discrep-
ancy between (1, and Q.. To understand,
imagine that (), is larger than .. When
the star turns faster than the inner edge of
the disk, the field lines that attach to both
would continuously wrap into ever tighter
trailing spirals. Trailing spiral patterns of
magnetic field lines transfer angular mo-
mentum outward (23), with the field lines
adjacent to the star tugging it backward in
the sense of rotation. This tug decreases the
star’s angular rate of rotation (), to more
nearly equal the rate ). Conversely, if ),
is smaller than ), the field lines attached
to both would continuously wrap into ever
tighter leading spirals, transferring angular
momentum inward and increasing (), again
to more nearly equal the rate (. In true
steady state, (), exactly equals  , with
the funnel-flow field lines acquiring just
enough of a trailing spiral pattern (but
without continuously wrapping up) so that
the excess of material angular momentum
brought toward the star by the inflowing gas
is transferred outward by magnetic torques
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to the foot points of the magnetic field in
the disk (24).

In reality, two surfaces of null poloidal
field lines are required to mediate the ge-
ometry of dipole-like field lines of the star
with those opened by an x-wind and those
trapped by a funnel inflow emanating from
the x-region. Labeled as “helmet streamer”
and “reconnection ring” in Fig. 1, these
magnetic null surfaces begin or end on “Y
points” [called “kink points” in (24)].
Across each null surface, the poloidal mag-
netic field suffers a sharp reversal of direc-
tion. By Ampére’s law, large electric cur-
rents must flow out of the plane shown in
Fig. 1 along the null surfaces. In the pres-
ence of nonzero electrical resistivity, dissi-
pation of these currents would lead to re-
connection of the oppositely directed field
lines (25). Reconnection would reduce the
total amount of trapped magnetic flux in
the x-region, which would modify the nu-
merical value of the coefficient of the equa-
tion relating R, to My, py, and My, (24).

When R, changes, the Keplerian angular
speed of the foot point of magnetic field
lines in the x-region will also vary. Howev-
er, the star has too much inertia for its
angular velocity €) to alter appreciably on
the time scale of magnetic reconnection at
the null surfaces of the magnetosphere.
With Q, different from ., field lines at-
tached to both the star and the disk will be
stretched and amplified by the resultant
shear. The increased magnetic pressure of
the growing toroidal field will cause the
poloidal fields to bulge outward, which
would tend to insert more poloidal field
into the fan of field lines emanating from
the x-region. The upward-rising dipole-like
poloidal fields would ultimately have to be
replaced by dynamo action inside the star.
This dynamo action would be enhanced
because, in addition to any stellar differen-
tial rotation, (), differs from ),. In princi-
ple, a secular balance might be reached,
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and the disk may help the magnetocentrifugally driven x-wind to open field lines surrounding the helmet
streamer, but this aspect of the configuration is not essential to our model.
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with the dynamo-generated poloidal fields
being inserted steadily to offset a steady rate
of field dissipation at the null surfaces. In
practice, observation of the sun teaches us
otherwise. The dissipation and reconnec-
tion of magnetic field lines and their resup-
ply are likely to occur not steadily, but
sporadically, involving violent flares fol-
lowed by more gradual recoveries to the
preflare magnetic configuration.

The astronomical evidence for fluctu-
ating x-winds. The spectral lines that diag-
nose for gas above the atmospheres of TTSs
vary from night to night of observation
(26). Time-series analyses of two such sys-
tems revealed a periodicity in diagnostic
hydrogen lines for inflow and outflow, with
the repetition time equal to the rotation
period of the star (27). If the inner disk edge
is indeed the source for the hydrogen gas in
the funnel flow and x-wind (but driven
perhaps by a tilted rather than an aligned
magnetic dipole), then these two systems do
satisfy the equilibrium condition Q, = Q.
However, the majority of cases examined
show no obvious periodicities (28), indicat-
ing that either Q, # (), as a general in-
stantaneous condition or the stellar mag-
netic dipole is usually aligned too well with
the spin axis of the disk to give noticeable
azimuthal asymmetries that would translate
by rotation to a temporal periodicity.

