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FORMATION OF THE LOW-MASS SOLAR NEBULA 

T.V. Ruzmaikina (Lunar and Planetary Laboratory, The University of Arizona, Tucson, and Schmidt 
Institute of Earth Physics, Moscow), I.V. Khatuncev (Institute of Cosmical Research, Moscow), and 
T.V.Konkina Schmidt Institute of Earth Physics, Moscow) 

The reconstruction of the solar nebula by adding losted volatiles (mostly H and He) to restore solar 
composition results in the minimum mass about 0.01 to 0.07 Mo and angular momentum 3 . los1 g 
cm2/s. Opaque for the thermal IR-radiation circurnstellar disks around many of T Tau stars have mass 
between to 10-'Mo and radius between 10 to lo2 AU. Angular momentum of such disks is ranging 
from 1051 to a few g cm2/s. Even more extended disks have a comparable angular momentum, if 
they have a low mass. Thus a keplerian disk about HL Tau, those mass is estimated as - 0.1 Ma, has 
the angular momentum about los3 g cm2/s, provided that its radius is about lo3 AU (and remarkably 
less if only internal region of the radius 10' AU is a keplerian disk). The last possibility assumes that 
the velocity distribution in the HL Tau envelope should be interpreted as the nonaxially symmetric 
infall, instead of keplerian rotation. The angular momentum of the order of los2 to los3 g cm2/s could 
be typical for a dense core of solar mass (or a central region of a larger core in the molecular cloud) if 
rotation of the core has been braked before the start of the hydrodynamical collapse. Therefore, a value 
of the order of los2 g cm2/s is a reasonable low limit of the angular momentum of presolar nebula. 

Low-mass-disks appear around T Tauri stars, even as young as lo5 yrs, and disk parameters do not 
depend on the stellar age while the stars are younger than 3 . lo6 yrs. These data seems imply, that 
formation of the low- mass extended circurnstellar disk is related mainly to the first few lo5  yrs. The 
time-scale of accretion (infall) of the molecular cloud core material onto the forming star and disk 
has the same order of magnitude for the cloud with the temperature T 21 10 K. It implies that the 
formation of the low-mass disk occurs during the stage of infall, and further its evolution is slowing 
down by an orders of magnitude, plausibly ,$ lov7 Mo/yr. ( The last value is supported also by the 
spectral energy distribution of T Tauri stars, which could be reproduced, assuming additional energy 
from disk accretion with the rate M - to Mo/yr.) Actually, the rate of the disk accretion 
could be even smaller because a dust floating in the upper, optically thin parts of the disk atmosphere, 
can include into IR-luminosity. 

In this paper we study an accretional stage of the formation and early evolution of the solar nebula 
with relatively small angular momentum to 5 . los2 g cm2/s). We investigate the evolution of 
the disk and its vertical structure, particularly the shock front between disk and infalling material. 
Calculations start at a moment when a low-mass star-like core (containing several percent of the total 
mass) surrounded by small embryo disk have been formed at the center of the presolar nebula and the 
bulk of mass remained in the envelope. The forming solar nebula is approximated as a thin viscous 
disk surrounded by accreting envelope. The distribution of a temperature in the infalling envelope is 
determined by solving spherically symmetric equations of radiative transfer. As the energy source we 
take into account all energy released within centrifugal radius of the infalling matter. The turbulent 
energy dissipation, radiation of the opaque envelope and the shock front are considered as a heat sources 
for the estimation of a temperature distribution in the disk. The final thickness of the disk and its shape 
are taken into account when the rate of inflow of new material into the disk is studied. The shape of 
the disk is identified with a shape of the shock between the disk and accreting envelope, there it exists; 
and with the surface at which density of the infalling gas is equal to the density in the disk otherwise. 
We consider the evolution of the radius and mass of the disk, distribution of temperature and the mass 
flux through the disk, shape and intensity of the shock produced by falling gas at the surface of the 
disk. A core has a radius R, = 3.10" cm, and exchange of the mass between disk and core are taken 
into account. Distribution of the specific angular momentum in the accreting envelope is assumed to 
be similar to that either in homogeneously rotating ( a o  =const) cloud with a homogeneous density 
PO =const or with po a: r-'. It is supposed that the gas is falling under the action of the gravity of the 
core and rotation of the envelope. Self-gravity of the cloud and the gravity of the disk are neglected. 
The effect of the gravity of a low mass disk onto the accretion is estimated by Ziglina and Ruzmaikina 
(1991,Astr.Vestnik,25,53). The accretion is supposed to be a spherically symmetric at a sonic point 
at  radius is r, GM/cS2 (where G is the gravitational constant, M is the core mass, and c, is the 
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sound speed in the accreting gas), i.e., r k  << r , .  Being surrounded by the accreting envelope, a forming 
disk has a well defined radius. A radiative shock front divides the disk and infalling gas. As the proper 
boundary condition at the edge of the disk we take zero thickness of the disk, i.e. z~ = 0 at R = RD, 
and find that near the edne 

where F(RD) = & - ?, and HD is the thickness of the homogeneous atmosphere in the disk. The 
equation determining the shape of the shock front, is integrated numerically from the disk edge inside, 
checking at every grid point if ul > c,. When the shock disappear we continue by solving equation of 
equality of the density in the infalling gas, to the density in the disk, and checking condition for the 
repeated appearance of the shock. 

We run a set of models with the initial mass of the presolar cloud MO = 1.1 Mo, and the angular 
momentum Jo = 1 + 5 . los2 g cma/s, with the constant rate of infall M = 10-'M0, and effective 
(turbulent) viscosity v = voJ=, where M, is the core mass in units of the solar mass, and RALr 
is the radial distance in AU, and vo ranges between 0.1 to 10. 1015 cm2/s. 
Figures 1 to 3 show evolution of the surface density, radial velocity in the disk, and the shape of the 
disk for the model with Jo = 2 los2 g cma/s, and vo = 3 10'' cm2/s; curves a), b), and c) correspond 
to the core mass 0.1, 0.5, and 1 MQ. It is assumed that the gas falling onto the disk slides to its 
centrifugal radius without exchange of the angular momentum with disk. Fig. 3 shows also distribution 
of the Mach number for the normal component of the infall velocity; the shock exist in the regions 
where Mach > 1- at the edge of the disk and in the vicinity and within centrifugal radius Rk which 
is < 1 AU for this model. While the shock occupies a relatively small part of the surface, a significant 
fraction of falling in matter comes through it, and can be reprocessed. The heating of the outer part 
of the disk by the shock wave makes IR-spectrum of the disk more flat, and plausibly could explain 
effect, observed for some T Tauri stars, - a *slown decrease with the distance from the star of the 
disk's effective temperature. Figd shows the dependence of the disk mass on the mass of core (growing 
protosun). 
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Parameters of the disk to the end of infall are similar to the parameters of the reconstructed solar 
nebula and disks about solar type T Tauri stars. Further investigation is neeeded to study instabilities 
associated with infall, and their efficiency in supporting of turbulence or other mechanisms of the angular 
momentum transport. 
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