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We review the basic physics of particle-gas interactions, and describe the various nebula
epochs and regimes where these interactions are important. The potential role of turbulence is
of special interest in a number of ways. Processes discussed include growth by sticking and
incremental accretion, enhancement of abundance due to radial drift across evaporation bound-
aries, outward transport of small particles by diffusion and stellar winds, various midplane insta-
bilities, and size-selective aerodynamic concentration of chondrule-sized particles. We provide
examples of the structure and/or composition of primitive meteorites where these processes might
have played a defining role, or where their signatures might be diagnostic.

1. OVERVIEW

It islikely that aerodynamic effects dominate the evolu-
tion of the main meteorite constituents (chondrules, refrac-
tory inclusions, fine-grained accretion rims, and matrix
grains) into the first sizeable objects. We will refer to the
first growth from free-floating nebula constituents to objects
the size of meteorite parent bodies as primary accretion. In
section 2, we review the underlying principles — the rele-
vant properties of the nebula gas and its flow regimes, the
physics of gas drag and particle stopping times, and the
derivation of particle velocities in the presence or absence
of turbulence. In section 3, we review the most well-devel-
oped incremental growth models for primary accretion, not-
ing the role of sticking and how the growth regime changes
as particles grow from fine dust to meters or larger. The key
role of turbulence in determining growth timescalesis first
encountered here. In section 4, we describe a less-traditional
path to primary accretion, in which turbulence selectively
concentrates chondrule-sized constituents into dense zones
that might subsequently evolve directly into objects with at
least the mass of a many-meter-sized particle. In section 5,
we note how solids can decouple from the gas and become
widely redistributed, interacting with evaporation fronts in
ways that can profoundly affect the regional mass distribu-
tion and chemistry of planet-forming materials. In section 6,
we sketch an evolutionary scenario that might provide some
helpful context for interpretation of the meteorite record.
We summarize in section 7. Table 1 provides alist of sym-
bols used frequently throughout this chapter.

2. UNDERLYING PRINCIPLES
2.1. The Nebula Gas

The properties of protoplanetary nebulae are as uncertain
and controversial as those of meteorites. These are summa-

rized in Boss and Goswami (2006) and Russell et al. (2006);
see also the review by Calvet et al. (2000). The typical
nebula mass M (98% hydrogen and helium) isasmall frac-
tion (0.02-0.2) of the stellar mass M., and cannot yet be
measured directly. Current estimates of the surface gas mass
density y(R) (g cm), a distance R from the star, are based
on assumptions about emission from solid particles, and will
underestimate the disk mass once particles have grown past
millimeter size. The concept of the minimum mass nebula
(MMN) (e.g., Hayashi, 1981; Hayashi et al., 1985) is a
handy benchmark, but has no solid physical basis and (by
construction) is an underestimate to the degree that solids
were lost either into the Sun along with hydrogen, or by
whatever subsequent processes depleted the asteroid region
and gjected comets into the Oort cloud.

The nebula gas flows into the star a arate M and ve-
locity V,, = M/21iRa,. The inflow rate M, which decreases
by orders of magnitude over the likely disk lifetime M/M,
also seems to vary by over an order of magnitude even for
systems with the same apparent age (Calvet et al., 2000)
and thus the lifetime is both uncertain and probably system-
dependent. Outward transport of angular momentum must
occur to create this mass inflow. However, the mechanism
for producing this transport is not well understood and re-
mains a matter of debate. Turbulent viscosity v, once the
mechanism of choice, has been questioned by many theorists
in regions (such asthe asteroid belt region) where the nebula
gasistoo dense and too cool to sustain a magnetorotational
instability; this is primarily because numerical models of
the differential rotation law obeyed by Keplerian disks have
not demonstrated turbulent instability, and linear analysis
does not predict it (Sone et al., 2000). However, the situa-
tion regarding production of turbulence by differentialy ro-
tating neutral gasisin flux (e.g., Richard and Zahn, 1999;
Fleming and Stone, 2003; Richard, 2003; Mosqueira et al.,
2003; Klahr and Bodenheimer, 2003a; Arldt and Urpin,
2004; Umurhan and Regev, 2004; Garaud and Ogilvie,
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TABLE 1. List of frequently used symbols.

Parameter Definition

c gas molecule thermal speed, or sound speed

C C, concentration or mass fraction of a tracer, and its cosmic value (section 5.4)
G gravitational constant

h, particle midplane layer vertical scale height (section 3.3.1)

H nebula gas vertical scale height

l, L generic, and largest, eddy scales in turbulence (section 2.2)

Mo solar mass

M, stellar mass

M nebula mass accretion rate, Mg /yr

r particle radius

R distance from the star

Re, distance of an evaporation front from the star (section 5.4)

Re, Rex turbulent Reynolds number (section 2); critical Re for midplane turbulence (section 3.3.1)
Ro turbulent Rossby number of the near-midplane nebula gas (section 3.3.1)
St S, St particle Stokes number = tQ, t.Q,, tQ(n) (section 2.2)

tg particle stopping time due to gas drag (section 2.2)

Vi Keplerian velocity

A “large” (typically, meter-sized) particle drift velocity ~ BV (sections 2.3.1 and 5.4)
V, nebula gas radial accretion velocity (sections 2.1 and 5.4)

Vo particle fluctuating velocity in turbulence (section 2.4)

Vg relative velocity between particle and gas in turbulence (section 2.4)

Vop relative velocity between identical particles in turbulence (section 2.4)

a turbulent intensity parameter (section 2.1)

B pressure gradient parameter (section 2.3.1, | of Nakagawa et al., 1986)

D, vt nebula turbulent diffusivity and viscosity (section 2.1)

AV maximum velocity difference or headwind between particles and gas (section 2.3.1) = BV
n Kolmogorov scale; smallest eddy scale in turbulence (section 2.2)

Vi nebula gas molecular viscosity

Q angular velocity

Qx Keplerian (orbital) angular velocity

Q. largest eddy angular velocity

Q, angular velocity at x-point near accreting star (section 5.1)

Ps individual particle internal density

Pp particle phase volume mass density

O Py nebula gas surface and volume mass density

o. large particle surface mass density

2005). Of specia emerging interest is the possibility that
even very small changes in some of the governing param-
eters, when extrapolated over the very large range of Rey-
nolds numbers separating the nebula from current simula-
tions, might lead to qualitatively different results (Sreeniva-
san and Solovitsky, 1995a, and references therein; Afshordi
et al., 2005; Mukhopadyay et al., 2005; also Busse, 2004).

Whatever the physics that drives nebular evolution, nebu-
lae do evolve, and the ongoing inflow means that gravite-
tional energy is constantly being released; this energy alone
can maintain turbulent fluid motions. Some evidence for
ongoing turbulence through the million-year timeframe is
that disks of these ages, and older, commonly show evi-
dence for small grains that are well distributed vertically
(Dullemond and Dominik, 2005). Based only on the amount
of energy being released by the evolving nebula, values of
o ~ 10-5-10-3 are not hard to justify (Cuzz et al., 2001).
These fluid motions create a diffusivity D even if their par-
ticular correlations do not lead to a viscosity v (cf. Prinn,

1990). We will finesse the distinction by taking their ratio,
the Prandtl number Pr, equal to unity, and parameterize both
D and v by the dimensionless parameter a: D = v, = acH,
where c is the sound speed and H the nebula vertical scale
height. ThenV, = v{/R. Stellar winds and jets are observed
in many, but not all, systems, and their strengths generally
decrease along with M (André et al., 2000).

The nebula gas is heated by a combination of stellar ra-
diation and local dissipation of the released gravitational
energy GM.M/R. The relative strength of these energy
sources depends on the actual viscous dissipation and the
steepness of flaring of the vertical scale height H(R). In-
frared observations of disk thermal emission can be related
to gas temperatures at various vertical and radial locations
by making assumptions about the opacity of the solids in
the nebula, which is a function of their (time-variable, and
mostly unknown) particle size. The temperature is higher
near the star, and (if viscous heating is important) closer to
the midplane, but just where and when the temperature
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reaches interesting values such as the condensation points
of refractory oxides, silicates, or water ice is model depen-
dent and might have varied from one system to another. For
any given M, nebula temperatures are higher for smaller a
(the disk must be more massive) and run higher in recent
models and analyses (Papal oizou and Terquem, 1999; Bell et
al., 1997; Wbolum and Cassen, 1999) than those reviewed in
the original volume of this series (Wbod and Morfill, 1988).

Nebula models are usually described by their gas den-
sity pg = 0,/2H; however, meteoriticists usualy prefer pres-
sure. The conversion is simply done using the ideal gas law
P = pyRyT/1 = pc43, where Ry = 8.3 x 107 erg/mole-°K =
82.1 cm3 atm/mole-°K isthe universal gas constant, =2 g/
mole for molecular hydrogen, local T is degrees Kelvin, and
local py is glems3.

For the purpose of this chapter we will adopt a canoni-
cal nebula, keeping in mind that key parameters such asthe
mass M, turbulent intensity parameter o, and lifetime M/
M of our own nebula are uncertain by at least an order of
magnitude. We will subsequently discuss how different val-
ues of M and/or M might relate to different nebula epochs,
radia regimes, and mineral products. For a specific example,
takeaMMN accreting at M = 10-7 Mg /yr (Bell et al.,1997).
At 3 AU, with atemperature of 500 K and py = 10-10 g/cms,
P =2x 10-6 bar. At 0.3 AU with a temperature of 1500 K
and py = 3 x 10-8g/cm3, P = 1.8 x 10-3 bar (see also Wood,
2000). Densities and pressures might have been higher in the
early days of the nebula (<106 yr) when formation of refrac-
tory inclusions occurred, and lower by the classical T Tauri
stage when M probably dropped to 108 Mg/yr (Wbolum and
Cassen, 1999).

2.2. Particle Stopping Times and
Turbulent Eddy Times

The particle stopping time t, is the time in which the par-
ticle equilibrates with a gas moving at some relative veloc-
ity. Small, light particles have short stopping times and ad-
just much more quickly to gas fluctuations than large, dense
particles. Particle-gas coupling is by a drag force, which
depends on the gas density py, the particle radiusr, and its
internal density p, (which islower than the “solid” density
for porous aggregates such as fluffy CAls). If the particle
radius is larger than the molecular mean free path A = 50
(10-19g cm~¥/py) cm, t; can depend on its relative velocity as
well. Full descriptions of the various regimes of interest are
given by Weidenschilling (1977), Nakagawa et al. (1986),
and Cuzz et al. (1993). Since the gas mean free path even at
1 AU issevera centimeters, all typical constituents of chon-
drites satisfy r < A, so we will generally use the so-called
Epstein drag stopping time expression

=P ®

For particles with r > A (the Stokes drag regime), up to
nearly 10 m radius under nebula conditions, t, remains

355

nearly velocity-independent and may be approximated by
multiplying the expression above by the factor r/2\ (Cuzzi
et al., 1993).

In the case of aturbulent gas, particles experience con-
stantly fluctuating velocity perturbations from eddies with
arange of length scales ¢ and associated fluctuation times
t,(¢). Turbulenceis an essentially lossless cascade of energy
from large, slowly rotating eddies with lengthscale L and
velocity V, which are forced by nebula-scale processes,
through smaller and smaller scales, with correspondingly
faster eddy timescales, to some minimum lengthscale n,
called the Kolmogorov scale, where molecular viscosity v,
can dissipate the macroscopic gas motions and turbulence
ceases. Instead of presuming that large eddy scales L are
on the order of the scale height H, which leadsto V, = ca,
we believe it more realistic to presume that large eddy fre-
quencies Q, are no slower than the orbit frequency Q, due
to coriolis effects; thislogic leadstoV, = cal2and L = HaV2
(for details see Shakura et al., 1978; Cuzz et al., 2001).
This relationship for V(a) differs from that presented by
Shakura and Sunyaev (1973), and subsequently followed
by a number of authors, including Weidenschilling and
Cuzzi (1993); thus turbulent velocities are larger than pre-
viously thought for any given a, with implications for set-
tling and diffusion of particles from chondrule size to meter
size (sections 3 and 5). The turbulent Reynolds number is
Re = (L/n)43 (Tennekes and Lumley, 1972), where for ca-
nonical nebula parameters at 3 AU Re = acH/v,, ~ 3 x 107
for a = 10-4. In this case, using L = Ha'2, n ~ LRe 34 ~
1 km. In most known cases of real turbulence, the Kolmo-
gorov energy spectrum is a good approximation. Then, for
awide range of lengthscalesn < ¢ <L, the turbulent kinetic
energy density E(/) is given by the inertial range expres-
sion E(¢) = (V3/2L)(¢/L)-Y3, where the factor VZ/2L is ob-
tained from the normalization |, rL] E(/)d? =V32. The energy
characterizing atypical lengthscale 7 isE(¢,d¢ = ¢) = /E(¢) =
£(VE2L)(¢/L)12 = 0.5 VE(//L)23. Then the eddy frequencies
for arbitrary ¢ scale as Q(¢) = Ut (¢) = v(¢)/¢ = (20E(0))V2/
0 =Q, (¢/IL)23 (e.g., cf. Tennekes and Lumley, 1972; Cuzz
et al., 1996, 2001).