Time variations considerably longer
than days are also known for YSO flows.
The spacing and fast motions of emission
knots (or Herbig-Haro objects) emanating
from YSOs (29) have inspired models of
pulsed protostellar jets (30), suggesting that
the mass outflows from the central regions
vary on time scales of years to hundreds of
years (perhaps associated with dynamo cy-
cles like those governing the 11-year sun-
spot cycle). On even longer time scales
(thousands of years), systems in the embed-
ded phase of evolution undergo dramatic
FU Orionis outbursts (31), which are cur-
rently modeled as large increases in My, for
decades to hundreds of years, followed by a
long period of relative quiescence before
the system undergoes a new cycle of en-
hanced Mp,

We conclude that even if Q) equals
as a long-term average, {2, will not gener-
ally equal €}, instantaneously. This causes
no problems for the x-wind outflow (20),
because this outflow occurs on open field
lines disconnected from the star, and the
only requirement for the operation of the
magnetocentrifugal drive is that the foot
point of the field in the disk rotates at the
local Keplerian speed ),. However, the
condition (), # (), does create a problem
for steady-state funnel flow. The result is
enhanced x-ray flaring, particularly in hard
X-Tays.
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Implications for CAIl and chondrule
formation. We now consider the conse-
quence of a fluctuating x-wind for the pro-
duction of CAls and chondrules by the
radiative heating and melting of dustballs
brought by disk accretion to the inner edge
of the disk (21). The reconnection ring lics
below the funnel flow and will therefore
temporarily contain millimeter- to centime-
ter-sized solids that drop out as molten
spheres from the funnel gas on the way from
the x-region ro the star. Solids can also drift
into rhe reconnection ring from the x-re-
gion by the drag exerted by more slowly
orhiting gas (32). In other words, the inner
edge of the dust disk will generally lie at a
smaller radius than the inner edge of the gas
disk. This conclusion agrees with efforts to
model the near-infrared spectral energy dis-
tribution of CTTSs, which often require
optically thick dust disks to extend inward
to the dust evaporation point for CAl-like
material {33). If these solids were letr to
themselves, they would slowly spiral inward
through the cquatorial plane and accrete
(as vapor) onto the sun, much as the icy
particulates composing Saturn'’s ring gradu-
ally migrate toward that planct through a
varicty of angular-momentum transport
processes. Before this happens, however, an
inward fluctuation of the location of the
base of the x-wind might scour this region
free of its solids.

To fix ideas, we consider specific numer-
ical examples constructed to mimic the of-
fects of magnetic cycles in the two fiducial
cases considered in (27). Over the course of
a decade, say, the stellar magnetic moment
s varies by a factor 2 or 3 about the mean.
The formulas given in (21) plus the values
cited or calculated there for My, Ry, Ly,
M, M, and @ = 3C, M /16mQ R2p R,
where L, is the stellar luminosity, C, is the
drag cocfficient, p, is the internal density of
a CAl or chrondrule precursor, and R_ is the
radius of a CAI or chrondrule precursor,
lead to the results listed in Tables 1 and 2.

Temporal variations of 40 or 50 km 7!
in the wind's rterminal velocity v, about the
average value should give reasonable shock
speeds, temperatures, and ionization frac-
tions for pulsed models of magnetized srellar
jets. In the high magneric state of the em-
hedded protostar in Table 1, the base tem-
perature T is 750 K, which is not quite low
enough (680 K) to allow the precursor rocks
to retain FeS (34). Chondrules produced
during the high magneric state of the re-
vealed CTTS in Table 2, when T, = 500
K, do berter. When launched in the high
state of the fiducial embedded source, rocks
acquire and maintain peak temperarures
T . near 1300 K for a few days. This
allows the partial retention of sodium and
potassium in the rocks as long as the oxygen

fugacity in the x-wind is sufficiently high
[sce the discussion in (21)]. Chondrules
launched in the x-wind during the high
state of the fiducial-revealed source do nort
even requirc the benefits of high-oxygen
fugacity to retain their sodium because
T, reaches only 950 K in this case. The
typical diamerters 2R, = 3.0 and 0.14 mm of
the rocks thar return to the disk are com-
parable to the chondrules found in carbo-
naceous and ordinary chondrites, respec-
tvely. Unfortunately, in hoth cascs, the
T .eqr values reached in the x-wind are in-
sufficient to melt magnesium-iron silicates
and hence to produce the textures and
droplet shapes of chondrules.

