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In the past, studies of the early evolution of the sun and stars in their pre-main-sequence 
phase have generally started arbitrarily at the threshold for hydrostatic stability (which assumes no 
energy has been lost from a collapsing interstellar cloud fragment) (I) ,  or else arbitrarily at some 
position on the fully convective Hayashi track (which assunes only a l i t t le energy has k n  lost 
from the fragment) (2). These assumptions are flawed because of the neglect of the ery large 
m u n t s  of  energy that are radiated away from a collapsing cloud fragment and because they 
assume that the fragment has no angular momentum. Furthermore, they lead to  the absurd result, 
from fitting isuchrones to  the theoretical evolutionary tracks, that the low mass stars appear to  
have formed l o8  years or more before the high mass stars in a young cluster (2,3). 

In a real cloud fragment collapse, the fragment should possess angular mmentun, so that a 
disk i s  formed, and the central star is  formed by dissipation of the turbulent gas in the disk. This 
results in the loss of a great deal of energy from the gas before it can be incorporated in the 
growing star at the center of  the disk. Assuming that the mass addition takes place at the equator. 
of the growing star from gas that i s  orbiting close to  the equator, then the rotational energy of the 
gas that i s  added to  the star i s  half that which would be added i f  the gas had fallen directly onto 
the surface in a spherically symmetric collapse. Furthermore, since it i s  rotational energy, the 
corresponding angular momentum must be transported away from the star, by a varietb s f  
mechanisms, before the gas can be compressed into the deep interior of the star. Sane of  the 
rotational energy will be transported with the angular momentum, so again only a fraction of the 
added rotational energy appears as heat in the upper layers of the star and i s  radiated away from 
the surface. In our preliminary calculations we have assumed this fraction to be one-half. 

We have simulated the growth of stars through mass addition from disks using a spherically- 
symmetric stellar evolution code modified so that the accretion energy must be radiated away from 
the surface in addition to  the energy transported to the surface from the deep interior. The e f f w t  
of disk accretion i s  introduced through the time scale for mass addition, which we have taken to e 
10-5 solar masses per year in our initial models. This defines the accretion luninosity of the star 
to  be the rate at which half of the equatorial rotational energy i s  radiated from the surface layers 
in addition to the internal luninosity. 

We have started our model evolution sequences from a Jupiter mass model in which the 
hydrogen is  primarily atomic, in accord with the kind of  cores formed at the center of spherically 
symmetric collapse calculations. As mass i s  added to  the surface, the associated entropy i s  
continually increased, and the position of the maximum temperature in the model gradually mwes 
away from the center. The total luminosity of the model becomes quite high; it i s  already an order 
of  magnitude greater than the present solar luminosity by the time that the solar mass has become 
half that of  the sun. Deuterium-burning ignites at the off-center temperature maximum when the 
mass has reached one-quarter solar mass. This raises the entropy further at the temperature 
maxirnun, and as the entropy i s  raised, after an initial false start, and after the temperature 
maximum has further receded from the center, a convection zone is  induced which extends from a 
base at the temperature maximurn to the surface. Thereafter, as mass i s  added to the star, i t s  
deuterium is  promptly added to the reservoir of this nuclear fuel, eventually to  be burned at the 
bottom of the deep convection zone. 

As the mass of the sun is raised toward one solar mass (and perhaps a l i t t le beyond), the total 
luninssity is a few tens times the present luninosity. The deuterium abundance in the convection 
zme progressively decreases, so that the internal luninosity is generated directly from the 
accreted deuteriun. The radius of the sun is about three times its present radius, and i t s  effective 
photospheric temperature i s  about 7000 K. 

We started a branch of  the evolutionary model sequence at the point where the accretionary 
sequence had reached one solar mass. The accretion was abruptly turned off. The surface 
temperature abruptly fell to  about 5000 K, where it remained as the luninosity declined toward the 
present value (in fact, a l i t t le below it). This behavior results from the fact that the entropy in 
the convection zone was higher than it would otherwise be in order to be able to add the internal 
luninosity to  the accretion luninosity; the decrease in temperature resulted from the elimination of 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



GROWTH O F  THE SUN 

C a m e r o n ,  A.G.W., and M e r c e r - S m i t h ,  J . A .  

the accretion luninosity, and the decrease in luninosity at nearly constant surface temperature 
resulted from the deflation of the outer convection zone and the raising of  i t s  inner boundary 
within the star. 

The physical characteristics of the sun after the end of accretion agree well with those 
observed for the lower mass stars in the young clusters in Orion, Taurus, NGC 2264, and NCC 7000 
(4). These clusters contain T Tauri stars, and, because the stars have moved out of  the obscuring 
dust veil in which they were born, their ages are probably at least several million years. There i s  
no evidence from the present work that stars of different mass need to be born at different times. 

From these calculations it i s  possible to  make some suggestions concerning the behavior of the 
sun during the dissipation of the primitive solar nebula. When the deep convection zone reached 
the surface at about half a solar mass, it i s  likely that the T Tauri characteristics of the sun turned 
on. A significant compression of the interstellar magnetic field occurs during the collapse of an 
interstellar cloud fragment, and this field i s  likely to interact with a deep and vigorous convection 
zone to  produce activity on a scale much greater than that presently exhibited by the sun. For 
example, very low mass stars which are deeply convective but are slow rotators frequently exhibit 
flares which are giant by solar standards. T Tauri stars themselves exhibit ultraviolet emission 
which is  increased over that from the sun by factors of about l o4  (which, however, is  s t i l l  
significantly smaller than the total stellar luminosity) (5). Such emission indicates a hot 
chromosphere; the chromospheric heating i s  likely to  be due to  the deposition of energy from 
hydromagnetic waves gene rated in the vigorous convection zone. 

As long as mass accretion from the solar nebula to the sun is occurring, it i s  likely that there is 
no definite line of demarcation between the sun and the nebula. The sun will have been spun up to 
rotational instability at the equator by the angular momentum brought in with the nebular gases. 
In the equatorial region there will be a smooth and somewhat gradual transition from hydrostatic to 
centripetal support in the radial direction. This means that the magnetic activity associated with 
the young sun will be exhibited at middle latitudes and over the poles. However, the solar nebula 
itself should be highly turbulent, and the interaction of the imbedded magnetic field with the 
turbulent eddies is likely to  produce a similar magnetic activity extending over the surfaces of the 
nebula. Since it should be hot enough to trap the magnetic field in the nebula out to distances in 
excess of  an astronomical unit, the large flares, the hot chromospheres, and an accompanying mass 
loss should take place from the disk at least that far away from the central axis. As recently 
suggested by Levy, the large flares produce an ideal environment for turning small dust balls into 
chondrules (6). 

The T Tauri activity, beginning at about the half solar mass accretion point, may play a role in 
limiting further growth in the primitive solar nebula subsequent to that time. The release of a 
great deal of ultraviolet radiation into the interior of the collapsing interstellar cloud fragment may 
so heat the remaining infalling material as to terminate most of the infall and to  start the 
expansion of the obscuring veil of the surrounding dense cloud material. The final stages in the 
growth of the sun would then come from material already in the solar nebula at that stage. 

The observed T Tauri stars probably have ages of a few million years, so that their accretion 
phases have long since finished, their convection zones have diminished in size, and stellar-wind 
spin-downs are taking place. For these reasons the observed T Tauri characteristics are likely to  
be much less extreme than they would have been when the stars were younger and obscured. 
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