In calculating the response of a particle to fluctuating
eddy motions of this type, the dimensionless Stokes num-
ber St = tQ(¢) is used. Particles with St < 1 with respect
to some eddy scale / have stopping times much less than
the overturn time Q(¢)-1 and are strongly coupled to those
eddies. Particles with t; much less than even the shortest
(Kolmogorov eddy) overturn time t,(n) are coupled to the
gas and, effectively, move as gas molecules. In most cases
we will define St = St =t.Q, =t.Q,; however, in section 4
we describe interesting and relevant effects associated with
particles having stopping timet, equal to t(n) = Q'(n/L)23=
Q;{(Re34)23 = QO Re12,

2.3. Meteorite Observations Implicating
Aerodynamics

Dodd (1976) first discovered evidence for aerodynamic sort-
ing in unequilibrated ordinary chondrites (UOCS). He com-
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pared the sizes of metal grains, and silicate grains of differ-
ent metal content, and found that the sizes and densities were
consistent with rp, = constant (cf. equation (1)). Shortly
thereafter, Hughes (1978) determined, from thin section and
disaggregation analysis, that complete, rounded chondrules
and obvious fragments of larger chondrules obeyed the same
size distribution. This was reemphasized by Leenhouts and
Skinner (1991) and Skinner and Leenhouts (1991), who also
noted the presence of pre-accretionary fine-grained dust rims
on chondrule fragments. They concluded that aerodynam-
ics operating on solid particles, rather than something about
the formation process, was deterministic to the characteristic
narrow chondrule size distributions. Scott and Haack (1993)
obtained similar results for Lanceé (CO3). Nelson and Rubin
(2002) commented that chondrule fragments in Bishunpur
(LL3) were notably smaller than whole chondrulesin Bish-
unpur; however, their Table 2 reveals that chondrules and
fragments generally cover the same size range, with aero-
dynamic differences possibly attributable to shape. As did
Dodd (1976) for UOCs, Skinner and Leenhouts (1993)
showed that metal and silicate particles from Acfer 059
(CR2) had the same rp.. Hughes (1980) found that the den-
sity and diameter of disaggregated silicate chondrules were
inversely correlated; similarly, Cuzzi et al. (1999) found
that, for disaggregated chondrules for which both r and pg
could be measured, distribution histograms narrowed if the
correct rp, product were used for each chondrule. Kuebler
et al. (1999) introduced tomographic techniques and found
that metal grains (although irregularly shaped) and silicate
chondrules in three UOCs have nearly the same rp,. Con-
sistent with their more irregular shapes, the metal grains of
Kuebler et al. (1999) were less well sorted than the more
equidimensiona chondrules. Haack and Scott (1993) have
suggested that aerodynamical sorting of high-FeO and low-
FeO chondrules might have been responsible for the differ-
ences between the UOC types (more-dense, low-FeO chon-
drules sorted primarily into the H chondrites). In sections 4
and 6.3, we describe newer, possibly diagnostic results re-
garding turbulent concentration of aerodynamically selected
particles, and acquisition of fine-grained dust rims, in nebula
turbulence.

Not all meteorites and components are so simply inter-
preted, however. Calcium-aluminum-rich inclusion sizes are
poorly known (May et al., 1999) but CAls appear to be less
narrowly sorted (and also somewhat larger) than chondrules
and chondrule fragments in the same chondrites. Perhaps
thisis due to fluffiness, irregular shapes, or lower material
densities of the CAls. However, the chondrite types having
the smallest (largest) chondrules also tend to have the small-
est (largest) CAls, supportive of aerodynamic sorting (Scott
et al., 1996). Itisaso truethat in CH and CB chondrites, the
metal particles are as large, or larger, than the silicate par-
ticles (A. Meibom, unpublished data, 2000; personal com-
munication, 2003; see, eg., Greshake et al., 2002, Fig. 1).
Thislatter fact, if indeed true, seems to be incompatible with
aerodynamic sorting. It is emerging that CH and CB chon-
drites are the youngest of all chondrites (Amelin et al., 2002,
2004; Krot et al., 2005a; Bizarro et al., 2004), and they may

have formed in very different environments than normal
chondrules and chondrites (Connolly et al., 2006; \Weisberg
et al., 2006). For more discussion of meteoritic constraints
on the environment of these small particles, see Cuzz et
al. (2005a).

2.4. Particle Velocities

As one simple example of how t, works, under a nonfluc-
tuating acceleration such as that due to the vertical com-
ponent of solar gravity g,(z) = -Q3z, particles reach ater-
minal velocity V, = g,t,, which is size dependent through
ty(r) and altitude dependent through both g, and t(py(2)).
Below, we expand on how particles respond to the forces
that act upon them; first we discuss the case without turbu-
lence, and then show how turbulence (fluctuating accelera-
tion) affects things.

2.4.1. The headwind and radial drift. Whipple (1972)
first pointed out that the nebula gas can rotate either more
dowly or more rapidly than the Keplerian velocity of asolid
particle, depending on the local pressure gradient. The gen-
eral decrease of gas density and temperature with increas-
ing distance from the Sun, and the corresponding outward
pressure gradient, provide a slight outward acceleration on
the gas that opposes the dominant inward acceleration of
solar gravity. Solid particles, responding only to solar grav-
ity, experience a headwind from the more slowly rotating
gas, which saps their angular momentum, causing them to
orbit more slowly than the local Keplerian velocity and to
drift inward. Subsequent work by Adachi et al. (1976), \&i-
denschilling (1977), and Nakagawa et al. (1986) describes
this physics very clearly and it is only paraphrased here.

The ratio of the differential pressure gradient accelera-
tion Ag to the dominant central gravity acceleration g is

Ag _ dPdR
29 20%Rp,

B ~10-3-10-2 )

in the asteroid belt region, where therangein 3 isdueto the
uncertain range of radial density and temperature gradients
in the nebula (see Cuzz et al., 1993, Table 1). A useful ap-
proximation is that B = (c/V )2 = (H/R)2.

A parcel of gas experiencing an outward pressure gradi-
ent characterized by 3 will orbit at a velocity slower than
Keplerian by an amount A = BV,; at 2.5 AU, V. = 18 km/s,
so AV ~ 36-144 m/s. Large bodies (>1 m) are not signifi-
cantly influenced by the gas and orbit at Keplerian velocity,
thus incurring a headwind of this magnitude. The very
smallest particles are forced to orbit at the gas velocity, but
do not feel the outward gas pressure acceleration, so have
an imbalance of gravitational and centrifugal accelerations
Ag = 2BRAOE = 2BQV. These particles drift Sowly inward
under this constant acceleration at terminal radial velocity
Vi = Agt, = 2StBV = 2SLV. Radid drift rates increase with
size through increasing t,, and this expression is actually
quite good over awide range of particle sizes <30 cm or so.
Particles of roughly meter size, with t,=t(L) = /Qy, expe-
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Fig. 1. Radia (inward) drift velocity for unit density particles at different locationsin anominal nebula model (o, =1700(1 AU/R)P g
cm2), as functions of particle radius (cm) and distance from the Sun (AU). Left: p = 1/2; center: p=1; right: p = 3/2. For comparison,
the horizontal band in the p = 1 plot indicates the range of nebula gas advection, or inward drift, velocities V,, due to angular momentum
transport at 5 AU from the Sun for a typical model with a = 10-3 (sections 2.1 and 2.4.1). Curves are labeled at radii of 1 and 30 AU,

and at equal factors of 1.4 between.

rience nearly the full headwind yet are not massive enough
to avoid drifting; they achieve the maximum radia drift rate
Vr = AV (Weidenschilling, 1977). An example of radial drift
velocities Vg, for arange of nebulamodelsisshowninFig. 1.
Over this range, gas densities decrease radially outward,
leading to an outwardly increasing t, that partially offsets
the outwardly decreasing V; thus radial dependence of V5
is not particularly strong (especialy for o, L R).

Asthelocal particle mass density p, grows, such as near
the midplane, particles with p, > py can drive the entrained
gas toward Keplerian velocity, which decreases their head-
wind and drift rates Vg and V (see below). Analytical ex-
pressions for all particle headwind and drift velocitiesrela-
tive to the gas have been derived by Nakagawa et al. (1986)
for arbitrary ratios of local particle mass density to gas mass
density. These can conveniently be used in the limit p,/p, <
1 to obtain headwinds and drift velocities for isolated par-
ticles of any size and density.

We note that drift velocities are systematic, and depend
on particle size. Identical particles would have the same
velocity components and no relative velocity; they would
experience no collisions due to drift. If turbulenceis present,
it can produce relative velocities and collisions between
identical particles (aswell asthose of different sizes). Unless
the nebulais perfectly laminar, particle velocities will be due
to both sources, with the actual values dependent on nebular
parameters, turbulence properties, and particle sizes.

Local pressure fluctuations and particle concentrations:
Even though the nebula has an overall outward pressure
gradient, strong local effects might arise in which pressure
gradients, and particle drift, could go both ways. For in-
stance, particles could quickly drift into local radial pres-

sure maxima in the nebula gas (Haghighipour and Boss,
2003a,b; Fromang and Nelson, 2005; Johansen et al., 2005).
If the nebula gasis globally gravitationally unstable, large-
scale spiral density waves will provide such localized nearly
radial pressure maxima. Transient local enhancement in spi-
ral density waves of the most rapidly drifting (meter-sized)
particles by factors of 10—100 has been seen (Rice et al.,
2004). The end result is similar to that seen associated with
large vortices (section 3.3.3) in that some potential for par-
ticle mass density enhancements exists. As discussed in
section 3.3.3, increased collision rates in these regions may
or may not lead to faster particle growth, depending on the
relative collisional velocities, which will be connected to the
strength of turbulence associated with these large-scale fluid
dynamical structures (Boley et al., 2005).

2.4.2. Particlevelocitiesin turbulence. While particle
velocities in turbulence have been studied extensively in the
fluid dynamics literature (see Cuzzi and Hogan, 2003), the
first and main contribution in the astrophysics literature was
made by VOlk et al. (1980, hereafter VIMR). It was updated
by Markiewicz et al. (1991, hereafter MMV), who included
the importance of the cutoff in turbulent forcing at the Kol-
mogorov scale n as suggested by Weidenschilling (1984),
and also studied by Clarke and Pringle (1988).

We will refer to particle velocities with respect to iner-
tial space as V,, those with respect to the gas (combined
radial and angular components) as V,;, and those with re-
spect to each other asV,,. Ingeneral, V; is used to determine
the diffusive nature of particle motions, and playsarolein
determining the thickness of the midplane particle layer and
thus the planetesimal growth rate (section 3.3), as well as
diffusing small particles such as CAls and chondrules ra-
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dialy throughout the nebula (section 6.2). V,; determines
how fast the particle sweeps through the gas (and smaller
particles more firmly tied to the gas), and plays arole in
constraining how chondrules and CAls acquire fine-grained
accretion rims (section 6.3). V,,, determines how often like
particles encounter each other and with what collisional
speed (section 3.3.2). Cuzzi and Hogan (2003) expand on
the VIMR prescription and derive simple, fully analytical
expressions for V, V,,, and V,, for arbitrary (identical)
particles in turbulence of arbitrary intensity. An alternate
derivation, but restricted to V,, was presented by Cuzz et
al. (1993).

The response of a particle to turbulence, which has a
spectrum of eddy scales and frequencies, is much like the
classical problem of the response of an oscillator to peri-
odic forces of different frequency. The oscillator responds
well to forces that vary more slowly than its natural re-
sponse time, and poorly to those that vary more rapidly. For
aparticle, the natural response timeisjust t. Particles will
simply be entrained in eddies that have overturn time >t
and will share their velocities and spatial excursions. How-
ever, nearby, identical size particles in the same eddy will
obtain almost no relative velocity from these eddies. Parti-
cles do experience random perturbations, in different direc-
tions, from smaller eddies with smaller timescales than t,,
and even nearby particles can incur random relative veloci-
ties this way. However, the absolute velocities of small,
high-frequency eddies are smaller than for large, low-fre-
guency ones (section 2.2). So small particles have slow rela-
tive velocities, and those with t, smaller than the smallest
eddy overturn time have only very small relative velocities
(section 3.2).

Figure 2 shows V,, V,,;, and V , for (identical) particles
of awide range of sizes, in turbulence of three different Re
(or a). All are normalized by the turbulent gas velocity V, =
cal2, The particle size is presented on the lower axisin full
generality as the Stokes number St; = t/t, wheret isthe
overturn time of the largest eddy — presumed to be the
local orbit period. Very roughly, centimeter-radius, unit den-
sity particles at 2.5 AU from the Sun in a standard MMN
have t,~ 105 s and thus St, ~ 3 x 10-3. It is of special note
that meter-radius particles have t, ~ orbit period and thus
St~ 1.

Several points of interest are shown in thisfigure. There
isasingle curvefor V, because only the largest eddies con-
tribute to V,, and so the value of Re, which essentially de-
termines the size of the Kolmogorov scale n and its eddy
properties, is unimportant. Particles of all sizes up to nearly
ameter share a significant fraction of the gas turbulent ve-
locity. The particle diffusion coefficient D, which we will
use in section 3.3 to calculate the density of midplane par-
ticle layers, and in section 6.2 to explain the preservation
of CAls for millions of years after their formation, can be
written as D, = DV3/Vi= DI/(1 + St) (VIMR; Cuzz et al.,
1993; Cuzzi and Hogan, 2003). Recent numerical studies
are generally in agreement with these predictions (Schrapler
and Henning, 2004; Carballido et al., 2005), Second, for
large particles, V,,, decreases with size as St2; for particles
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Fig. 2.V, (dot-dash), V, (dotted), and V,, (solid) for (identical)
particles of a wide range of sizes, as normalized by the gas tur-
bulent velocity Vg, and in turbulence of three different Re (or a).
(a) Re= 104 (b) Re= 107; (c) Re= 10°. Dashed curve = exact
numerical solutions from MMV; vertica hash marks = location
where St, = 1 (discussed in section 4). Figure from Cuzz and
Hogan (2003).

smaller than St =1, V,, increases with size as S/2; how-
ever, V,,, drops sharply to zero for particleswith St < Re-
V2 which translates into particles having t, < t,(n). We will
useV, in section 3.3.2 to calculate the collisional destruc-
tion time of meter-sized particles. Third, thereis a steepen-
ing in slope of V,, for particle sizes with ty < t(n). We will
useV,, to mode! the thickness of fine-grained accretion rims
on chondrules and CAls in section 6.3.

