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THERMAL STRUCTURE OF THE SOLAR NEBULA; Alan P. Boss, DTM, Carnegie Insti- 
tution of Washington, 5241 Broad Branch Road N.W., Washington DC 20015. 

One of the most glaring discrepancies in our understanding of solar system formation has been the 
conflict between (i) meteoritical evidence for high temperature processing of preplanetary materials, and 
(ii) viscous accretion disk models with significantly lower (- 150 K) peak (midplane) temperatures a t  2 to 
3 AU [I]. Chondrules and certain refractory inclusions experienced rapid heating and/or cooling (over - 
hour time periods) in addition to  high (- 1000 K to 2000 I<) temperatures, perhaps requiring a series of 
localized heating events [2,3]. On the other hand, the bulk compositions measured for chondritic meteorites 
and inferred for the terrestrial planets appear to require a more prolonged period of chemical fractionation 
coupled with temperatures in the range 1200 K to 1400 K [4]. 

Recently there have been several reassessments of the thermal structure of the solar nebula, all implying 
higher temperatures in the inner nebula than in the standard viscous accretion disk model, but subject 
to important caveats. A viscous accretion disk could have a midplane temperature of 1500 I< at 3 AU 

rovided the mass accretion rate M - 10-4Mo/yr and the turbulent viscosity parameter cu - loe2 
PSI N umerical 3D hydrodynamical models of nebula formation (including compressional heating from the 
collapse) produced high (- 1500 K) midplane temperatures at 2 to 3 AU [6,7] even in a minimum mass 
nebula, but the models effectively had M - l od3  to 10-2Mo/yr, well above the generally accepted range 
of M N to 10-4Mo/yr. Numerical 2D hydrodynamical models found similarly high temperatures in 
the inner nebula for comparable or slightly smaller mass accretion rates [8,9], but in these models the final 
nebula masses (> 0.4Mo) were considerably higher than in the minimum mass solar nebula (- 0.05Mo) 
so these models may not be representative of later phases when planetary accumulation was occurring. 

NUMERICAL METHODS: An improved multidimensional radiative hydrodynamics code has been devel- 
oped [10,11] and applied to the question of the thermal structure of the solar nebula during its formation 
phase. In order to  minimize the computational burden while focusing on thermodynamics, the first suite 
of models assumes symmetry about the rotation axis (2D) and about the midplane. The nebula models 
extend from 0.5 to 25 AU or 50 AU with radial grid spacings of 0.5 AU or 1 AU (N, = 51), while the 8 
grid is either uniform or compressed toward the midplane to enhance the vertical spatial resolution in the 
model ( N o  = 23 grid points for ~ / 2  2 8 > 0). 

In order to  try to  simulate solar nebula formation without including all of the details of protosun evolution, 
tlie calculations use a 'sink cell' [7] with an initial mass of 1 Ma to represent the protosun's gravity and 
luminosity. The nebula is given initial density ( p  cc r-3/2) and radial velocity (v, oc r-'I2) profiles 
appropriate for gas in free fall [12]. The initial angular velocity has a profile (0 cc r - l )  chosen to resemble 
that in collapsing clouds [8], with a specific angular momentum ( J I M  w 3 x lo2' cm2 s-') appropriate for 
a minimum mass solar nebula [13]. The initial nebula mass is - 0.05Mo, resulting in mass accretion onto 
the protosun a t  rates ranging from loe4  to - 10-3Mo/yr. Mass accretion by the protosun produces a 
luminosity that contributes to  heating of the nebula. The initial temperature profile ( T  cc r-5/4, normalized 
to 1500 I< at 1 AU) produces a stable initial solution of the radiative transfer (mean intensity) equation. 

RESULTS: The results for a typical model after about a year of evolution are shown in Fig. 1. A 
rotationally-flattened, optically thick nebula begins to form, extending out to  distances of about 3 AU (Fig. 
la).  The initial temperature profile quickly relaxes to a quasi-steady state determined by the heating and 
cooling processes in the nebula. Because of the importance of the central luminosity and the chosen initial 
conditions, the nebula temperature distribution (Fig. l b )  remains more nearly spherically symmetrical (as 
in [8,9]) compared to the strong vertical temperature gradients encountered in nebula models [6,7] that did 
not include these effects. Hence there is no particular concern for these models with regard to  resolving 
the vertical structure of the nebula; a sharp accretion shock does not yet exist. 

The midplane temperature profile for the Fig. 1 model is displayed in Fig. 2a. Relatively high temperatures 
(Tm M 1500 K inside 3 AU) are evident in this model with M w 6 x 10-4Mg/yr. Numerical stability 
problems have so far prevented calculation of models with much lower values of hi. A number of parameters 
have been varied in the models, such as the radial and 8 grid resolutions, the boundary condition on the 
radiation field, the initial temperature and angular velocity normalizations, and the strength of the artificial 
viscosity, which dissipates kinetic energy and produces heating. Changing the radiation boundary condition 
alters the temperature profile in the optically thin outer nebula, but has little effect on the inner nebula. 
Halving the radial grid spacing appears to shift inward (from 3 to 2 AU) the radius at which Tm falls below 

1500 K. Artificial viscosity can also affect the inner nebula temperatures (Fig. 2b). 

CONCLUSIONS: The new models are considerably improved over previous efforts [6,7] and yield similarly 
high temperatures, but only with higher mass accretion rates than are commonly accepted. The possible 
persistence of high midplane temperatures for even lower values of M remains to  be investigated. High 
midplane temperatures could help account for observed volatile depletions [4], but not for heating events 
with very short time periods. 
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SOLAR NEBULA TEMPERATURES: Boss A. P. 
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Fig. 1. Log density (a) and log temperature (b) contours for a 2D solar nebula model with M x 6 x 
10-4Mo/yr. Region shown is 5 AU in radius. The rotation axis falls at the left border, and the midplane 
at the bottom. Contour intervals correspond to factors of 2.5 change in density and 1.6 in temperature. 
The sink cell is evident a t  the lower left corner. 
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Fig 2. Log of the midplane temperature as a function of heliocentric radius for the Fig. 1 model (a) which 
includes artificial viscosity and an identical model (b) but without artificial viscosity. Horizontal line is 
1500 K. Variations in the artificial viscosity can affect midplane temperatures in the inner nebula. 
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