Flares exploding near rthe x-region be-
fore the launch of the chondrules may pro-
vide a solution to the above difficulty. The
peak x-ray luminosity reached in the most
powerful flares can rival the photon lumi-
nosity of the system at all other wave-
lengths (12). The extra radiative hcating
provided by such flares can cause the base
value of T, to double ar triple while the
protochondrule lies near the x-region. The
large effect arises because the x-ray cnergy is
relcased either close to the rocks (when the
flare gocs off in the reconnection ting) or
above them in a geomerry that does not
involve very oblique rays {(when the flare
goes off in the helmet streamer). If the
doubling or tripling of T causes the proto-
chondrule to vaporize, no harm is done,
because the constituent atoms will simply
recondensc somewhere else as a dustball (or
as a rim onto a preexisting proto-CAI) once
the flare has subsided. On the other hand, if
the doubling or wipling of T, happens to be
in the range appropriate to melting proto-
chondrules, then the body stays molten
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only for the period of time (tens of minutes
for an impulsive flare) that the flare inten-
sity is near its maximum. Such conditions
are perfect for producing the observed
chondrule textures, while they still allow
some chondrules to retain rtheir moderate
volatiles (35).

In the low magnetic state, when the
inner edge of the gas disk pushes closer ro
the central star, the T, values in the em-
bedded and revealed cases are 1600 and
1100 K, respectively, which are  high
enough to drive our most of the FeS, Na,
and K, especially if the precursor rocks re-
side for decades at such points before the
x-wind scours our rthe region. When
laumched, the rocks acquire and maintain
T o values near 2200 and 1600 K for days,
which will evaporate most of the magne-
sium-iron silicates. Then many difficulties
disappear (36), leaving primarily a refracto-
ry residue of molten or partially molten
calcium-aluminum oxides and silicates. The
typical sizes 2R, of 4.9 and 0.22 mm for the
rocks that return to the asteroid belt arc
characteristic of CAls found in carbona-
ceous chondrites and ordinary chondrites,
respectively. Larger specimens must he pro-
duced during fluctuations that have higher
values of M, than assumed for the present
calculations.

The melting of protochondrules and the
deposition of rims onto proto-CAls may
occur many times before these hodies are
cver launched by an encroaching x-wind.
The multiplicicy of large flare events re-
moves the ditficuley encountered in (21) of
explaining CAls with very thick fine-
grained rims. In particular, CAls that are
almost entirely composed of successive lay-
ers of rims no longer pose a problem for the

Table 1. Fluctuating x-wind model in embedded stage.

Quantity High state Average state Low state
w. {G em?) 6 X 10%7 2 x 10% 1 X107
A, {em) 1.5 % 10% 8.4 x 10" 5.5 x 10"
Q (87 4.4 % 10 8 1.1 x 107° 20%10 #
7, (kms™" 140 190 230
T AK) 750 1200 1600
T (K) 1300 1800 2200
2R, (mm) 3.0 3.8 4.9
Table 2. Fluctuating x-wind maodel in revealed stage.
Quantity High state Average state Low state
e (G em®) 3 X 10% 1 X 10°%7 0.5 X 1077
A, {cmj 2.1 x 102 11 %102 7.7 x10M
QO (s ) 3.3 x 10-° 8.7 %10 ¢ 1.5% 10 ©
v, kms) 150 200 240
T K 500 800 1100
T (K) 950 1300 1600
2R (mm) 0.14 0.19 0.22
www.sciencemag.org © SCIENCE » VOL. 277 » 5 SEPTEMBER 1997 1477



x-wind model. Indeed, with thick mantles
likely for proto-CAls, the evaporation of
less refractory material in the x-wind prob-
ably removes more rim material from CAls
than is added by in-flight condensation.
Moreover, because the temperature swings
in the reconnection ring are nonmono-
tonic, successive layers that survive need
not be arranged according to a strict con-
densation sequence.

Intermediate magnetic states allow for
refractory objects that neither melt nor va-
porize when exposed to flares or when sub-
sequently launched by the x-wind. Such
objects may retain shapes that resemble
fluffy aggregates. If these fluffy aggregates
are sufficiently large and dense, they will
not couple perfectly to the x-wind by gas
drag, and they can reenter the disk after
traveling to planetary distances. Is this the
origin of the amoeboid olivine inclusions
found in chondritic meteorites? Would the
carrying of the smaller or less dense coun-
terparts of these bodies to interstellar space
by the x-wind explain the loss of such re-
fractories in ordinary chondrites [see figure
7.3.6 of (37) and the discussion on page
1550 of (21)]?