3. INCREMENTAL GROWTH
3.1 Sticking

The preceding discussion of particle velocities makes it
clear that their relative motions lead to collisions. Even in
a nonturbulent nebula, differential drift velocities are typi-
cally larger than the escape velocity for bodies smaller than
about a kilometer, so growth must involve nongravitational
sticking. Thisrequires an attractive force between particles,
such as van der Waals or other forms of surface energy,
electrostatic or magnetic forces, and some mechanism of
dissipating energy during a collision. Outcomes of collisions
depend on the impact velocities and the absolute and rela-
tive sizes of the particles, along with their physical proper-
ties, such as density, impact strength, surface energy, elastic
modulus, etc. The result may be sticking, rebound, net gain
or erosional loss of mass, or disruption (Blum, 2004). For
a thorough review of recent progress, see Dominik et al.
(2006).
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Theoretical analyses of collisional mechanics are lim-
ited to idealized spherical particles and aggregates thereof.
Chokshi et al. (1993) considered head-on collisions of spher-
ical particles, with dissipation of energy by elastic vibra-
tions, and derived a critical velocity for the transition be-
tween sticking and rebound. The analysis was extended by
Dominik and Tielens (1997) to include energy dissipation
by dliding, twisting, and rolling of contact points between
particles; they derived criteriafor growth, restructuring, and
disruption of aggregates. The theory of Dominik and Tielens
(1997) predicts that two particles of radius r have a critical
velocity for sticking

2(E/r)5/6
EV3py2

3)

Vstick ~

where £ is the surface energy and E is Young's modulus.
For properties of quartz, this expression gives Vy;y ~ 2 X
10-3 (r/1 cm)-56 cm s1. A micrometer-sized grain would
stick to another grain (or the surface of a much larger body
such as a chondrule) at an impact velocity <5 cm s-1. For
chondrule-sized particles (r = 0.05 cm), Vg ~ 0.025 cm s,
Blum (2000) performed laboratory experiments on dust ag-
gregation, and found sticking velocities about an order of
magnitude larger than predicted by this theory for the meas-
ured values of elastic constants and surface energy. This dif-
ference might be due to electrostatic binding, nonsphericity
of grains, or other factors. The transition between sticking
and fragmentation occurs at around 1 m/s, with some non-
zero sticking probability for velocities exceeding 10 m/s.
Irregular micrometer-sized grains stick with efficiency of
about 50% even at relative velocities greater than 10 m/s
(Blum, 2004). Particles in the solar nebula probably were
softer than silica, with lower elastic moduli. Thus, microme-
ter-sized grains in the solar nebula should coagulate readily,
and chondrules can acquire a coating of grains due to van
der Waals bonding aone (section 6.3). Additional sticking
forces, such as electrostatic or magnetic interactions, may
have been present, but were not necessary.

Collision velocities between chondrule-sized particles
depend on the turbulent intensity o and the gas density p,
(Fig. 2). Even if these velocities preclude sticking of indi-
vidual, solid, chondrule-sized particles by van der Waals
forces, electrostatic forces might play arole. Marshall and
Cuzzi (2001) and Marshall et al. (2005) presented micro-
gravity studies of chondrule-sized silicate particles that show
no tendency at al to stick under terrestrial conditions —
much like the familiar “dry grains of sand on abeach” anal-
ogy suggests. Under microgravity conditions, tribocharging
generates dipole moments on these particles that make them
stick quite readily to each other, sometimes forming large
dust bunnies having net dipole moments that actively attract
nearby particles, and are stable to being bumped up against
their containers at speeds of tens of centimeters per second
or more. The nebula conditions under which triboelectric
(collisional) charging balances charge leakage to the nebula
are not at all understood, but a high particle concentration
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may be needed (see Desch and Cuzz, 2000). Further stud-
ies of the sticking of aggregates under microgravity condi-
tions would be valuable.

3.2. Early Growth of Small Aggregates

The following discussion assumes nomina nebular pa-
rameters at 3 AU, with temperature 500 K, density 10-10g
cm-3, and turbulence characterized by a = 104 (Re= 3 x
107). The largest eddies have velocity scaleV ~caV2 ~ 2 x
103 cm s1. From the relations in section 2.2, the smallest
eddies have scales of size, velocity, and time on the order
of 1 km, 25 cm/s, and 1 h, respectively. Consider an initial
population of grains with radius 0.5 pm (mass m ~ 10-12 g),
having abundance 3 x 10-3 times that of the gas. The re-
sponse time to the gas (equation (1)) ist;~ 5 s, much less
than the large eddy timescale, so St; ~ 10~7. From Fig. 2,
it isapparent that relative velocities due to turbulence would
be negligible for identical particles. However, collisions at
this scale are driven by thermal motions. Particles have
thermal velocitiesV,,, = (8 KT/rm)¥2 ~ 0.4 cm/s, from which
one can show that the mean collision time is about 10 yr.
The collision velocity is less than the threshold for perfect
sticking, so grains would coagulate to form fractal struc-
tures of low density (Kempf et al., 1999). For smplicity we
assume the fractal dimension is 2, which leads to the den-
sity of an aggregate being inversely proportional to its ra
dius (mass proportional to the square of the radius). The
thermal velocity then varies as r-1, and the number of par-
ticles per unit volume asr—2, so the thermal coagulation rate
decreases as r-1. For fractal dimension of 2, t. is indepen-
dent of the size (rp, is constant), so it seems that particles
would coagulate into ever-more-diaphanous cobwebs, and
never become compact enough to decouple from the tur-
bulence. However, in the regime of small Stokes numbers,
other subtle effects contribute to particle collisions. The gas
velocity within the smallest eddies changes on the turnover
timescale, subjecting it to accelerations of magnitude Vn =
V(n)QMn) ~ V(n)QReY2~ 10-2 cm s2 (Weidenschilling,
1984). Particles have velocities relative to the gas of mag-
nitude V,t;. Because coagulation is stochastic, individual
aggregates have a dispersion of fractal dimensions about the
mean of about +10% (Kempf et al., 1999), with correspond-
ing dispersion of t,. Thisimplies relative velocities of order
0.1 V,t;~ 102 c/s; relative velocities due to turbulence
exceed thermal velocities for aggregates larger than tens
of micrometers [an additional growth mechanism for tiny
grains was described by Saffman and Turner (1956)]. The
characteristic growth time is a few hundred years. Fractal
aggregates will become compacted once collisional energies
become large enough to rearrange bonds between grains.
Dominik and Tielens (1997) predicted that the threshold
energy for rolling of micrometer-sized quartz spheres is
~10-10 erg. Collisional energies would exceed this value for
millimeter-sized aggregates with masses ~10-6 g contain-
ing 106 grains. If the energy threshold is higher by two
orders of magnitude (section 3.1), compaction would begin
for roughly centimeter-sized aggregates (Blum and Wurm,
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2000). Thus, there is no problem with the initial growth of
aggregates from grainsin a turbulent nebula. Indeed, turbu-
lence fosters growth in this size range. In alaminar nebula,
growth and compaction would occur on longer timescales,
driven by differential settling and radial drift at lower veloci-
ties. Once compaction occurs, particles begin to decouple
from the turbulence (St; = 10-3), and relative velocitiesin-
crease (Fig. 2), along with collision rates. The particles will
continue to grow, unless specific energies of collisions ex-
ceed their impact strength.

The impact strength of a primitive aggregate in the solar
nebulais uncertain; we have no pristine samples of such ma-
terial. Theoretical analysis by Dominik and Tielens (1997;
cf. their Fig. 18) suggests that an aggregate of 100 silicate
grains, each 10-4 cm in size, would be disrupted by an im-
pact of energy ~10-6 erg, implying ~10-8 erg per bond be-
tween grains. For grain mass 1012 g, thisimplies a bonding
energy ~104 erg/g for a chain-like aggregate. A compacted
aggregate would have more bonds per grain; aso, for purely
geometrical reasons, disruption of such an aggregate would
involve making and breaking multiple contacts between
grains as the impact energy propagated through the aggre-
gate. The experimental results of Blum (2000) suggest that
the break-up energy per monomer is actually about two or-
ders of magnitude higher than predicted by theory, so im-
pact strengths of ~106 erg/g seem reasonable. The actual
values will depend on grain sizes and compositions; any
additional bonding besides van der Waals forces (e.g., sin-
tering, chemical reactions, or electrostatic forces) would in-
crease the strength. For example, Srono and Greenberg
(2000) used the results described above to estimate the
strengths of aggregates. In their model, strengths have com-
plex dependence on grain size and porosity; for our pur-
poses it suffices to note that for monomer sizes of a few
tenths of a micrometer, and porosities less than 70%, ten-
sile and compressive strengths are in the ranges ~105-107
and 106-108 dyn cm2, respectively. These values may be
compared with the (smaller) measured tensile strengths of
one powder by Blum and Schrépler (2004) and the (larger)
experimentally determined strengths of small, but cohesive,
silicate objects (Love and Ahrens, 1996, their Fig. 7).

3.3. Larger Particles: Settling Toward
the Midplane

As particles grow, they acquire larger differential veloci-
ties whether or not the nebula is turbulent (section 3.2).
Growth accelerates and the packing density of accreted
material increases (Dominik and Tielens, 1997). Larger par-
ticles increasingly decouple from the gas and settle toward
the midplane, where their volume density can become much
larger than the gas. In this section we describe how the ver-
tical thickness of midplane particle layersis determined, and
how this in turn affects accretion.

3.3.1. Thicknessof “ the midplane” : Role of turbulence.
The intensity of nebula turbulence determines the degree

to which particles settle toward the midplane. Even while
particles continue to settle, turbulent diffusion produces a
mass flux upward, away from the dense midplane. A steady
state occurs when these two mass fluxes balance (Cuzz et
al., 1993, equation (52))

d{ Pp dp, D dp,
V.=Dp,—|—|=D,—=—"—"_——
Pp'z = TPy dz[ng Pdz 1+St dz “)

where D, isthe particle diffusion coefficient (section 2.4.2)
and the two last expressions assume a constant gas den-
sity pg, satisfactory for z < H. The situation can be greatly
simplified by assuming that the local vertical particle veloc-
ity V, ismerely the local terminal velocity g,t, = QZzt, (Du-
brulle et al., 1995) (see also section 2.4). Thisis not always
valid (Cuzz et al., 1993), but it is a fairly good approxi-
mation for particles smaller than ameter or soinsizein the
2-3 AU region. Dubrulle et al. (1995) derived analytical
solutions for the thickness of a layer of particles with dif-
ferent radii and densities, and several nebula o values.

The essence of the results can be understood using di-
mensiona scaling of the derivativesin equation (4): Taking
Ppo t0 be some average density near the midplane and h, the
vertical half-thickness of the particle layer

pp\/Z = ppoQ%hpts = (5)

Giving

D

2= ———
PQSt(1+ St)

(6)

For global turbulence, D = acH = aH2Q,, thus

h, \? a
W Tsars 0
1+

Equation (7) shows that the results of Dubrulle et al. (1995),
which include other terms extending their validity to the
St — 0limit, can be generalized in terms of a single nondi-
mensional parameter § = St/a in the limit St < 1 (Cuzz et
al., 1996; their Fig. 1). Settling occurs for § > 1; as Sin-
creases, either due to larger particles or weaker turbulence,
particles settle into thinner layers.

There is a limit as to how thin a layer can be even if
global nebula turbulence is zero, which is set by the influ-
ence of the layer itself on the gas. As particle mass density
P, reaches and exceeds the gas density, the orbiting parti-
cles force the entrained gas to rotate at more nearly Kep-
lerian velocity. Because the gas above this dense layer has
no such forcing, it orbits at its slower, pressure-supported
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velocity (section 2.4.1). The associated vertical gradient in
gas velocity can be unstable to turbulence, which diffuses
the particle layer vertically until it reaches a steady state
under its own self-generated turbulence (Weidenschilling,
1980). Extensive numerical calculations of this effect have
been done by Cuzz et al. (1993), Champney et al. (1995)
(who studied multiple particle sizes), and Dobrovolskis et
al. (1999). Dabrovolskis et al. (1999) improved on the origi-
nal work of Cuzz et al. (1993) in severa important ways,
revising akey parameter, and including a new detailed model
for damping of local turbulence by the entrained particles;
the end results of these changes were particle layer thick-
nesses fairly similar to those found by Cuzz et al. (1993).
One can express the effective gas diffusivity within the near-
midplane, self-generated turbulence (cf. Dobrovolskis et al.,
1999, equation (12); Cuzz et al., 1993, equation (21)) as

(% -
QyRo?

where Ro is the Rossby number of the turbulent layer, de-
fined such that the largest eddies in the self-generated tur-
bulence have frequency Q.= RoQy. To order unity, Ro =
Rex, where Rex is the so-called critical Reynolds number
that characterizes the relationship of velocity shear to turbu-
lent intensity for a given flow. The constant Rex is derived
from measured properties of flows in different regimes.
Going back to the basic fluid dynamics literature (e.g., -
cox, 1998, Chapter 5 and references therein), Dobrovolskis
et al. (1999) found that for flows with geometry most simi-
lar to that of the nebula midplane, Rex = 2030 rather than
the higher values used previously by others. The range of
constants seen in various flows introduces perhaps a factor
of 2 uncertainty into Rex.

Using equation (8) for 9, and recalling that 3 can also be
written as ¢/, we obtain

hY_  (@BRo )
H StRo(1 + StRo)

For particles small enough that StRo < 1, comparing equa-
tions (7) and (9) shows that the presence of the layer alone
can be identified with alocal turbulence equivalent to a glob-
al value of a = 3/Ro? = 3/Rex2 = 10-6. That isto say, global
turbulence must be less than thislevel for the globally lami-
nar solutions (Cuzz et al., 1993; Dobrovolskis et al., 1999),
which are the regime assumed by al midplane particle layer
instabilities, to be valid. For larger particles (StRo > 1), the
assumptions going into this simple estimate become invalid.
In such particle-laden layers, relative vel ocities between par-
ticles al diminish by afactor on the order of p/p, (Dominik
et al., 2006), making incremental growth very plausible.
As pointed out by Sekiya (1998) and Youdin and Shu
(2002), for sufficiently small particles (the one-phase-fluid
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regime), a different physics takes over. The steady-state
layer described by the physics of equation (4) becomes
sufficiently extended that its combination of vertical veloc-
ity and density gradients stabilizes it against the Kelvin-
Helmholz shear instability, which is responsible for gener-
ating gas turbulence, so turbulence ceases (section 3.3.3).
In this regime, the thickness of this layer isindependent of
particle size and is given by h/H = RiY2H/r, where Ri, =
V4 isthe critical Richardson number (Sekiya, 1998). In this
limit, hy > Lg and Ro = AV/(Q max (hy,Lg)) ~ 1. Decreas-
ing St further will not lead to thicker layers. Setting the
small-St limit of equation (9) equal to the critical-Ri thick-
ness above defines the critical Stokes number for which
equation (9) loses validity: St < 10-2. Thus the regime stud-
ied by Sekiya (1998) and Youdin and Shu (2002), where for
millimeter-radius particlesat 2 AU St ~ 10-3, fallsin the Ri-
dominated regime. In the outer solar nebula where gas den-
sities are lower, only correspondingly smaller particles will
behave this way.

The simple global turbulence model of equation (7) re-
tains its validity for all St. Taking the entire MMN solid
density ~10-20,4(R) in particles of asingle size, we can es-
timate the maximum level of turbulence that would allow
unit density particles of a given size to settle into a layer
wherep,, > p, and collective effects become important: h/
H < 10-2. For meter-radius particles, with St~ 1, a <2 (h/
H)2 = 2 x 10-4. For millimeter-radius particles, with St ~10-3,
a <103 (hy/H)2 ~ 10-". We return to arguments of this sort
in section 3.3.3.

