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THERMAL MODELS OF THE PRIMITIVE SOLAR NEBULA; P. Cassen, NASA- 
Arnes Research Center, Moffett Field, CA 94035. 

Attempts to model the density and thermal structure of the primitive solar nebula from 
first principles are hampered by our lack of understanding of the processes responsible for 
angular momentum transport, i.e., those which determine the manner in which mass is 
redistributed in the nebula. Many mechanisms have been proposed, including thermal convection 
(1, 2), acoustic waves (3,4), self-gravitating density waves (5,6,7,8), magnetic coupling 
(including Alfikn waves), turbulent mixing of infalling material (9), internal waves (lo), and 
shock waves (1 1). The relative potency of these mechanisms is difficult to evaluate. Numerical 
simulations can only be relied upon for time periods of several rotations of the outemlost parts of 
the disk, and therefore require considerable extrapolation to be useful for application to questions 
of long-term evolution. 

In spite of these obstacles, models of the nebula that are useful for the analysis of the 
thermal histories of primitive material can be developed by relying on the global conservation 
equations, simple parameterizations that specify the mass distribution evolution, and information 
gained from the observations of disks around T-Tauri stars, under the assumption that the solar 
nebula was not unique. We assume that the surface density of the nebula is given by a power of 
the radius, and that only a fraction of the the accumulated mass is retained in the disk during 
formation. The protostellar collapse model of Terebey et al. (12) is used to provide the mass 
source functions. Subsequent to formation, the mass in the disk is assumed to diminish 
algebraically in time. The distribution of effective temperature with ndius inferred to be 
characteristic of T-Tauri stars (13) is adopted, and the internal thermal structure is determined by 
the equation of radiative transfer and the opacities of gas and dust of solar composition (14). The 
radial trajectories, mixing, and thermal state of the nebula gas can then be calculated for a variety 
of models, and the sensitivity to initial conditions and assumed model parameter values 
determined explicitly. 

Under common conditions, most of the interstellar material that eventually formed the 
Sun would have first collapsed to a disk, wherein its angular momentum could be exchanged to 
allow it to move inward to become part of the Sun. Other material, the recipient of angular 
momentum, was pushed outward in the disk. Thus it is surmised that parcels of gas typically 
experienced considerable radial excursions during the evolution of the nebula, some of it moving 
first outwards and then inwards. As it migrated radially, gas was mixed with newly infalling 
material, as well as neighboring parcels through diffusive processes. Although these motions and 
the consequent mixing can be calculated for a given model, the quantitative results are sensitive to 
poorly constrained initial conditions and model parameters. For instance, the radial size of the 
nebula is proportional to ( J V ) ~ ,  where J is the angular momentum accumulated, and f is the 
fraction of accumulated mass retained in the disk. 

However, the calculated nebula temperatures are relatively insensitive to input 
parameters, depending primarily on the fourth root of the stellar mass accretion rate.They are also 
well-constrained by astronomical data. Figure 1 shows a schematic cross-section of the nebular 
disk, keyed to representative calculated temperatures ar the end of the protostellar collapse stage. 
Collapse occurred at a rate of 2 x 10-6 solar masseslyear, from an isothermal cloud initially in 
equilibrium, rotating at a rate of 10-l4 sec-1. It was assumed that 114 of the mass was retained in 
the disk with surface density = r -312. The effective (photospheric) temperature Te = r -112, as is 
the case for many T-Tauri stars (13). Near the proto-Sun, all material is vaporized and the 
surface density, although diminishing with radius, is sufficiently high that the disk is optically 
thick. At rl, where Te drops below about 1300 K, silicate dust condenses at high altitudes in the 
disk and and the optical depth decreases less rapidly with radius than inwards of rl; both gas and 
dust are still optically thick. At r2, the gas layer becomes optically thin, and therefore 
approximately isothermal at the dust condensation temperature (15,16). At r3, dust condenses all 
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the way to the mid-plane. At rq, water ice begins to condense at high altitudes and at r5 it has 
condensed at the mid-plane. Beyond rg the disk is optically thin. Subsequent to collapse, the disk 
cools and the denoted radii move inward on the evolution time scale of a few million years. 

The thermal structure illustrated in the Figure is characteristic of all disks that evolve 
smoothly, with the precise locations of the condensation regions dependent on time and (weakly) 
the stellar mass, radius and accretion rate. Nebular gas and dust typically possess radial velocities 
greater than the rate at which the condensation fronts move radially; so there is mass flux through 
the fronts. Note that the thermal structure defines sub-nebular scales in the inner Solar System 
that may be associated with the production of compositional gradients in accumulated solid 
material. Also, feedback mechanisms associated with accumulation, optical depth, and energy 
transport may be expected to lead to complex dynamical behavior, i.e., nebular "weather", in 
these regions. 
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Figure 1. Representative thermal structure of the solar nebula after the accumulation of one solar 
mass. Dots = silicate dust; crosses = dust + water ice. Condensation regions move inward as the 
nebula cools. 
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