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ANGULAR MOMENTUM TRANSPORT BY GRAVITATIONAL TORQUES IN 
THE EARLY SOLAR NEBULA. Alan P. Boss, DTM, Carnegie Institution of Washington, 5241 Broad 
Branch Road N.W., Washington DC 20015. 

The solar nebula probably formed from the collapse of a slowly rotating, dense interstellar cloud 
[1,2]. Even a slowly rotating cloud, however, may have large enough specific angular momentum ( J I M  x 
10'' - lo2' cm2 s-l)  to  ensure that much of the cloud collapses onto a disk, rather than directly onto a 
central protosun [3]. In this case, substantial solar nebula evolution is necessary in order to  transport mass 
inward onto the protosun, as well as angular momentum outward. Several physical processes have been 
suggested for causing this early evolution: turbulent viscosity [4], magnetic stresses [5], and gravitational 
torques 6,7]. Additionally, these processes might have had a role in later phases in removing the last ves- 
tiges of t I e nebula. Convective instability [8] has been the most promising means of driving turbulence, but 
now appears t o  be defective [9]. Processes such as ambipolar diffusion control the importance of magnetic 
fields, and there is evidence that magnetic fields become dynamically unimportant prior to  formation of 
protostellar disks [lo]. On the other hand, angular momentum transport by gravitational torques requires 
only the presence of a mass distribution which is asyrnrnetrie about the nebula rotation axis (i.e., nonas- 
isymmetry such as spiral arms). Because of differential rotation, the secular effect of gravitational torques 
should be t o  transport angular momentum outward, and hence mass inward. The primary uncertainty 
about angular momentum transport by gravitational torques is the amount of nonaxisymmetry likely t.o 
have been present in the early solar nebula, and hence the magnitude of the torques. The present study 
attempts to  quantitatively resolve this uncertainty. 

Nearly all detailed solar nebula models have assumed axisyrnrnetry and hence neglected the possible 
importance of gravitational torques. The two exceptions found that significant nonaxisymmetry could result 
from the gravitational instability of massive, cold protostellar disks [ l l ] ,  and from the three dimensional 
collapse of slowly rotating, dense clouds [2]. The former work studied the dependence of the stability of 
infinitely thin disks with p CK r-' density -piofiles on the mass of the central object and on the isothermal 
disk temperature. The latter work, while taking a rigorously correct approach to  presolar nebula formation, 
nevertheless was prevented by inherent numerical difficulties from giving much more than an indication 
of the possible extent of nonaxisymmetry in the early solar nebula. The resent study abandons the 
approach of starting the evolution from interstellar cloud densities and sizes fi], and instead assumes that 
some aspects of the collapse phase can be approximated by an evolution starting from a much higher 
density, smaller size configuration. This approach allows the new numerical models to  have a spatial 
resolution of 1 AU, perhaps large compared to many processes of interest in the nebula, but small enough 
to give a reasonable representation of the global stability of the nebula. 

The intention is thus to  study the growth of nonaxisymmetry in solar nebula models produced by 
the collapse of initially uniform density and rotation, spherical clouds, onto protosuns of variable mass. 
The calculations involve solutions of the three dimensional equations of hydrodynamics, gravitation, and 
radiative transfer (see [3] and [12] for details). Several improvements have been made over the previous 
calculations [2], including updated opacities, enhanced spatial resolution for thin disks, a central sink cell, 
and diffusion approximation radiative transfer. Constant volume boundary conditions are applied at a 
sphere of radius 40 AU. With the assumptions of equatorial symmetry and symmetry through the rotation 
axis, the spatial resolution is equivalent to  N, = 41, No = 23, and N+ = 32. 