3.3.2. Timescales for growth and loss by incremental
accretion.  In this section we make crude estimates of par-
ticle growth and removal rates. We assume the mass growth
rate of a particle m is dominated by sweep-up of smaller
particles, which indeed dominates for al but the very small-
est particles. Thisis agood approximation if velocities are
dominated by systematic drift, which is the case if turbu-
lenceislow enough to allow settling into a midplane layer.
Although larger bodies may dominate the mass distribution,
their relative velocities are lower, reducing the collision rate
(see Weidenschilling, 1988a, 1997, and section 3.2). Then

= T2 ;V,d(r,r')pp(r')dr' - [p(<n)  (10)

where V 4(r,I") is the relative velocity between particles of
radii r and ', V,4(r) is its weighted average over r', and
Pp(<T) is the particle density in sizes smaller than r. Then
the e-folding growth time for mass m is crudely

4p s
3Via(Np(<r)

m -
e (11)

Since both V,4(r) and, to a lesser degree, p,(<r) increase
with r, the growth time is only weakly dependent on r, plau-
sibly leading to a particle size distribution that evolvesin a
self-similar way with equal mass per radius bin as seen in
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numerical models (Weidenschilling, 1997, 2000). Oversim-
plifying the above expression further by ignoring fractions
of order unity, we estimate the growth times in a nebula
with average solid particle density p, as

m_ py (100 cm)py(r/Im)
M Vap,  PBV(r/1m)

(104 Cm)ps [EJUZ ~ Q[EJHZ "

(12)

PBVKE (St ¢\ St

where & is a sticking coefficient. We took V() ~ BV for
meter-sized particles (section 2.4.1) and used equation (7)
to get p, ~ 10-2py(H/hy) ~ 10-2p,(St/a)¥2. If nebula turbu-
lence is lower, denser midplane layers can form in which
particles grow much faster (see below).

One can imagine two removal mechanisms for meter-
sized particles: They can drift radially inward at the typi-
cal rate of 1 AU/century (but will largely be replaced by
other particles drifting from further out), or they can collide
with comparable-sized particles and be destroyed. We will
return to the fate of drifting particlesin section 5. Collisional
disruption is primarily aworry in turbulent regimes. In tur-
bulence, meter-sized particles, with St ~ 1, couple to the
largest, highest velocity turbulent eddies and acquire ran-
dom velocities relative to each other on the order of V,, ~
Vg4~ ca¥2~10 m/s for o = 10-4. As shown in Fig. 2, col-
lisional velocitiesV,, for both smaller and larger particles
are slower. Collision times for meter-sized particles with
number density n_ and fraction f, of total solid mass are
estimated as

1 100ps 30
N,y fiepg  fL

t

yr (13)

coll ~

where we used equation (7), n_ =f p/4pJ3, andV gy ~V, ~
cal2, Note that t, is independent of a.

Recreating asimilar calculation by Weidenschilling (1988a),
we estimate the radius of the largest particle that can sur-
vive such collisions as follows: We require V4, = StVZ =
tQ V3 < Egi/ps, Where Eg; ~ 10% erg cm=3 is a plausible
strength for a somewhat compacted, meter-sized rubble par-
ticle with unit density (section 3.2). The drag regime tran-
sitions from Epstein to Stokes for particle sizesin the range
of interest. For Epstein drag, we find

< Ecritpg _ i (14)
oacpZQ  10a

under nominal asteroid belt conditions (pgy = 10-10 g cm3,

¢ =105 cnm/s, and Qy = 5 x 10-8 s1). Thus particles of this

plausible strength grow to meter radius for a < 10-3. How-

ever, for this size, the Stokes expression is more relevant,

which leads to (see section 2.2)

. 1/2 12
r< (M] ~[£J cm (15)
acpQ a

where we took A = 50 cm as the gas mean free path. Here,
meter-radius particles survive o ~ 2 x 10-4. Useful expres-
sions that bridge the transition between Epstein and Stokes
drag are given by Supulver and Lin (2000) and Haghighi-
pour and Boss (2003a).

For a ~ 104, the growth and collisional disruption times
are comparable for meter-sized particles, and the drift dis-
tanceis less than afew AU. Clearly the local population of
meter-sized particles is some mix of material originating at
arange of locations. Since particle growth times decrease
weakly with r (equation (12)), and removal times are more
strongly dependent on r, with drift removal and collision
velocity approaching maximaat about 1 m radius, one sus-
pects that growth proceeds readily to meter-sized particles,
but further growth is frustrated.

This logic suggests that a balance between turbulence
and impact strength might allow bodies to approach meter
size, but not to exceed that threshold. As velocities induced
by turbulence decrease for larger bodies (St > 1), it might
seem that once this threshold is passed there is no further
obstacle to growth. However, at low levels of turbulence,
or even in alaminar nebula, growth may be limited by ero-
sion due to impacts of small particles upon large bodies.
The relative velocity between a small particle coupled to the
gas and large body moving at Keplerian velocity is BV =
tens of meters per second. Cratering experiments with re-
golith targets (Hartmann, 1985; Weidenschilling, 1988b)
indicate that a transition from net accretion (i.e., gecta mass
less than the impactor mass) occurs at velocities<10 m s,
with net erosion at higher velocities. Wurm et al. (2001) sug-
gested that gas drag would cause ejecta to reimpact the tar-
get, but Sekiya and Takeda (2003) showed that they would
be swept away by the flow. A target body may experience a
range of impacts with gains and losses, with the net effect on
its mass dependent on the size distribution of the impactors.

When relative velocities are due to differential drift,
impact velocities of small particles onto large bodies ap-
proach a constant value of BV, regardless of size. If im-
pacts at this speed are erosive, there may be no threshold
size beyond which further growth is assured, as the large
bodies would be subject to continued “sandblasting” by
small impactors. For accretion to overcome erosion, it may
be necessary for impact velocities to decrease. As 3 is pro-
portional to the gas temperature, collisional growth may be
delayed as the nebula cools. Another possibility is that the
effective value of (3 in the midplane may be decreased by
particle mass loading. If particles can settleinto alayer with
Pp > Py, then the particles drag the gas within the layer, and
its rotation becomes more nearly Keplerian. The effect of
such mass loading was analyzed by Nakagawa et al. (1986)
and included in the coagulation model of Weidenschilling
(1997), who showed that it could decrease collision veloci-
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tiesto a maximum of ~10 m s-1. Attaining a midplane den-
sity sufficient to affect the layer’s rotation depends on the
particle size distribution (cf. equation (9ff)), but probably
requires a < 10-% to ensure easy growth of meter-sized par-
ticles without disruption. Thus, it is plausible that a grad-
ually decreasing level of turbulence may lead to a rather
abrupt transition from small submeter-sized bodies to large
planetesimals.

3.3.3. Midplane instabilities to breach the meter-sized
barrier? A number of midplane collective effects and in-
stabilities have been pointed out over the years, with the
goa of helping primary accretion proceed to and beyond
the perceived meter-sized barrier. All these require particle
densities well in excess of the gas density, and sometimes
far in excess of it, which places rather strict limits on the
level of global turbulence. Below we discuss these idess.

Particle layer gravitational instabilities: There are two
distinct regimesin which midplane gravitational instabilities
have been studied. The first is two-phase models in which
the particles are treated as moderately decoupled from the
gas, while responding to gas drag, and the gas as having
constant density (Safronov, 1969; Goldreich and Ward,
1973, hereafter GW73; Weidenschilling, 1980, 1984, 1995;
Cuzz et al., 1993, 1994; Dobrovolskis et al., 1999; Ward,
2000). The second is one-phase models in which the parti-
cles are so small and firmly coupled to the gas that together
they comprise asingle fluid with vertically varying density
(Sekiya, 1998; Sekiya and Ishitsu, 2000, 2001; Youdin and
Shu, 2002; Ishitsu and Sekiya, 2002, 2003; Youdin and
Chiang, 2004; Yamoto and Sekiya, 2004; Garaud and Lin,
2004). In both cases conditions are sought under which the
particle density can become so large that the layer under-
goes a gravitational instability.

The original two-phase formulation (GW73) was attrac-
tive because it suggested that planetesimal-sized objects
could be formed directly from centimeter-sized particlesin
avery thin particle layer, surrounded by a turbulent bound-
ary layer. As discussed in section 3.3.1 (see equation (7)),
o < 10-% for this scenario to be considered at al. More-
over, Weidenschilling (1980) showed that centimeter-sized
particles were prevented from settling into a sufficiently thin
layer by this very self-generated turbulence, and Cuzzi et
al. (1993) and Dobrovolskis et al. (1999) showed that this
conclusion remained true even up to meter-sized particles.
Moreover, for particles large enough and velocities small
enough to approach the particle density threshold normally
cited for instability, only transient gravitational clumps re-
sult [like the “wakes’ in Saturn’s rings (Salo, 1992)], and
not direct collapse to planetesimals as usually envisioned
(Cuzz et al., 1994). Tanga et al. (2004) follow large par-
ticles (St > 1) in regimes of nominal (marginal) gravita-
tional instability and reproduce just this expected behavior.
They then apply an ad hoc damping of relative velocities,
treated as gas drag acting on much smaller particles with
St = 1; this damping allows bound clumps to form that
merge with each other over time. However, this study as-
sumed single-sized particles, and Weidenschilling (1995)
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showed that even differential drift velocities in a realistic
size distribution would stir the layer too much for it to be-
come unstable. Essentially, by the time particles have formed
that are sufficiently large to reach interestingly high mid-
plane densities, the premises of the original instability sce-
nario are no longer valid [see also Ward (2000) for asimi-lar
conclusion, with caveats about model parameters]. This
objection would aso apply in the outer solar system where
Maohlmann (1996) has noted that gravitational instability is
more favored. Conceivably, atwo-phase gravitational insta-
bility might be alowed if the surface mass density of 1—
10-cm particles could somehow greatly exceed the nominal
solar abundance. Some suggestions have been made along
these lines, as discussed below and in section 5. Further
studies aong the lines of Tanga et al. (2004) would be of
interest, in which particles of different sizes, with the appro-
priate St values, were treated self-consistently. Recall that
these studies, as with all other midplane instability mod-
els, assume a nonturbulent nebula.

The one-phase approach mentioned above (Sekiya, 1998,
et seg.) assumes particles so small that they cannot separate
from the fluid on dynamical timescales. They can, however,
settle very slowly into amoderately dense layer if the global
turbulence allows it (see section 3.3.1 and below). In this
regime, the entire (gas plus particle) medium has a strong
vertical density gradient that can stabilize the medium
against turbulence (the so-called Richardson number crite-
rion). That is, a fluid parcel attempting to become turbu-
lent and rise must work against its natural lack of buoyancy.
It turns out that under nominal nebula solid/gas ratios of
about 10-2, the layer cannot become gravitationally unstable
in this way. However, it was noted by Sekiya (1998), and
more emphatically by Youdin and Shu (2002), that if the
solid/gas ratio were significantly enhanced (factor of 10 or
s0), athin layer very near the midplane could become un-
stable. Thisis essentially because in such dense layers, the
mixed-fluid vertical velocity profileis nearly flat for a con-
siderable vertical range, independent of density — it is satu-
rated, asit were, so unstable shear does not develop. Gomez
and Ostriker (2005) have found that a more careful treat-
ment of vertical shear leadsto alayer that is more proneto
turbulence — thicker and less dense by about an order of
magnitude — than found by Sekiya (1998) and Youdin and
Shu (2002).

Whether true gravitational instability can can occur via
this scenario is problematic. First, particles small enough
to satisfy the one-phase approach must have t, < (dv/dz)-1
in the marginally stable layer. The layer must have hy/H <
10-3 to approach gravitational instability (p, > 102 pg), even
if the solid/gas ratio were enhanced by an order of magni-
tude over solar. The shear in this layer, which determines
the frequency of nascent eddies, is approximately Q, ~ AV/
h, ~ 103 AV/H ~ 108 BV /H ~ 2Q, (R/H) ~ 40 Qy. For the
one-phase nature, and stabilization by stratification, to be
preserved at the onset of instability, t,Q,< 1 or St < 10-2
is thus required. From equation (7) we see this requires the
global a < 10-8 for the enhanced solids scenario (or 10-10
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for anominal solid/gasratio). Second, for such weak nebula
turbulence it is hard to imagine particles settling all the way
to the midplane without growing at all [see section 3 and
Dullemond and Dominik (2005)]. Any significant growth
would produce self-generated turbulence that would stir the
layer (e.g., Cuzz et al., 1993; Dobrovolskis et al., 1999).
Third, mechanisms for enhancing the particle/gas abundance
for precisely those particles that are most firmly coupled to
the gas are not easily found. Weidenschilling (2003a) and
Youdin and Chiang (2004) get different results regarding
theroleradia drift might play in enhancing solids (see also
below). Achieving this goal by removing gas (by, e.g., pho-
toionization or a disk wind) increases t,, making it harder
to satisfy the requirement that t, < (dv/dz)-1 for density sta-
bilization to apply.

Perhaps most difficult of all for the one-phase gravita-
tional instability scenario is a basic physical obstacle that
was pointed out by Sekiya (1983) but has apparently been
overlooked by subsequent workers except for Safronov
(1991). In a system where the particles are firmly trapped
to the gas (t; < the dynamical collapse time ~ (Gp,)~2),
gas pressure precludes gravitational instability, in the tradi-
tional sense of inexorable collapse on a dynamical time-
scale, until the solid/gas massratio exceeds 107 (at 2.5 AU)!
Thisis 3 orders of magnitude larger than the typically cited
thresholds for gravitational instability, and arather unlikely
enhancement. Recent numerical simulations and analytical
models support this result (K. Shariff, personal communi-
cation and in preparation, 2005). Prior work on midplane
instabilities dating back to Goldreich and Ward (1973) has
treated the “ pressure support” term in the dispersion relation
as if due to particle random velocities, as decoupled from
the gas (as in Toomre, 1964), whereas in a one-phase fluid
the pressure term involves the far larger gas sound speed,
divided by amass-loading factor. Only for huge loading fac-
tors does the gas pressure support term become as small as
the traditional pressure support term and allow instabilities
to grow (Sekiya, 1983). Physically, what happensisthat in-
cipient collapse by the mass-dominant particles compresses
the entrained gas, leading to an outward pressure gradient
that forestalls further collapse of the gas (and trapped par-
ticles).

