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Introduction: Studies of chondritic meteorites and 

cometary materials reveal the important roles that mix-
ing and transport played in defining the properties of 
planetesimals.  Outward transport of hot, inner solar 
nebula products resulted in the delivery of high tem-
perature materials, like CAIs, to the region where icy 
comets formed[1]. Mixing of fine-grained dust allowed 
pre-solar grains to become mixed with chondrules and 
CAIs, products of high temperature processing that 
would have destroyed the intersteallar signatures of 
pre-solar grains, on the sub-millimeter scale. Thus un-
derstanding how mixing and transport occurred is criti-
cal in order to fully develop our models of solar system 
formation. 

Most models of mixing and transport in the solar 
nebula consider a disk that was fully formed as the 
starting point for a simulation, and that the subsequent 
dynamical evolution of the gas and solids determine 
the bulk properties of the planetesimals that eventually 
form.  However, protoplanetary disks like our solar 
nebula are built as material from the parent molecular 
cloud rains down over a finite period of time.  This 
material is then subjected to mass and angular momen-
tum transport as it gets incorporated into the disk, 
some eventually being accreted by the central star, 
while some is pushed outwards to large distances.  
This dynamical evolution does not turn on the instant 
infall ceases, but rather is ongoing throughout the time 
of disk formation. 
     Here we consider the dynamical evolution of a solar 
nebula during and after the period when it is built from 
its parent molecular cloud.  Specifically we investigate 
how the infall impacts the overall structure and dy-
namical evolution of the nebula and how materials that 
are added to the disk at different times are mixed 
throughout.  This work has implications for the level of 
isotopic homogeneity that would be seen in primitive 
materials as well as the preservation of early formed 
solids. 

Model Description:  In  simulating the evolution 
of a growing solar nebula, we follow the one-
dimensional model of Hueso and Guillot [2].  We use 
the standard α-viscosity model to describe the mass 
and angular momentum transport within the disk. In 
our simulation, increased mass and angular momentum 
transport due to local gravitational instability is con-
sidered with expressions given in [3]. We account for 
disk building by adopting an analytic formula that de-

scribes the addition of mass to the central star and disk 
as a result of infall from the molecular cloud.  The rate 
of infall depends on the initial temperature of the 
molecular cloud, while the physical distribution of this 
added mass depends on the initial angular momentum 
of the cloud. Infall takes place until the mass of the 
molecular cloud is completely incorporated into the 
star-disk system.  The masses of each are tracked sepa-
rately, and thus the star increases in mass as material is 
accreted from the disk. 

Results: Figures 1-4 show the results of a typical 
model simulation. For this run we considered a iso-
thermal one solar mass molecular cloud, with tempera-
ture set as 15K and rotational rate set as 1

€ 

×10-14 s-1.  
Under these conditions all the mass in the cloud falls 
inside of 10 AU from the central star at a rate of 
~3x10-6 M


/yr. We use a base value of α=10-3 

throughout the disk.  Our model begins with a star of 
mass 0.5 M

 and no mass in the disk (beyond 0.1 AU), 
meaning infall continues for another 0.16 Myr. 

Figure 1 shows how the masses of the disk and star 
evolve with time. The disk’s mass will grow to about 
0.3 M

 due to molecular material falling, then decrease 
as it is transported inward where it is finally accrete 
into the central star.  

Figure 2 shows the surface density of the disk at 
different times. The disk grows more massive until 
infall caeases, after which it thins and grows in radial 
extent due to the continued mass and angular momen-
tum transport associated with viscous evolution. De-
spite all molecular cloud material falling within 10 AU 
of the star, significant mass is carried outwards to be-
yond 100 AU over the course of our simulation. 

Figure 3 shows the temperature distribution of the 
disk at different points of its evolution. During the ear-
liest stages of evolution, the temperature increases 
everywhere as the disk grows in mass.  After infall 
ceases, the disk cools with time as it becomes less 
massive.  That is, the decrease in disk mass coincides 
with less internal viscous dissipation (heating) and 
greater ease for the disk to radiate away energy.  

Figure 4 shows how the last 1 % material accreted 
from the molecular cloud is redistributed in the disk 
over time. After being accreted by the disk, that mate-
rial is restricted to inside ~10 AU, making up 2-10% of 
the material present there.  Over time, that material is 
redistributed via diffusion and the large-scale flows 
associated with disk evolution.  The distribution of 
material flattens quickly, becoming uniformly distrib-
ted in the inner disk over a short period of time. Within 
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0.5 Myrs, the fraction is almost constant, making up a 
few percent of the remaining mass of the disk, except 
for the rapid drop off in the outermost region. 

Discusion: With varying parameters, such as α or 
intial rotational rate of the molecular cloud, we find 
that the result that material is mixed well within the 
disk in <1 Myr is robust. This suggests materials 
formed immediately after the formation of solar nebula 
may record brief chemical or isotopic heterogeneities, 
but these will rapidly disappear over the course of disk 
evolution.  Indeed, if there is any compositional het-
erogeneity in the parent molecular cloud at the time of 
collapse, either due to injection of material from a su-
pernova [4] or from photochemical effects [e.g. 5], 
these may be reflected in the oldest solar system solids, 
such as the FUN CAIs [6].  Such issues are the subject 
of our current investigation. 

While our dynamical model has thus far focused on 
gas or fine-dust within the nebula, the evolution out-
lined here may help explain the dynamical evolution of 
larger solids as well.  In particular, the viscous spread-
ing of a disk such as that modeled here will likely last 
longer than in models where the model begins with the  
disk at its largest mass.  This increased viscous spread-
ing may help offset the inward motions of larger parti-
cles due to gas drag, and in particular, explain how 
CAIs were preserved in the nebula for 1-2 million 
years prior to being incorporated into chondrite parent 
bodies [7]. 
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Figure 1: The mass evolution of the disk and star.    

 

Figure 2: The (gas) surface density evolution of the disk.  
 

 
Figure 3: The thermal evolution of the disk. 

 
Figure 4: The fraction evolution of the last 1 % material. 
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