The models start  from a uniform temperature of 10 K, and often undergo compressional heating to 
central temperatures of 2000 K or more. The detailed description of thermodynamics means that the tem- 
perature of the nebula is no longer a free parameter: the temperature is self-consistently determined. This 
aspect, coupled with the fully three dimensional and true fluid nature of the calculations, is a substantial 
improvement over the calculations of [ l l ] .  In addition, the fact that the present calculations include the 
buildup of the nebula from a collapsing cloud means that ad hoc initial conditions for the nebula e.g., a \ strongly unstable disk) are avoided. Hence the present calculations should give the most physica ly ac- 
curate representation of the three dimensional structure of the solar nebula to  date, subject only to the 
uncertainty of the initial conditions for collapse. 

Three parameters have been varied in the models: the initial mass of the protosun (0.0 to 1.0 iVIf2). 
the initial mass of the nebula (0.10 to 1.0 Ma), and the initial specific angular momentum of the nebula 
(2.0 x 10" to  6.2 x 10'' cm2 s-l) .  Nebula mass and angular momentum are allowed to flow onto the 
central protosun (sink cell) and are thereafter removed from the calculation of the nebula structure, except, 
through their addition to the protosun's mass. 

The amount of nonaxisymmetry can be quantified by the coefficients in a Fourier expansion of tlir 
density with respect to  the 4 coordinate, in the equatorial plane of a solar nebula model. We concentrate, 
on the amplitude of the lowest order (m = 2) mode present in these calculations, am=2, because low order 
modes tend to  grow the fastest and hence are the most important for global stability, because the m = 2 
mode quantifies the presence of bars and two-armed spiral density waves, and because the numerical 
resolution is best for the lowest order modes. Odd modes, e.g., m = 1, are prevented by the assumed 
symmetry about the rotation axis. 
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All models are given an initial density perturbation with a,,z = 0.01, which is roughly equal to the 
maximum level of steady state numerical noise associated with this computer code. Hence only values 
of am,2 > 0.01 imply physically significant growth of nonaxisymmetry. In all models calculated so far, 
significant growth of the m = 2 mode occurs, nearly always to a,,z w 0.1 - 1.0 in the central regions; 
however, in the outer regions of some models, am=2 decays below 0.01. Some models appear chaotic, wit11 
jagged a,,2 profiles, while in others am=2 is relatively smooth. The phase of the m = 2 mode is also of 
importance for angular momentum transport: a trailing spiral pattern leads to outward transport. The  
models also indicate when the Schwarzschild criterion for convective instability is satisfied, implying the 
presence of small scale turbulence in some regions of the nebula. 

The figures depict the results for a model with an initial protosun mass of O.lMo, initial nebula 
mass of l.OMa, and initial nebula specific angular momentum of 6.2 x 10'' cm2 s- l ,  a t  a time (1.024tff) 
when the protosun has grown to  0.17M0. A trailing spiral phase, coupled with a,,~ FZ 0.1 leads to a n  
angular momentum transport rate dJ /dt  FZ lo4' g cm2 s - ~ ,  a rate high enough to transport all the angular 
momentum in this model in lo5  - l o6  years. 

CONCLUSIONS: The calculations show that even mildly nonaxisymmetric solar nebula models may have 
rates of angular momentum transport through gravitational torques sufficiently large to  produce global 
transport times small enough t o  satisfy astronomical evidence for nebula clearing on time scales of lo6 
to  lo7  years. Rates this high would obviate significant nebula evolution through the action of turbulent 
viscosity, even though the models show that turbulence is likely to  be present a t  some level. Because a 
nebula evolving primarily through gravitational torques should basically maintain the radial ordering of 
fluid elements, little large scale mixing need occur, so that presolar elemental and isotopic heterogeneity 
may be preserved during the solar nebula phase. 
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Density contour plots in an azimuthal plane (a) 7 ,,mt 

and in the equatorial plane (b), with each con- q 
tour corresponding to  a factor of 10 change in 
density. The evacuated regions along the rota- > 
tional axis and rotational flattening are evident 
in (a),  and mild nonaxisymmetry is seen in (b); 
in both plots, a region 40 AU in radius is de- 
pitted. The angular momentum transport rate 
for this model is shown in (c). .a1o3' 
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