Sekiya (1983) suggests that an incompressible three-di-
mensional mode can emerge for solid/gas mass-loading
ratios comparable to the so-called “Roche density” (pg ~
15(3 Me/41ws) ~ 103 py). The nature of these modes has
never been followed, and the fate of solid material within
them would seem to be less in the nature of an instability
than merely further settling at, effectively, slow terminal
velocity. Of course, achieving even the Roche density in a
midplane environment still faces the obstacles mentioned
above (see section 4, however).

Can enhancement of particle surface density by global
radial drift foster gravitational instability? In section 5we
describe how radial drift might lead to significant changes
in the local density of solids relative to nominal solar abun-
dance. One naturally asks whether this effect might play a

rolein fostering instabilities. Sepinski and Valageas (1997)
and Kornet et al. (2001) noted large enhancements in the
surface mass density of solids in a range of sizes, due to
this effect. Of course, the nebula must still be globally non-
turbulent, and one still has to deal with the distinction be-
tween transient wavelike instabilities and direct collapse to
planetesimals (Cuzz et al., 1994). Application of radial drift
enhancement to the one-phase instability (Youdin and Shu,
2002; Youdin and Chiang, 2004), besides facing the serious
obstacle of gas pressure mentioned above, requires milli-
meter-sized particlesto drift many AU, over 105106 yr, ina
dense midplane layer with low relative velocities, without
growing at all. This process depletes the outer nebula of
solids while enhancing the inner region; numerical models
(Youdin and Shu, 2002; Youdin and Chiang, 2004) achieve
the critical density inside afew AU, but effectively denude
the nebula of solids at larger distances. This migration would
have to occur before the formation of the outer planets,
which would otherwise act as barriers to drift. In that case,
no material would be left from which to make their cores,
or comets (Weidenschilling, 2003a). Also, the extent of drift
would mean that much of the material that formed the ter-
restrial planets and asteroids originated at much larger he-
liocentric distances; the implications for the chemistry of
this matter has not been addressed.

Can enhancement of large particlesinside nebula vorti-
ces or spiral density waves foster gravitational instability?
It was pointed out by Barge and Sommeria (1995), and stud-
ied further by Tanga et al. (1996), Bracco et al. (1998), and
Klahr and Bodenheimer (2003b), that large, two-dimen-
sional, circulating vortices (not true turbulent, randomly fluc-
tuating eddies) had the ability to concentrate meter-sized
boulders near their centers. Thisis a specific form of foster-
ing gravitational instability by increasing surface mass den-
sity. Comparable effects related to spiral density waves (in a
globally gravitationally unstable nebula) were mentioned in
section 2.4.1.

Long-lived vortices rotate clockwise, in the sense of
the local radial gradient. Meter-sized boulders are most af-
fected because their t, is comparable to the rotation time
of these vortices. In the enhanced headwind of these vor-
tices (~BY2V rather than BV), meter-sized boulders drift
radially by about the extent of a scale-height-size eddy in
one orbital period. When in the outer part of the vortex,
meter-sized particles suffer a stronger than normal headwind
and their semimajor axis shrinks. When on the inner part,
they incur a comparably strong tailwind and their semima-
jor axis expands. In the local co-rotating frame, they appear
to spiral in to the center of the vortex. While some studies
indicate vortices of this sort are long-lived (Godon and Livio,
2000), other studies indicate they are not (Davis et al.,
2000), so it is not clear what the net effect of this concen-
tration might be. Recently Barranco and Marcus (2004)
have obtained a solution for the full three-dimensional flow
in such a large vortex; surprisingly, the rotational flow
vanishes near the midplane where meter-sized particles
would lie. Furthermore, one must wonder if all the motion
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in these giant vortices — with speeds approaching the sound
speed — can exist without producing some degree of inter-
nal turbulence that would preclude even meter-sized par-
ticles from settling to the midplane, so any instability mech-
anisms would remain precluded. As particles collided and
broke into smaller particles, the rubble would escape the
vortex. Overall, for several reasons, we think this effect
probably does not play a significant role in primary accre-
tion.

In spiral density waves, the compressional effect is sys-
tematic and is not thought to add to the random velocity
(W. Rice, personal communication, 2005), but preexisting
three-dimensional dispersions of material are retained and
the wave itself might increase nebula turbulence (Boley et
al., 2005). Whether or not the increased abundance (and
thus collision rate) leads to increased accretion in either
waves or vortices depends on the relative collision veloci-
ties. Similar concerns apply to concentrations of boulders
found in less systematic radial bands of locally high gas
pressure (Fromang et al., 2005; Johansen et al., 2005).

Secular instability? A third class of midplane instabil-
ity model is the drift instability (Goodman and Pindor,
2000), which also presumes a globally nonturbulent nebula
with quite low o («10-6; section 3.3.1) in order for particles
to drive gas velocities. The midplane layer is thought of as
aunit drifting inward at a single speed that depends on its
surface mass density. As shown by Nakagawa et al. (1986),
Cuzz et al. (1993), and Dobrovolskis et al. (1999), dense
particle layers are self-shielded from the gas— they drive
the entrained gas closer to the Keplerian velocity, and suf-
fer amuch weaker headwind than isolated particles — thus
drifting inward more slowly. The premise is that, if some
patch of the layer became slightly more dense than its ra-
dial neighbors, its drift rate would slow down and material
from outside could catch up with it, further increasing its
density. This suggestion is interesting, but under perhaps
more realistic conditions, where particlesin the layer have
arange of different sizes and drift rates, aswell as particles
at different vertical levelsin the layer having different drift
rates, it would probably be washed out. Weidenschilling
(20034) points out that there is a feedback between a local
density enhancement and turbulent stress. If a section of the
particle layer becomes more dense, then its orbital speed
increases, becoming more nearly Keplerian. Thisincreases
the shear between the layer and the surrounding gas, and
acts to counter the slower drift rate that would result from
the density enhancement. This effect depends on the degree
of coupling of the particles and the gas, i.e,, on their size.
It is not taken into account by Goodman and Pindor (2000),
and its significanceis still amatter of controversy. Safronov
(1991) and Ward (1976, 2000) also mention several longer-
term, secular or dissipative instabilities that thin layers are
subject to, again if global turbulence is vanishingly small.
These are worthy of more study, but the dispersion relations
on which these are based are only valid for nonturbulent
nebulae, and turbulence will add diffusion terms that will
stabilize short lengthscales.
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Summarizing:  Midplane instabilities of various kinds
have been suggested as ways to allow growth to continue
into and beyond the problematic meter-sized “barrier.”
However, as described above in section 3, recent incremen-
tal growth models find that the growth beyond meter size
is not a problem in nonturbulent regimes, and the instabil-
ity approaches areinvalid in even weakly turbulent regimes
where the meter-sized barrier may be a problem. Further-
more, long-neglected gas pressure effects make gravitational
instability much more difficult for small particles than
widely believed. It may be that local, large-scale, gas dy-
namical structure in the nebula might be able to increase
the density of particles, and thus their collision frequency.
However, the net result for accretion depends on the spe-
cifics of random collision velocities, which have not been
modeled in these scenarios.

4. TURBULENT CONCENTRATION:
FINGERPRINTS IN THE ROCKS

In this section we describe an aerodynamic process that
isnew since the original volumein this series (Kerridge and
Matthews, 1988) and has the potential for breaching the
meter-sized barrier and producing objects that look like
actual meteorite parent bodies. The process is preferential
concentration in turbulence, or turbulent concentration.

4.1. The Basic Process

One'sintuition isthat turbulence is a dispersive, homog-
enizing, and mixing process, and indeed this is true from
the standpoint of the global scale trajectories of particles
of all sizes (i.e, theV,, of section 2.4.2). However, numeri-
cal simulations (Squires and Eaton, 1990, 1991; Wang and
Maxey, 1993; Cuzz et al., 1996, 2001; Hogan et al., 1999)
and laboratory experiments (Eaton and Fessler, 1994) show
that particles having a narrowly selected aerodynamic stop-
ping time t, actually concentrate in dense zones in turbu-
lent, incompressible fluids. Particles avoid zones of higher
vorticity in the gas, so the more densely populated zones
are those of lower vorticity. The dense zones move in iner-
tial space, following the fluid properties that foster them.
This effect is entirely different in its basic physics, and
applies to particles with entirely different properties, than
vortex-center concentration of meter-sized boulders as dis-
cussed in section 3.3.3. Turbulent concentration isaway to
aerodynamically select particles of avery specific t, for sig-
nificant local concentration — by orders of magnitude. In
the next two subsections we address (1) the size-selection
criteria and (2) the concentration factor C.

4.2. Size Selection and Size Distribution

Preferentially concentrated particles have stopping time
t, equal to the overturn time of the Kolmogorov scale eddy,
t(n) (Wang and Maxey, 1993). We will sometimes refer to
these particles as having Stokes number St = tQ(n) =t/
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Fig. 3. Theradius-density product for preferentially concentrated
particles in nebula turbulence of different intensity levels a (equa
tion (16)), depicted at severa distances (AU from the Sun) in a
typical protoplanetary nebula model (Cuzz et al., 2001) with
(a) no enhancement (¥ = 1) and (b) a factor of 10 enhancement
(F = 10) over the total surface density of a MMN. Denser nebu-
|ae concentrate the same rp, at higher ar. Observed chondrules fall
in the vertical range indicated by the shaded area on the line at
2.5 AU. Porous aggregates (PA) and fluffy aggregates (FA) would
have lower rpg products, and would be similarly concentrated at
lower gas densities.

t(n) = 1. Cuzz et al. (1994, 1996, 2001) showed that this
constraint pointed directly to chondrule-sized silicate par-
ticles when nominal nebula conditions were assumed. The
stopping time t = rpJ/cp, is easily related to nominal nebula
and chondrule properties. We recall from section 2.2 the
eddy time t(n) = Qg'ReY2, and Re = acH/v,,,. Theserela-
tionships can be easily combined into a very general ex-
pression for the preferentially concentrated particle, having
radius r and density p

-,}, 1/2 R -3/4
rp.=6.3x 10-4| — —_— cm2 16
Ps (aj (1 AU) g (16)

In the above expression, a nebula has been assumed with
surface mass density o(R) = 1700 F(R/1AU)-32 g cm-2,

where ¥ is the enhancement over a MMN (Cuzz et al.,
2001). Predictions are shown in Fig. 3. Note that a number
of combinations of a and nebula density (here represented
by distance from the Sun) can concentrate the same par-
ticle radius-density product rp,. The actual value of nebula
0 remains very uncertain (section 2.1). Based on nebula
lifetimes, and assuming that nebula viscosity is basicaly the
mechanism responsible for disk evolution, valuesin the 10-5—
10-2 range are usually inferred. Note also that smaller par-
ticles, and/or particles of much lower density — porous or
even “fluffy” aggregates— are also concentrated by this
process, but in regions of much lower gas density (or higher
a) than for solid chondrules. This might be highly relevant
for outer solar system accretion, in regions where, perhaps,
nearly solid “chondrule’-like particles do not form; how-
ever, it might be hard to find evidence for such an effect.
Not only the typical size, but also the characteristic size
distribution of meteorite constituents seems to be in good
agreement with the predictions of turbulent concentration.
Paque and Cuzz (1997) and Cuzz et al. (2001) compared
the typical size and density of chondrules separated from
five different carbonaceous and ordinary chondrites with
model predictions of relative abundance as a function of
particle stopping time (as expressed in terms of St;) and
aligning the peaks of the theoretical and observed plots to
compare the shapes of the curves. The agreement is very
good, especially given that the theoretical values have no
free or adjustable parameters (Hogan and Cuzz, 2001).
Aerodynamic size sorting subsequent to chondrule for-
mation might not be the whole story, of course; the proc-
ess(es) by which chondrules, CAls, and metal grains formed
in the first place certainly did not produce an infinitely
broad size distribution. Some heating mechanisms, notably
shock waves in the nebular gas (see Connolly et al., 2006),
might have preferentially melted millimeter-sized objects;
tiny chondrule precursors might have evaporated, and very
large ones would not be melted thoroughly, if at all. Alter-
natively, it has been suggested that surface tension in sili-
cate melts played arole in helping determine chondrule size
distributions (e.g., Liffman and Brown, 1995, and others).
However, as discussed in section 2.2.1, extensive stud-
ies of the size distribution of chondrule-sized particles in
meteorites, using thin section and disaggregation techniques
(Hughes, 1978, 1980), have determined that both true,
rounded chondrules and broken “ clastic fragments’ of once-
larger chondrules follow the same size distribution. Appar-
ently, some chondrules were formed with sizes much larger
than those in the meteorite, but only after being fragmented
by some other process at a later time could their fragments
be size-sorted into the parent body along with whole chon-
drules of similar size. Also, Krot et al. (1997) report tiny
“microchondrules’ in accretionary rims around many chon-
drulesin type 3 chondrites; they are especially abundant in
some cases. Since the chondrule-formation process seems
to have resulted in size distributions broader than those that
are typically found in the chondrites, the narrow observed
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size distribution probably is not best explained by a proc-
ess acting only on the liquid state, such as surface tension,
or perhaps by the formation process at all. Furthermore,
Cuzzi et al. (1999) note that the fit of Fig. 4 is consider-
ably improved if individual chondrule radius-density prod-
ucts are used, rather than assuming some average density;
this implicates aerodynamics at a stage between formation
of chondrules and similar objects, and their accretion. Other
approaches to aerodynamic sorting (Huang et al., 1996;
Ackridge and Sears, 1998) favor a postaccretionary, parent-
body process using effluent vapor to create a fluidized bed
in which denser particles settle relative to less-dense ones.

An open question that would be valuable to resolve isthe
detailed size distribution of the irregularly shaped and often
porous CAls, aswell astheirregularly shaped metal grains,
found in different meteorite types. While the fact that chon-
drites with large chondrules (CVs) aso have large CAls
(type B) and chondrites with small chondrules have small
CAls, it dso appears that most type B CAls are larger than
most CV chondrules. Can this be reconciled by density/po-
rosity differences? It is hard to say, as quantitative measure-
ments of CAI size distributions are minimal at best (May et
al., 1999).

The agreement of both the characteristic size, and size
distribution, of chondrules with the simplest predictions of
turbulent concentration theory are what we call fingerprints
of the process. A third fingerprint might be present in the
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Fig. 4. Comparison of observed chondrule size-density distribu-
tions N(rpg) from four different meteorites (solid symbols) with
theoretical predictions (open symbols) (Cuzz et al., 2001). The
observed distributions are merely assumed to peak at St, = tJt, =1
and are aligned with the predictions (which have no free parame-
ters and are the same in al panels).
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relationship of fine-grained accretion rims to their underly-
ing chondrules (section 6.3).