Over a complete magnetic cycle (de-
cades), the examples given in Table 1 and 2
can produce both CAls and chondrules. If
the CAls and chondrules thrown to the
main asteroid belt accrete there onto bodies
larger than ~10* m, we need not worry that
CAls and chondrules have inward radial
drift time scales of only ~10* years (32).
For accretion times onto parent bodies
shorter than the YSO evolution time of
about a million years, the size differences in
CAls and chondrules produced during the
embedded and revealed stages can be main-
tained in the resultant meteorites. We ad-
dress the question of the relative frequen-
cies with which CAls and chondrules are
found in carbonaceous and ordinary chon-
drites after we first consider the gross ener-
getics of magnetic energy release in the
x-wind model.

Rate of magnetic energy release. When
Q, # O, dimensional analysis of the fun-
nel-flow configuration gives the rate of in-

crease Of magnetlc energy Em‘g as
dE['l\’]g M
L= Q- Qs 1
dt Tll ES x| RZ ) ( )

where 1) is a dimensionless form factor that
incorporates the details of the specific field
geometry. In the x-wind model of Fig. 1,
where only a third of the field lines trapped
by the x-region are tied to the star, giving
rise to funnel flows that end on hot spots
occupying several percent of the surface
area of the star (24), we expect n < 1.
Numerical simulations of solar flares suggest
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that the disruption of helmet streamers trig-
gers CMEs on the sun when the accumu-
lated shear has increased the field energy to
a point where ejection of magnetized plas-
moids opens the field lines under the hel-
met dome [see figures 1 and 2 in (38) and
also the simulations in (39)]. For the geom-
etry applicable to YSO funnel flow, the
analogous process in the reconnection ring
will also sporadically inject fresh poloidal
fields to be trapped by the x-region, offset-
ting later reconnection losses.

Applied to the examples of Tables 1
and 2, we suppose that the star has an
angular velocity equal to _ of the average
states, , = 1.1 X 107° and 8.7 X 107°
s~!. The scale [Q, — Q |uwi/R2 for disk-
augmented magnetic energy release is
therefore 7.0 X 10%3 and 5.2 X 10°? erg
s~ ! during the high states, and it is 5.4 X
10%% and 3.4 X 10%? erg s! in the low
states. These scalings suggest, for both
high and low states, that the model in
Table 1 is ~15 times more powerful an
x-ray emitter than the model in Table 2,
with most observed CT TSs probably in a
more advanced stage of evolution than in
the fiducial example in Table 2.

The above conclusions are insensitive to
the specific numbers used in the models.
We obtain the x-ray luminosity from L" =
€ dEmg/dt where €, is the efficiency for
generating x-rays and is <1 because some of
the magnetic energy release goes into the
kinetic energy of CMEs, accelerating fast
particles, and other wave bands. If we now
write |Q,, — Qx| = SO, where S is a
number of order unity, and if we eliminate
iy from Eq. 1 by using equation 1 of (21),
we get ’

GM, M,

LY = ens®}—p—,

(2)

where @, = 1.15 in the model preferred by
(24) and G is the universal gravitational
constant. Thus, with everything else rela-
tively equal, the release of magnetic energy
is proportional to the disk-accretion energy
scale GM4Mp/R,, which is larger in earlier
stages than later ones. Because L°" mea-
sured observationally is much lower than
the scale GM*MD/RX, the product €mS
must be <<1.

Soft x-rays, plasma drag, and survival
time of proto-CAls. Coronal plasma at
~107 K can be trapped by closed loops of
magnetic field only if the pressure of the
hydrogen plasma, ~2n kT, where n,_ is the
electron density and k is Boltzmann’s con-
stant, is less than the magnetic pressure,
B?/8, at the weakest point of the loop. For
the average state in the fiducial model of
Table 1, the magnetic fields below the Y
points in Fig. 1 measure <10 G. With the

other cited values, our constraint becomes
n, = BY16mwkT = 1 X 10° cm™>. From
thermal bremsstrahlung theory, we can cal-
culate that a hydrogen plasma of n, = 10°
cm 2 and T ~ 107 K, confined to a volume
~R2 ~ 10%¢ cm?, will radiate a luminosity,
L, =< 10°° erg s7! (5), consistent with the
assumption made at the outset that most of
the total x-ray luminosity inferred from
ROSAT observations for protostars is
associated with heating by fast particles
enhanced by strong disk-magnetosphere
interactions.

