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MIDPLANE TEMPERATURES IN THE SOLAR NEBULA. A.  P. Boss, 
DTM, Carnegie Institution of Washington, 5241 Broad Branch Road N.W., Washington 
DC 20015. 

Cosmochemical analyses of meteorites imply that maximum temperatures in the 
inner solar nebula were on the order of 1300 K, yet standard viscous accretion disk 
models predict much lower midplane temperatures (- 300 K at 2 AU to 3 AU) in a 
minimum mass nebula. A second-order accurate radiative hydrodynamics code has been 
used to construct models of the late-phase solar nebula appropriate for low-mass star 
formation (M - to I O - ~ M ~  yr-I). For a minimum mass (0.02Ma) nebula and 
a solar-mass protostar, the new models show that compressional heating due to mass 
accretion onto the nebula and subsequent vertical contraction of the nebula are sufficient 
to lead to midplane temperatures T, > 1400 K at 1 AU and T, > 1000 K at 2.5 AU. 
INTRODUCTION. Low volatile metal abundances [I] and variations in Mg and Si abun- 
dances [2] have been interpreted to require temperatures in the range 1200 K to 1400 K 
in the inner solar nebula at the time of dust grain coagulation. On the other hand, rapid 
formation of the giant planets [3,4] seems to require coeval temperatures low enough 
(- 150 K) at 5 AU and beyond to allow icy dust grains to coa late. Classical viscous 
accretion disks have long been favored as solar nebula models [5ryet heating due to vis- 
cous dissipation seems only capable of producing midplane temperatures Tm N 150 K to 
300 K at 2 AU [6,7] unless the nebula is much more massive than a minimum mass nebula 
8,9]. Numerical hydrodynamical models of solar nebula formation have been limited to b igh mass accretion rates and/or to relatively massive disks [10,11,12]. Here we present 

numerical calculations that overcome both of these previous drawbacks. 
NUMERICAL METHODS. A new set of axisymmetric (2D) radiative hydrodynamical 
models of solar nebula formation has been calculated with a spatially second-order accu- 
rate code 1131. The equations of hydrodynamics, self-gravitation, and radiative transfer 
in the Eddington approximation are solved on a spherical coordinate grid extending from 
1 AU to 10 AU. Compared to viscous accretion disk models, the hydrodynamical models 
include (i) compressional energy generated by molecular cloud core infall and vertical 
contraction of the nebula, (ii) the detailed vertical structure of the nebula, and (iii) 
Rosseland mean dust grain opacities and radiative transfer. 
INITIAL MODELS. Acceptably low mass accretion rates are ensured for both the central 
protosun and the solar nebula by starting the models from an approximate equilibrium 
solution for the vertical structure of a self-gravitating, non-thin, adiabatic disk in near- 
Keplerian orbit around a solar-mass protosun. The rnidplane density is taken to be a 
power-law in radius (p, oc r - 3 / 2 ) ,  and the vertically infalling molecular cloud core is 
given the same form. This results in M~ + 0 and M~ - to Ma yr-l. 
RESULTS. In order to best determine the steady state midplane temperature profile, a 
variety of models were run with varied initial spherically symmetric temperature pro- 
files. If the final temperature was higher than the initial temperature, then the initial 
temperature was assumed to be a lower bound on the steady state value, and vice versa. 
Thirteen such models were used to define a composite temperature profile that was then 
used as the initial temperature distribution for the final composite model shown in Fig- 
ure 1, The disk undergoes a small amount of contraction during the evolution, while the 
infalling molecular cloud halo is preferentially accreted along the rotation axis. The tem- 
perature distribution rapidly changes from being spherically symmetric to a distribution 
with the highest temperatures in the optically thick disk. The midplane temperature 
does not change significantly from the initial profile, indicative of a steady state solution. 
The model temperatures are slightly lower than the midplane temperatures previously 
calculated on the basis of effective (photospheric) temperatures inferred at 1 AU from 
observations of T Tauri disk-star systems [14]. Midplane pressures in the inner nebula 
are - to atm. 
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CONCLUSIONS. The new models imply that a minimum mass nebula orbiting a solar- 
mass protostar and undergoing mass accretion at the appropriate rate should be com- 
pressionally heated to T, > 1400 I( at 1 AU and to T, > 1000 I( at 2.5 AU, but with 
T, N 100 K at 5 AU and beyond. These temperatures seem to be in good agreement with 
the cosmochemical constraints for the inner solar system and with the need to coagulate 
icy grains in the outer nebula at the same time. 
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Figure 1. Results for the composite solar nebula model: (a) log density contours (factors 
of 10 change); (b) log temperature contours (factors of 1.6 change); (c) log mldplane 
temperature (horizontal line = 1500 K); and (d) midplane pressure-temperature relation 
for the composite model (C), the adiabat used to define the initial model (A), and a 
standard viscous accretion disk adiabat (M) [7]. In a) and (b), the rotation axis is the 
left border and the midplane is the bottom border; t k e box is 10 AU across. 
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