4.3. How Much Concentration?

Particle concentration shares a number of properties with
other properties of turbulence that are termed intermittent.
For instance, it is widely known that dissipation of turbu-
lent kinetic energy € occurs on the Kolmogorov scale; it is
less widely known that the spatial distribution of this quan-
tity is highly nonuniform. While locally and temporally
unpredictable and fluctuating widely (i.e., intermittent), €
has well-determined statistical properties — its probability
distribution function (PDF) is well determined on any
lengthscale. Furthermore, it has been shown that the PDFs
of both € and particle concentration share a fractal-like
descriptor called the singularity spectrum that is indepen-
dent of Reynolds number. Determining this fundamental
rule of the process (Hogan et al., 1999, and references
therein) alows one to predict the PDFs of both € and par-
ticle concentration at any Re (Cuzz et al., 2001), as long
as the process remains independent of lengthscale. This
behavior is closely related to the idea that turbulence is a
scale-independent cascade process. That is, transport of
kinetic energy, vorticity, and dissipation from their sources
at large scales to their sinks at small scales obeys rules that
are independent of scale. Scale-independence and Re-inde-
pendence are connected because Re determines the depth of
theinertial range: Re34 = L/n (section 2.2). That is, larger
Re means a larger number of eddy bifurcations between L
and n), and stronger fluctuations in intermittent properties
(see, e.g., Meneveaux and Sreenivasan, 1987).

The behavior of both € and C can be explained nicely
using a cascade model, where upon bifurcation of a unit
volume parent eddy into two equal-volume daughter eddies,
some quantity x is partitioned unequally, following some
multiplier p. Then the density of x becomes p/0.5 in one
subeddy and (1 — p)/0.5 in the other. If p# 0.5, fluctua-
tions in the density of x emerge that grow with successive
levelsin the cascade. Cascades can be crudely modeled with
constant p; more realistically, p is chosen at each level from
a PDF that itself is independent of level in the cascade
(Sreenivasan and Stolovitsky, 1995b). The PDF of multi-
pliers is the rule that is level, or Re, independent. Excel-
lent agreement has been obtained for high-Re turbulence
with models of this sort.

However, changing physics can change the rule. Specifi-
cally, increasing local particle concentration and the asso-
ciated mass loading p,/py> 1 can locally kill off the tur-
bulence that leads to intermittency. In new work that is as
yet incomplete, cascades are being modeled in which the
multiplier PDF can be made conditional on local particle
density, to account for the effects of mass loading and tur-
bulence damping. Full three-dimensional simulations are
being used to determine how multiplier PDFs depend on
Py/Pg- Preliminary results (R. C. Hogan and J. N. Cuzzi, in
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preparation, 2004) indicate that concentration continues to
grow well after local particle density significantly exceeds
the local gas density: regions of p, ~ 100 py are seen with
low but interesting probability even at fairly low Re, and
with increasing probability at higher nebula Re. The goals
of ongoing work include determining the lengthscales on
which, and the probability with which, zones of different
density occur.

4.4. Getting to Planetesimals

In this section we speculate on how, or whether, the fin-
gerprints of turbulent concentration might become directly
manifested in actual meteorite parent bodies. Even a par-
ticle density in the densest zones is still far from solid den-
sity; other physics must come into play to transform dense,
particle-rich parcels of the nebula, with mass density less
than that of cotton candy, into a meteorite parent body or
its immediate precursor. This process remains unstudied
and is fraught with obstacles. The scenarios sketched be-
low by which this evolution may proceed are not in any way
proven, but intended to provoke further thought and dis-
cussion.

Dense, particle-rich zones experience solar gravity as a
unit; at lower density than gravitational instability can set
in, they begin to settle toward the midplane and move azi-
muthally through the surrounding gas. The ensuing gas ram
pressure and shear flow of displaced gas around the sides
of the clump, and perhaps buffeting by turbulent fluctua-
tionsit must traverse as it moves, can destroy a strengthless
clump in the absense of a counteracting force. However,
counteracting forces might exist. Analogies can be sought
in the behavior of fluid drops settling in lower density flu-
ids. Pressure stresses quickly destroy fully miscible drops,
but surface tension allows strengthless drops to survive and
settle as units (Thompson and Newhall, 1885; Clift et al.,
1978; Frohn and Roth, 2000). In the nebula context, the
self-gravity of the dense clumps might play a role analo-
gous to surface tension. To the extent that turbulent concen-
tration can produce sufficiently dense regions before viscous
disruption occurs, self-gravity might be able to sustain these
entities asthey settle toward the midplane, or coagulate with
similar dense clumps. Once densities and collision rates
became high enough, collective electrostatic (dipole-dipol€)
forces, due to tribocharging in dense clusters (section 3.1),
might also increase the binding energy of clumps that were
still far from solid.

Candidate dense zones must be considerably larger than
the Kolmogorov scale n. The dynamical time of a clump
with the Roche density 103-104 p; (section 3.3.3) is t, ~
(Gpp)2, roughly afew weeks. In order for this material to
survive being torn apart by eddy motions, it must be larger
than eddies with this timescale. Since eddy times scale as
023 (section 2.2), and the Kolmogorov scale eddy n ~ 1 km
has an eddy time of several thousand seconds, stably bound
zones with p, ~ 10%-10% p, must aso be of a size scale

>100 n. The abundance of very dense zones, at fairly large
scales, remains to be determined (section 4.3). If spiral den-
sity waves repeatedly pass through the nebula, condensing
gas and embedded particles by an order of magnitude or
more as they pass (e.g., Rice et al., 2004), achieving criti-
cal density for gravitational instability might become easier.
Clumps with these properties have masses greatly exceeding
the “meter-sized barrier,” and might be the direct precursors
of large planetesimals composed entirely of similarly-sized
objects (“chondrules’ and their like).

Certainly, these scenarios for the terminal stage of pri-
mary accretion remain only suggestive and are untested. We
return to the issue of primary accretion in section 6.4, after
discussing one more process with important implications for
planetesimal formation and meteorite properties — radial
decoupling of planetesimal-forming materials from the neb-
ula gas.

5. RADIAL MIXING: DECOUPLING
OF PLANETARY MATERIALS
FROM THE GAS

Aerodynamic effects can lead to significant radial redis-
tribution of material. These motions are of several possible
types. As mentioned in section 2.4.1, large particles gener-
ally incur a headwind and drift rapidly inward. In the pres-
ence of turbulence, particles in the chondrule-CAl size
range and smaller are coupled to gas motions quite well,
and their random velocities V,, induce radial and vertical
diffusion much like that of gas molecules. While hydrogen
molecules are al the same, small solid particles retain a
memory of the chemistry, mineralogy, petrology, isotopic
content, and crystallinity of their formation region. Diffu-
sion in the presence of radial gradientsin any of these prop-
erties can lead to significant, and potentially observable,
radial evolution of small particles— both inward and out-
ward. Also, direct outward radial transport by stellar or disk
winds well above the disk can also be significant for small
particles, primarily in the early stages of disk evolution when
they are most vigorous.

In this section, we discuss outward ejection of small par-
ticles by winds, and inward drifts due to gas drag (espe-
cialy in connection with evaporation boundary transitions).
We discuss diffusion in section 6.

5.1. Outward Ejection by Stellar and
Disk Winds

Some theories (see Connally et al., 2006; Chaussidon
and Gounelle, 2006) posit formation of CAls and/or chon-
drules very close to the protosun (severa protostellar ra-
dii; about 15 Ry, or less than 0.1 AU), not far from where
nebula gas funnels into the star along magnetic field lines.
In these theories, outward transport to parent-body forma-
tion regions near 2-3 AU is attributed to entrainment in the
stellar wind (Skinner, 1990a,b; Liffman and Brown, 1995;
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Shu et al., 1996, 1997). Shu et al. (1996) define a param-
eter that we simplify dlightly and call ¢

=My (17)
161R2Q, P

¢
where M, is the total mass flux in the stellar wind, and R,
and Q, are the radius and rotation frequency at the x-point
near 15 Ry, from where the stellar wind originates in this
theory. For simplicity we have used Q, rather than the com-
parable rotation frequency of the star itself, and dropped a
constant of order unity. The density of the emerging wind
at the launch site is

M (18)
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and so the coupling parameter { can be seen to be
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For present purposes we can ignore the difference between
the wind speed and the sound speed ¢, so ¢ can be regarded
as the ratio of the time for the wind to travel out of the re-
gion to a particle stopping time. For the very hot plasma at
the x-point, R/H ~ 0.3, so { ~ 0.3/St, where St, = t.Q,,
a Stokes number with Q, serving as the normalizing fre-
quency.

A similar derivation for the ratio of the gravitational
force on a particle to the gas drag force on it (1Tr2p,V,c)
reveals them to be equal when St, = 1. Particles experienc-
ing a drag force comparable to gravity, even if it beginsin
the tangential direction, have their orbits severely perturbed
and are slung outward, as well as being lifted out of the
plane by the wind. Shu et al. (1996) find that, to reach the
several-AU region, particles with St, ~ 1 are required. A
similar derivation by Liffman and Brown (1995; their equa-
tion 3.9) gets a similar result.

Shu et al. (1996) found that the throw distance is fairly
sensitive to ¢, and suggested that the wind could thereby
play arolein size-sorting of chondrules and/or CAls. How-
ever, amore recent version of the x-wind model (Shu et al.,
1997) proposes radial fluctuations in the launching point,
on decadal timescales, caused by magnetic flux variations
in the x-region (typically <0.1 AU). There are several-or-
ders-of-magnitude changes in gas density across the x-point.
The wind density fluctuations experienced by particles at
different distances, as the launch point sweeps back and
forth across them, would cause wide variations in the launch
aerodynamic parameter ¢, calling into question whether this
mechanism can, by itself, be responsible for the very nar-
row chondrule size distributions.
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It should also be noted that other theories for the ob-
served stellar winds have them originating over a much
wider range of disk radii — up to several AU (so-called
“disk winds") (e.g., Konigl and Pudritz, 2000). Recall from
equation (18) above that the entrainment gas density, and
thus the drag force, is derived by assuming the entire ob-
served wind mass flux M,, arises from a very small region
of scale R, < 0.1 AU. Disk winds have a much more ex-
tended source and thus a far lower entrainment gas density,
and therefore may not be capable of gecting chondrule- or
CAl-sized particles. Some recent papers have provided sup-
port for disk winds, at least as causing the lower-velocity
winds where most of the mass flow M,, appears (Anderson
et al., 2003; Hartmann and Calvet, 1995). It would be use-
ful to resolve this issue.

5.2. Inward Radial Drift of Large Particles
and Mass Redistribution

Global scaleradial redistribution of large solid particles
relative to the gas, under gas drag, was first discussed in
detail by Stepinski and Valageas (1996, 1997). Since that
time it has been studied further by Kornet et al. (2001) and
Weidenschilling (2003a). Morfill and Volk (1984) had ad-
dressed the problem earlier in general terms, but with a
specific application to particles that were too small to show
much of adrift-related effect. Sepinski and Valageas (1996,
1997) (and Kornet et al., 2001) simplified complex pro-
cesses into a semi-analytical model to obtain insights into
the global parameter space within which solids evolve.
Among their simplifications was asingle local particle size
and collisions driven primarily by turbulence; however, \\ei-
denschilling (1997, 2003a) argued that collisional growth
is driven primarily by size differences and corresponding
systematic velocity differences rather than turbulence (sec-
tion 3). Nevertheless, some interesting qualitative conclu-
sions emerge. In all these models, outcomes are determined
by arace between growth and drift. In general, solids grow
and drift fast enough to deplete the outer disk of solids
while enhancing the solid/gas ratio further inward. This
redistribution in surface mass density is essentialy aradial
convergence effect associated with the cylindrical geometry
and the dependence of drift velocity on location and par-
ticle size (cf. section 3.3.3). However, migration stops when
(if) coagulation produces bodies large enough (kilometer-
sized or larger) for the drift rate to decrease to low values
(cf. Fig. 1), and does not necessarily deplete the outer neb-
ula of solids or produce a large enhancement in the inner
nebula. Fairly abrupt outer edges are seen in the final radial
distribution of solid bodies. Stepinski and Valgeas (1997)
noted that this might explain the abrupt outer boundary of
the Kuiper belt. This edge effect is enhanced in the models
of Weidenschilling (2003b), which include a distribution of
particle sizes. At some distance that depends on the nebu-
lar parameters, bodies grow large enough to stop drifting
inward; they then effectively capture smaller particles com-
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ing from further out, causing mass to pile up at a distance
that is typically a few tens of AU.

5.3. Enhancement of Solids Outside
Condensation/Evapor ation Boundaries

Both radially inward drift of solids, and radially outward
diffusion of vapor, can lead to enhancements in surface mass
density of solids relative to solar abundance. Morfill and
Volk (1984) and Stevenson and Lunine (1988) addressed
enhancement of solid surface mass density just outside a
condensation/evaporation boundary a R,,. Stevenson and
L unine assumed the presence of a cold finger —a complete
sink of material — just outside the boundary. Then, vapor
would be steadily diffused outward towards this sink and
the inner solar system dried out. Stevenson and Lunine
emphasized water and its possible role in augmenting the
surface mass density just outside R, (H,0), speeding the
formation of Jupiter’s core; moreover, this process would
work in a similar way for any volatile. Morfill and Volk
(1984) combined outward diffusion with inward particle
drift, but ended up treating only particles that drift only
dightly faster than the nebula gas and never developed an
efficient sink & R,,, so the net effects were not striking by
astrophysical standards. Cuzzi and Zahnle (2004) show how
the buildup of solid material outside evaporation fronts may
be dominated by radial inward drift of meter-sized rubble,
rather than outward diffusive transport from the inner neb-
ula, and find that order(s) of magnitude effects are possible.