The plasma tied to field lines attached
to the star corotate with the star, but rocks
in the reconnection ring rotate at a local
Keplerian angular speed ) > Q. on aver-
age. The slip occurs at relative velocity
Av = (Q — Q,4)R, which is typically less
than the thermal velocity vy of the coro-
nal hydrogen ions. The resultant drag has
an associated spiral-in time of ~p R/
purAv, where p. ~ 3 g cm™ * and p, and
v = RQ are the mass density and Kepleran
speed, respectively, of the ambient gas.
With p, ~ 5 X 107 gem™ (n, ~ 3 X
108 cm 3), vy ~3 X 107 cm™! (T ~ 107

K),and v ~ 3Av ~ 1 X 107 cm s~ ! for R
equal to 80% of the corotation radius, the
spiral-in time is ~10 years for a proto-CAl
of diameter 2R_ ~ 1 cm, but it is only ~1
year for one of diameter 2R. ~ 1 mm.
Thus, if normal CAls are produced from
precursor rocks deep inside the reconnec-
tion ring during the average state, fluctu-
ations in the x-wind on a time scale At ~
10 years have a reasonable chance of re-
trieving the CAls when they have the
centimeter sizes that characterize the larg-
er CAls of carbonaceous chondrites. How-
ever, under the same conditions, the fluc-
tuating x-wind would find it difficult to
retrieve CAls of the millimeter and small-
er sizes that occur in ordinary chondrites.
Perhaps this yields another reason, in ad-
dition to those given in (21), why CAls
are abundant in carbonaceous chondrites
and rare in ordinary ones.

Extinct radioactivities in meteorites.
Fluctuating x-winds also have the potential
of reviving a discarded explanation for the
extinct radioactivities found in meteorites
(40): bombardment of rocks by cosmic rays
from the young sun (41, 42). This possibil-
ity has conventionally foundered on the
fact that a proton plus alpha fluence suffi-
cient to synthesize 4'Ca, and **Mn at me-
teoritic levels fails by one to two orders of
magnitude to produce enough 2°Al. How-
ever, impulsive flares arising from recon-

" nection events in the reconnection ring,

where CAI precursors lie before they are
launched by an inwardly encroaching x-
wind, accelerate numerous *He nuclei to
mega—electron volts per nucleon and high-
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er energies. Such particles, competitive in
numbers to protons and alphas in impulsive
flares (16), can yield 2°Al by the exother-
mic reaction **Mg(*He, p)?°Al. Unfortu-
nately, a corresponding reaction, “°Ca(*He,
2p)*'Ca, overproduces 4'Ca by about two
orders of magnitude if the *He fluence suf-
fices to give 2°Al at the required meteoritic
levels (42). The overproduction of *'Ca
relative to 2°Al can be avoided if proto-
CAls have thick mantles of less refractory
rock surrounding more refractory cores, as
described in the section “Implications for
CAI and chondrule formation.” Then, 3He
nuclei of about a few mega—electron volts
per nucleon are stopped in an outer rock
layer of thickness ~60 wm after they have
had a chance to interact with the target
atoms **Mg for producing 2°Al but before
they have penetrated to the core to interact
with the target atoms “°Ca for producing
41Ca. Upon launch in the x-wind, the 26Al
atoms will diffuse to the calcium-alumi-
num-rich core, whereas most of the mag-
nesium-rich mantle evaporates away, leav-
ing the thin rims found on normal CAls.

We present elsewhere a full exposition
of this topic (42). For the present, we mere-
ly note that if 2°Al is produced within the
solar system at different levels in CAls and
chondrules rather than seeded at a single
uniform value from outside (36), then many
difficulties disappear with having to form
CAls a few million years earlier than chon-
drules, and having to store the former in the
nebular disk while waiting for the latter to
emerge (32). Thus, the extension of the
theory of x-winds to include the notion of
fluctuations opens for quantitative investi-
gation, within a single framework, three
subjects inaccessible to the steady-state
model: the enhanced generation of x-rays in
YSOs, the flare-heating of chondrules, and
the solar cosmic-ray synthesis of short-lived
radioactivities in meteorites.
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