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THERMAL PROFILES IN PROTOPLANETARY DISKS. A. P. Boss, 
DTM, Carnegie Institution of Washington, 5241 Broad Branch Road N.TV., Washington 
DC 20015-1305. 

Disk temperatures control the degree of condensation of iron, silicates, and ices, and 
hence determine the surface density and type of solids available for initiating planetesimal 
accumulation. Thermal profiles for a variety of possible protoplanetary disks have been 
calculated using a two dimensional, radiative hydrodynamics code. Variations include 
changes in the disk mass, stellar mass, initial adiabat, radial density profile, energy source, 
and dust grain opacity. Most models assume heating due to compression associated with 
ongoing accretion of gas from the parent molecular cloud; disk models with heating 
from an cr viscosity have also been calculated, and the results compare fairly well with 
previous viscous accretion disk profiles. The compressionally-heated models show that 
the most important parameter controlling disk thermal profiles is the disk mass, implying 
a temporal sequence of disk temperatures declining along with the disk mass. 
INTRODUCTION. The maximum temperature at a given radius in a protoplanetary 
disk generally occurs at the disk midplane, and this maximum temperature controls the 
chemical composition of solids sedimenting to the disk midplane. Stochastic orbital evolu- 
tion during later phases of planetesimal accumulation ensures that each of the terrestrial 
planets incorporates planetesimals from throughout the inner solar nebula [I], but such 
orbital mixing is limited, and the imprint of the disk's radial temperature profile is re- 
tained in the volatile element compositions of the terrestrial planets and meteorites [2,3]. 
The absence of isotopic fractionation of potassium in the inner solar system demands that 
volatile depletions occurred during condensation rather than evaporation [3], indicating 
that volatile element depletions occurred in a relatively hot ( N  1000 I< for potassium 
depletion) nebula (e.g., [4,5]). The present numerical models seek to learn the extent 
to which relatively high temperatures are present in protoplanetary disks with varied 
physical parameters. 
COMPARISONS. The standard model has a disk with mass Md = 0.020Ma inside 10 
AU, a solar-mass protostar, and the disk is accreting mass at a rate of N l ov6  to I O - ~ M ~  
yr-l, yielding a midplane temperature Tm > 1000 I< inside 2.5 AU. The thermal profile 
is consistent with an analytical model [6] for radiative transfer in an accretion disk with 
a power-law temperature gradient and the same mass accretion rate. Models with vis- 
cous heating according to the standard prescription for a accretion disks yield thermal 
profiles quite similar to those calculated in the context of viscous accretion disk theory 
[7] (Fig. 1A). These successful comparisons with independent calculations lend credence 
to the numerical procedures associated with the present models. 
VARIATIONS. A number of models have been run with variations compared to the 
standard model, in order to isolate the effects of different assumptions. Varying the 
initial adiabat used to construct the underlying disk equilibrium model has little effect 
on the calculated thermal profile, which is reassuring because of the arbitrariness of this 
choice. Using a steeper radial density profile ( p  cc r-2 instead of rW3l2) leads to a slightly 
hotter inner disk and a slightly cooler outer disk (Fig. 1B). Varying the stellar mass from 
1.0 Ma to 0.5 M a  to 0.1 M a  has little effect on the thermal profiles inside 2.5 AU, but 
does move the ice condensation point (Tm = 160 I<) inward from - 6 AU to 5 AU to 
4.5 AU, respectively [8]. Using updated dust grain opacities [9], where organics dominate 
the opacity in the range 200 I< to 600 I<, leads to only minor changes compared to using 
the previous opacities [ lo]  (Fig. 2A). Lowering the opacity by up to a factor of 10 to 
simulate dust grain coagulation to mean sizes 10 times larger reduces disk temperatures 
slightly (Fig. 2A). Va.rying the disk mass has the biggest effect (Fig. 2B): a 0.04 disk 
is appreciably hotter (N 1000 I< at 4 AU) than the standard 0.02 Ma disk. 
CONCLUSIONS. Uncertainties in dust grain opacities, radial density profiles, and initial 
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adiabats have minor effects on disk thermal profiles. The relative insensitivity of the ice 
condensation point to  the stellar mass may have implications for the location of extrasolar 
Jupiter-like planets [8] around nearby low Inass stars. The dependence of temperature 
on disk mass implies that disk temperatures dropped significantly as the mass of the disk 
decreased in time toward the end of the accretion phase. 
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Fig. 1. A: T, profiles for models with varied a viscosity, compared to Morfill's [7] model 
(M) with a = 0.01 and M = Ma yr-l. B: Results for varied radial density laws. 
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Fig. 2. A: Results for varied opacity [9,10] and dust grain grosvth by a factor of 10 in 
size. B: Results for varied disli masses. 
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