5.4. Vapor Enhancement and/or Depletion
Inside Evapor ation Fronts

In addition to the enhancement of surface mass density
in solids just outside of condensation/evaporation bound-
aries, there is the potential for significant enhancement of
vapor abundances of volatile material at radii further inward
than solids can exist. Cyr et al. (1998, 1999) noted how the
complete removal of water from the inner solar system by
the Stevenson and Lunine (1988) cold finger might lead to
problems explaining the oxidation states of many meteor-
ites, and explored how aleaky cold finger might allow, say,
meter-sized particles to carry water vapor back into the
inner solar system. Unfortunately, these calculations are
inconsistent with very similar calculations by Supulver and
Lin (2000), which show that even meter-sized particles do
not survive far inside the evaporation radius. Independent
estimates of evaporation and drift rates, by J.N.C. and by
F. Ciesla (persona communication, 2003) support the re-
sults of Supulver and Lin (2000); however, Supulver and
Lin do not address vapor abundances inside R,,. Morfill and
Volk (1984) found that the vapor abundance inside R, was
always solar; however, this was partly because their sink at
R, remained quite leaky, and partly because of what seems
to be an overly restrictive outer boundary condition (their
equation B7).

The variation of vapor abundance inside evaporation
fronts has recently been reinvestigated by Cuzz et al. (2003)

and Cuzzi and Zahnle (2004), who emphasize the role of
rapidly drifting large boulders in transferring mass. They
find that large enhancements can occur in the vapor phase.
Below we sketch the approach as slightly simplified from
Cuzzi and Zahnle (2004) for some volatile species with
local concentration C(R), nominal solar abundance C,, and
evaporation boundary at R,,. The process is illustrated in
Fig. 5.

The equation for the evolution of C in a one-dimensional
cartesian form, with no distributed sources or sinks, and all
properties held constant except C(R,t), is

d d _
E(OQC(RJ)) + E(GD(RI)) =0 (20)

where the radial mass flux ®(R,t) is the sum of nebula ad-
vection, diffusion, and midplane mass drift respectively

dC C
CD(R) = —COgVn — Q)O-g ﬁ - GLVL C_
(0]

(21)
In the last term of ®(R,t), 0, is the surface mass density of
solids in the meter-sized range away from the boundary;
these particles drift rapidly at velocity V| (section 2.4.1).
Their abundance is proportional to the local abundance C
close to the boundary. A dimensionless sink term £ (defined
below) isintroduced at R,,, due to accretion onto a band of
planetesimals having optical depth T, in aregion of width
H just outside R,,,. These can only provide atrue sink if they
are too large to drift inward past R,, (have radii rp >1km
or s0).

Inside the evaporation front (R < R,) the steady-state
solution to this simple system is an enhancement factor over
cosmic abundance, which can be approximated by

E
£ = 0 (22)
C, 1l+L
where
E=1+ OVL og, WV (23)
CoOgVh V,
and
fV
L=Ty ——L 24
P 2 (24)

Inthe equations above, f; = 0, /C,0,4 and for smplicity here
isassumed to be «1. The planetesimal accretion rate is de-
termined by the large particles lying in alayer of thickness
given by equation (17), and perfect sticking is assumed. E,
is easily determined from its component parts

filBVie _f
(acH/Ry)

Eo ~ fLVL -
Vn

(25)
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ev
Evaporation Front

Fig. 5. Sketch illustrating inwardly drifting volatile material crossing its evaporation front R,,, with midplane temperature T,. The
large inward drift flux of midplane solids o, V| cannot be offset by vapor removal processes CoyV, + Do,dC/dR until the concentra-
tion of the vapor C is much greater than nominal solar C,. More refractory material, shown here as a minor constituent, simply goes

on drifting and growing.

where V| ~ BV, and 3 ~ (H/R)?2 (section 2.4.1), V is the
Keplerian velocity, and ¢ = HQ. As discussed in section
3.3.2 (cf. also Cuzz et al., 2003), size distributions quickly
form by incremental growth containing equal mass per
decade from micrometers to meters or so, so f, = 0.1 is not
unreasonable. Then for plausible values of a, E, = 10-100.
Morfill and Volk (1984) had a parameter analogous to E,
(their A =V /V,), but set it to unity, underestimating the
power of mass supply by radia drift of large particles. In
the limit of very small a, collective effects cause V| to de-
crease, S0 E, cannot increase without limit (Cuzz et al.,
1993) (see aso section 3.3.2). Furthermore, in redlistic situ-
ations, the supply of drifting solids is finite, and this limits
the extent to which E, can grow. More detailed numerical
modeling of this process as applied to water (Ciesla and
Cuzz, 2005a,b) indicates that enhancements are smaller —
typically afactor of 3-30 — for model parameters thus far
explored, because of the finite outer nebula source for the
enhancement.

Thereisan initia, transient, regime of interest (regime 1)
in which enhanced, evaporated material isfound only within
aradial band of width determined by the evaporation time
of drifting rubble, which is species-dependent. For the peak
enhancement to propagate throughout the inner nebula and
approach steady state takes atimet, = R, /V,= Rg /acH =
40/a orbit periods. Considering water as the volatile of in-

terest, R,, ~ 5 AU and o ~ 10-3-104, t~ 0.5-5 m.y,; this
is long enough to be interesting for chemical variations in
the inner nebula due to varying H,O abundance and asso-
ciated oxygen fugacity. In steady state, two regimes of in-
terest for C(R) can be distinguished. If £ < 1 (no sink; re-
gime 2), the entire region inward of R, is enhanced by E,
over solar. If significant planetesimal growth occurs, leading
to asink and £ > 1 (regime 3), the inner nebula becomes
depleted in the volatile species, with C/C, = E /(1 + £) (the
Stevenson and Lunine regime). The regimes are illustrated
in Fig. 6. Depending on the rate a which £ grows, the neb-
ula might evolve between these regimes in different ways.
Clearly, these are very idealized models, and the processis
worthy of future numerical study incorporating accretion.
In the next section we highlight other meteoritics applica
tions.

In summary, the essence of this processis that rapid ra-
dial drift of meter-sized particles brings massinto the vicin-
ity of an evaporation boundary much faster than it can be
removed once it evaporates and becomes coupled to the gas.
Thisiswhy we refer to it as an evaporation front. Its con-
centration in the gas thus builds significantly. This increased
abundance slowly propagates inwards, both by diffusion
and by advection with the nebula gas. Formation of asink at
R, can cause the situation to reverse, with outward diffu-
sion then drying out the inner regions.
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- Regime 2: C/C, =E,

0 b
| Regime 1: ts < 40/a

I Regime 3: C/C, = E,/(1+L) 7

Distance from Star (AU)

Fig. 6. Schematic of the radial (and temporal) variation of en-
hancement C/C,, for “water” with an evaporation boundary at Ry, =
5 AU, taking for illustration a modest E, = 20. In regimes 1 and 2,
thereisno sink at Ry, (£ = 0); regime 1 (dotted; schematic only)
represents the transient situation, where the inner nebula retains
CIC, = 1 for typically 200/t orbit periods. Regime 2 (dashed)
is the steady-state solution for £ = 0. As time proceeds and plan-
etessimals grow in the enhanced solid density outside Ry, £ in-
creases; regime 3 (solid) illustrates the steady-state solution for
E,= 20 and £ = 100.

6. SCENARIOS FOR METEORITE
PARENT BODIES

Below we present some mental cartoons that illustrate
how the physical principles discussed in this chapter might
be relevant to parent-body properties. These are intended to
be thought-provoking rather than definitive. We expand on
these thoughts in Cuzz et al. (20054).

We start with some of the fundamental challenges of the
meteorite data. From studies of thermal histories of ordinary
chondrites with different grades of thermal metamorphism,
an onion-shell model has arisen (reviewed by McSween et
al., 2002; and most recently by Trieloff et al., 2003). Most, if
not all, H chondrites of all metamorphic grades are thought
to come from a single object that is in the 100-km-radius
range, originally composed almost entirely of chondrules
of very similar and well-characterized properties; the more
deeply buried portions were thermally altered after accre-
tion. While evidence of this sort is somewhat less convinc-
ing for other ordinary chondrite types, there is no particular
reason to believe their parents, chondrite parentsin general,
or even the original achondrite parents, should be qualita-
tively different in this regard. Thus we seek an accretionary
process that can construct 100-km bodies out of chondrule-

sized particles that are very similar in size and composi-
tion within a given parent body, but vary noticeably among
parent bodies. The growing evidence for a 1-3-m.y. age
gap between CAls and chondrules [depending on chondrite
type; see Russell et al. (2006)] is consistent with both the
rarity of melted asteroids and the fact that even the oldest
achondrites are not measurably older than the oldest chon-
drules. If chondrules formed with the canonical CAl 26A|
abundance — that is, much earlier than amillion years after
CAlI formation — any object aslarge as 10 km radius would
have melted, at least in its central regions (Lee et al., 1976;
Woolum and Cassen, 1999). Objects larger than 15 km ra
dius, forming even 0.5 m.y. after CAls, would have reset the
Al-Mg systematics in more than half their volume (LaTour-
rette and Wasserburg, 1998). Larger, observable asteroids
in the 100-km-radius range must have waited more than
2 m.y. after CAl formation to avoid large-scale melting (Mc-
Sween et al., 2002, their Fig. 5; also references therein). All
the above constraints neglect the additional heating due to
80Fe, which now seems more important than previously
thought (compare Bennett and McSween, 1996, and Russell
et al., 2006). Thus, the process by which these parent bod-
ies formed must have waited 106 years or so after CAlsto
really get rolling, consistent with observations of the per-
sistence of abundant dust in million-year-old protoplanetary
nebulae (Dullemond and Dominik, 2005).

If the primary accretion process were too efficient once
it started, accretion would complete too quickly for the
apparent duration of chondrule and chondrite formation.
The diversity of mineralogies seen would rely on spatial,
rather than temporal, variations. Because different chondrite
types (and apparently different regions of the asteroid belt)
have distinct chemical, isotopic, and physical properties, a
temporally extended accretionary process must accumulate
a given parent body quickly in some sense — that is, be-
fore the local gas and solid properties change substantially,
and perhaps before chondrules produced in neighboring
regions under different conditions can be intermingled (see
Cuzz et al., 2005a, for more discussion).

Chondrites contain mixtures of materials formed in dif-
ferent environments, which argues for significant spatial
and/or tempora mixing. Nonequilibrium mineralogies are
common in many of these meteorite constituents, and a way
must be found to prevent some particles from reaching equi-
librium with the gas in which they formed. Fine-grained
rims, probably accretionary, envelop pretty much everything
in the most primitive, unbrecciated samples. Moreover, 99%
of the material in chondritesis isotopically homogeneousin
nearly all elements (with the important exception of oxy-
gen). Therare isotopically anomalous grains are ordinarily
assumed to be presolar, thus most chondritic silicates seem
to have been nebula condensates at some point. These prop-
erties are discussed in more detail below.

The first accretion process was incremental accretion
from tiny, interstellar grains into a broad, plausibly power-
law distribution extending up to a meter or so in size (sec-
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tions 3.2 and 3.3.2). The level of turbulence plays a criti-
cal rolein setting the pace of further particle growth; in even
quite low levels of turbulence, growth past the meter-sized
range might be greatly slowed, or even precluded (section
3.3.2). Few meter-sized aggregates survive as entities, but
probably get collisionally disrupted and reaccreted many
times over many years, all the time drifting inward.

6.1. Chemical, Mineralogical, and I sotopic
Variations Driven by Global Redistribution
of Material

If meter-sized particles form quickly, extensive radial
redistribution of solid material must have occurred in the
early solar system dueto their extensive inward radial drift.
In combination with this strong mass flow, evaporation
fronts, with varying locations, can play a role in enhanc-
ing both solid and vapor components of different species
relative to each other. More needs to be done to explore
the implications of this new complication for meteoritics
(sections 5.2-5.4).

The two major volatiles for meteoritics are ferromagne-
sian silicates (T = 1450 K) and water (T = 160 K). The
higher temperature was probably only attained in the inner-
most solar nebula, early in nebula evolution, when the ac-
cretion rate was as high as 107 Mg/yr or more. Cuzz et
al. (2003) have described in some detail a scenario in which
primitive, carbon-rich, drifting silicate rubble greatly en-
hanced the vapor abundance of silicate materialsinside Ry,
(silicates), while the combustion of abundant associated car-
bon maintained the nebula oxygen fugacity at sufficiently
low valuesto explain the (reduced) mineralogy of CAlsthat
formed in the region. Estimates of the silicate mass flux that
passed through R, as midplane boulders and evaporated
can reach tens of Earth masses over the 105-yr duration of
the high-temperature inner nebula phase. The subsequent
fate of this very large amount of material has not been mod-
eled. Surely some — perhaps much — waslost into the Sun,
but a considerable amount was probably recycled, by out-
ward diffusion or stellar/disk winds, back into cooler re-
gions where it recondensed. Perhaps this abundant reservoir
of evaporated and recondensed materia can provide the iso-
topically homogeneous contents of the meteoritic conden-
sates that accreted more than 106 yr later.

The other condensible of interest is water. Solutions pre-
sented by Cuzzi and Zahnle (2004) (section 5.4) indicate
that the warm plume of water vapor created at the water
evaporation boundary, or waterline, propagates into the inner
solar system on a timescale <106 yr, bringing with it an
enhanced water/hydrogen ratio in the vapor phase. While
the analytical solutions of Cuzzi and Zahnle allow enhance-
ments by one or two orders of magnitude, recent numerical
modeling by Ciesla and Cuzzi (2005a,b) indicates that fi-
nite-source and finite-duration factors limit this enhance-
ment to a factor of 3-30 for nebula parameters studied so
far. At some point later in time, planetesimal growth just
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outside the waterline creates a sink that can dry out the inner
solar system, leading to water vapor abundances far lower
than nominal cosmic. Strongly time- or |ocation-dependent
water vapor abundance might help account for the varying
FeO abundances in different chondrite components (Palme
and Fegley, 1990; Fedkin and Grossman, 2004). Forming
FeO-rich silicates requires nebula oxygen fugacity higher
than nominal; on the other hand, forming enstatite chon-
drites requires oxygen fugacity lower than nominal. Another
possible application is the aqueously altered fine-grained
material that rims chondrules and other objectsin CM chon-
drites (MetZler et al., 1992). Many believe that these grains
can only have been altered on the parent body by liquid
water; however, Cieda et al. (2003) argue that nebula shocks
can agueously alter isolated fine-grained silicate particles
in the nebula, if the water abundance is enhanced over solar
in the nebula gas by a factor of about 100.

This effect might also help us understand mass-indepen-
dent oxygen-isotopic fractionations. If the 17O and 180 iso-
topes are preferentially exchanged from CO to water mole-
cules by photodissociation in the parent molecular cloud, or
in the rarified upper reaches of the nebula, the early inner
nebulawhere CAls formed would have been elevated in 160
until sufficient 170 and 180-rich icy material drifted inward
to change the rel ative abundance (Yurimoto and Kuramoto,
2004; Krot et al., 2005b) (cf. sections 5.2-5.4). In this case,
correlations between oxygen fugacity and oxygen-isotopic
content would be expected. Yurimoto and Kuramoto (2004)
argue that only a factor of several enhancement in water is
needed.

Future work might profitably address how other inter-
esting volatiles such as FeS, or metallic Fe, might behave.
Another interesting angle to pursue in this regard might be
the volatility-dependent abundance variations seen in mod-
erately volatile elements in al chondrites (Cassen, 2001;
Alexander et al., 2001).

The strong redistribution of volatiles resulting from ra-
dial drift of solids past evaporation boundaries might be ob-
servable by remote astronomical observations; enhance-
ments of CO have been found in actively accreting disks out
to several AU from the star (Najita et al., 2003) — perhaps
without the expected amount of water (Carr et al., 2004).

6.2. Radial Mixing of Small Particles
After Formation

Inward drift of large particlesis not the only way solids
can be redistributed globally. The mixture in primitive mete-
orites of high-temperature condensates manifesting solar (or
lower) oxygen fugacity (CAls), and lower-temperature con-
densates manifesting much higher oxygen fugacity (some
chondrules, most matrix) — not to mention their age and
isotopic differences — has always been a puzzle. Some of
the appeal of the stellar wind models for CAl and chon-
drule formation comes from their potential ability to trans-
port particles directly from regions where the temperature
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is known to be high enough to melt rocks, to regions where
they may accrete. Temporal mixing is another possibility,
in principle; CAls might form at an earlier, higher-tempera-
ture epoch, but in the same radial region as chondrules later
form and accrete.

It has been a widespread and persistent concern that
CAl-sized particles cannot survive in the nebula for the ap-
parent time difference between them and most chondrules,
because of their radia drift due to gas drag (section 2.4,
Fig. 1). This has even led some to question the reality of
the age difference. This concern is traceable to early work
by Weidenschilling (1977), who quoted drift rates for small
particles in a nonturbulent nebula (see section 2.4.1); how-
ever, Weidenschilling had included caveats about turbu-
lence, and Morfill (1983) argued qualitatively for the vigor
of turbulent diffusion of particles.

Recently, Cuzz et al. (2003) showed quantitatively how
turbulent diffusion can transport CAls outward from an
inner solar system source to asteroidal distances, and allow
them to survive in appropriate abundances for 1-3 m.y. This
happens because outwardly radial diffusive mass flux can be
as large as inwardly radial gas drag drift flux, in the pres-
ence of an outward concentration gradient such as would
exist if CAls were only created in the inner solar system.
Tiny grains have the slowest inward drift and are the most
easily transported outward by turbulent diffusion. Simple
diffusion is capable of explaining outward radial mixing of
1-10-pm-sized crystalline silicate grains in cometary IDPs
(Bockelée-Morvan et al., 2002); tiny refractory grains might
be mixed outward from the innermost nebula diffusively
into comet formation regions, as well as by stellar wind
gjection. Harker and Desch (2002) suggest that crystalline
silicates are formed in the outer nebula by annealing in
spiral density waves, and Boss (2004) has shown that such
waves can themselves produce significant radial mixing
even in the absense of diffusive turbulence.

Because larger particles in this size range have faster
inward radial drift rates than smaller ones (section 2.4.1),
it is somewhat more difficult for diffusion to retain the larger
particles, Cuzz et al. (2003) showed that centimeter-sized
CAls could be diffused to the asteroid belt region, but that
they disappeared more quickly than the smaller, more ubig-
uitous millimeter-sized CAls (which also have different
mineralogical and chemical properties). They therefore pre-
dicted that the meteorites containing the largest CAls (CV
chondrites) would thus need to have accreted earlier than
other meteorite types. It is consistent with this argument
that CV's contain not only the largest CAls, but also the
largest AOASs, which are nearly as old but clearly formed
in somewhat cooler regions. Some preliminary datais con-
sistent with this prediction (Amelin et al., 2004; Bizzarro
et al., 2004; see Russell et al., 2006). Age-dating techniques
should be able to test this prediction in the near future.

Some minerals in chondritic particles (all CAls and
AOAs, for instance) are not in their equilibrium state — as
if they had not had time to equilibrate with their cooling

parent gas before being transported into cooler regions (e.g.,
Wobod, 2004). Future studies of minerals found in non-equi-
librium states might be able to distinguish between differ-
ent hypotheses for outward transport of CAls from hot,
inner creation regions to the asteroid belt. Minerals undergo
a condensation-reaction sequence as they traverse a cool-
ing gas. If transport is by stellar wind gjection, it occurs
almost instantaneously (on an orbital timescale) and at very
low density. If outward radial transport is by diffusion, it
occurs on a considerably longer timescale. Minerals react
slowly with the gas phase, and the kinetics of these reac-
tions are not well understood. Solid-state diffusion coeffi-
cients are only known for a limited range of cases and are
strongly temperature dependent (e.g., LaTourrette and Was-
serburg, 1998); however, reaction times could well be in
the 103-104-yr range, depending on the thermal profile ex-
perienced by the evolving particle. This subject is covered
in more detail by Cuzz et al. (2005a,b).

6.3. Fine-grained Rims: Accretion and/or Erosion

As small, solid particles such as chondrules and CAls
move through the nebula gas, they constantly encounter
finer-grained material, both as monomers and as fractal
aggregates of monomers, which are more firmly coupled to
the gas. Depending on the relative velocity of encounter,
these grains might stick to, compress, or erode the granu-
lar surfaces of the chondrules and CAls. Cuzzi (2004) has
modeled accretion rims on chondrules and CAls. Using
guantitative modeling of relative velocities of particles in
gas turbulence, and using sticking outcomes based on the
theory of Dominik and Tielens (1997), chondrule-sized
particles are found to accrete fairly compact rims of fine-
grained material in times of 103-104 yr depending on the
relative abundances of chondrules and dust. This model
explains how chondrule rims can be fairly compact, with
thicknesses nearly proportional to the size of the underly-
ing chondrule (as found by Metzler et al., 1992; Paque and
Cuzz, 1997) under plausible conditions of weak nebula tur-
bulence, aslong as all chondrules in the same parent body
share approximately the same rim accretion time. Some
cautionary comments are presented by Wasson et al. (2005).
One easy way to understand how this can happen is if the
chondrules in aregion sweep up al the dust in the region,
as suggested by Morfill et al. (1998). Cuzzi (2004) shows
that the detailed form of the dependence of rim thickness
on core particle size (nearly linear) might be a third indi-
cator that chondrule-sized particles are of the right size for
turbulent concentration to act on them (cf. section 4). More
measurements of rim thicknesses in different chondrite
types would be useful.

Fine-grained accretionary rims on CAls are prevalent,
and many CAI accretion rims show clear affiliations with
the nebula regime in which the CAls themselves formed
(Krot et al., 2002) lying beneath rims from the environment
in which chondrules formed (MacPherson et al., 1985).
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Calcium-aluminume-rich inclusion accretion rims studied to
date are much thinner, relative to their core particle size,
than fine-grained rims on chondrules in the same chondrites.
Cuzz (2004) suggests that thisis because the CAlswith the
most obvious fine-grained rims are larger than chondrules,
and would be expected to have correspondingly larger ve-
locities relative to the gas and coupled fine grains, which
may erode, rather than accrete onto, their surfaces. Espe-
cialy in an erosive regime, protected hollows in complex
surfaces will preferentially accumulate material, such asis
often seen in CAls (MacPherson et al., 1985; Krot et al.,
2002). This could be studied more using CAls with sizes
closer to those of chondrules. These differences would have
to be reconciled with sorting together in the same meteor-
ite of these CAls and chondrules, which also depends on
their stopping time t..

This scenario would seem to be consistent with the gen-
eral observation that chondrule fine-grained rim material is
similar in composition to (if somewhat smaller in size than)
matrix grains in the same chondrites (Scott et al., 1989;
Ashworth, 1977) and complementary to the chemistry of
the chondrule cores themselves in the sense that iron and
other volatiles lost from chondrules are complemented in
their rims and matrix (\Wbod, 1985). More studies of rim-
matrix relationships would be valuable.

By contrast, the concept that chondrules and CAls ac-
quire their rims in high-speed stellar winds (Liffman and
Toscano, 2000) seems rather unlikely. The relative veloci-
ties involved are estimated as the terminal velocity of the
grain, under solar gravity, in the very low density wind:
V; ~ gt Recall from section 5.1 that t~ Q3 ~ 105 s; thus
anywhereinside 2 AU, V; ~ 1 km/s. This velocity is hard to
reconcile with sticking of grains and much more likely to
result in net erosion of rims, if not pitting and erosion of the
igneous object itself.

6.4. Primary Accretion

By primary accretion, we refer to the process by which
primitive planetesimals having the size and content of
meteorite parent bodies were put together from the indi-
vidual components discused above. These are objects large
enough to escape gas-drag-driven drift loss “into the Sun,”
and to have identifiable macroscopic-to-megalithic proper-
tiesthat are connected to their nebula precursors, but small
enough that they have escaped melting, preserving the pri-
mary characteristics of their nebular constituents. Inferring
the true “primary” characteristics from the current crop of
meteorites requires us to look backward through a number
of planetary processes— collisions, grinding, abrasion,
thermal and agueous alteration, etc. (cf. Weidenschilling,
2006). Here we speculate on only the very earliest stages
of primary accretion. Some of these speculations are pur-
sued further in Cuzz et al. (20054).

As mentioned above, several arguments support a 1-3-
m.y. hiatus between the earliest days of the solar system
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(the formation of CAls) and the primary accretion of the
parent bodies of most of our meteorites (Russell et al.,
2006). It seems to us that maintaining a small amount of
turbulence (10-5< a < 10-?) in the inner solar system
throughout most of this time is the most obvious way to
account for this (section 3.3.2). The situation in the outer
nebula might have been different; the need to preserve the
limited amount of solid material there by making accretion
easier easier and faster might lead one to believe that tur-
bulence there was much weaker (Weidenschilling, 1997).
However, current estimates suggest that the magnetorota-
tional instability is easily capable of making the entire outer
nebulaturbulent (Sano et al., 2000). If the outer nebula were
turbulent, turbulent concentration might have played arole
in fostering planetesimal growth (cf. section 4, Fig. 3). Evi-
dence for this might be hard to find.

In 1-3 m.y., the nebula evolves dramatically, losing most
of itsinitial mass, dropping to a much lower accretion rate
and a much lower photospheric and magnetospheric activ-
ity level overall, and cooling at all radial locations. Evapo-
ration fronts move, possibly by several AU, as a result of
this evolution. The minimum mass nebula with which most
planetary accumulation models start, often identified with
the revealed stage of T Tauri star evolution, is only a mere
shadow of its former self. Once primary accretion starts,
one has the (poorly quantified) impression that it happens
quickly. Why was primary accretion delayed for over a
million years, until after chondrules formed, and yet pro-
ceeded with alacrity thereafter?

Given the prevailing expectation that Jupiter itself formed
on the 1-3-m.y. timescale, one must at least consider what
influence the formation of Jupiter (by this we mean the rapid
accretion of its massive gaseous envelope) might have had
on the asteroid-formation region. For example, nebula shock
waves driven into the inner solar system by the fully formed
Jupiter might both have melted the chondrules and influ-
enced the local level of turbulence (more likely to have in-
creased it, than to have decreased it).

A possibility favored by S.JW. is that decreasing gas
density (due to nebula evolution into the Sun) and decreas-
ing opacity (due to accretion) might have led to a substan-
tial cutoff in turbulence at some stage. In section 3.3.1 we
showed how sensitive the accretion rate isto a decreasing
below a certain (very low) threshold value (<10-6-107) at
which point the particle layer becomes self-shielded from
the nebula headwind. In this scenario, formation of Jupiter
perturbs some planetesimals into eccentric orbits crossing
large radial regions, causing bow shocks that generate the
chondrules we now see, which, because turbulence is low,
accrete quickly. Under this scenario one would need to
understand how the distinct parent bodies of the different
chondrite classes could be formed, with such well-deter-
mined chemical properties and size-density sorting charac-
teristics. Furthermore, the turbulence threshold required for
this to occur is extremely low. While it is widely believed
that differential rotation alone cannot maintain continuous
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turbulence, this question is far from settled at the extremely
low levels of a that permit rapid midplane accretion (sec-
tion 2.1).

A different possibility, favored by JN.C., is that weak
turbulence was ongoing and ubiquitous, allowing growth
only to meter size, until some confluence of events (per-
haps also involving Jupiter’'s formation) led to chondrule
formation and turbulent concentration. The decreasing gas
density and varying turbulent intensity might have only then
reached combinations (Fig. 3) at which chondrules and their
like could incur significant concentration to leapfrog the
meter-sized particle barrier that frustrates incremental ac-
cretion in turbulence. For an extended time, these processes
sporadically produced dense, if not fully packed, proto-
planetesimals that continued to compact under collisional
and gravitational processes (section 4). Turbulent concen-
tration does present the advantage of allowing small varia-
tions in local gas density, or a, or both to determine the
properties of the mineral objects that are subjected to strong
concentration (sections4 and 6.3). This scenario predicts
widespread radial mixing of chondrite constituents prior to
their accretion, which must be reconciled with the distinct
properties of the meteorite classes (see Cuzz et al., 2005a).

The challenge remains to end up with planetesimals
made out of the rocks we have in our collections — plau-
sibly, 100-km-radius objects, each composed almost entirely
of millimeter-sized components with well-defined proper-
ties, but varying noticeably from one to another. It has been
a widespread assumption that the chondrite and asteroid
groups represent spatial variation at some nominal point in
time; however, the alternate must be considered that chon-
drite groups represent temporal (but till local) grab samples
of an evolving nebula mix, or perhaps at least a combina-
tion of both spatial and temporal variations. One must also
keep in mind that the current crop of meteorite types re-
mains a biased and incomplete sample of what exists out
in the asteroid belt. As only one example, a set of Antarc-
tic meteorites has recently been identified as H chondrites,
but they incorporate abundant CAls (rarein normal H chon-
drites) and possess a matrix like that seen in CO chondrites
(Kimura et al., 2002)! Clearly there is a lot to learn, and,
while progress is being made in understanding different
components of the process, we remain along way from any
coherent scenario of meteorite parent-body formation.
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