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ABSTRACT 3 1 0  79  
Completely convective models have been constructed for stars of masses 0.09, 0.08, 0.07 0.06, 0.05, 

and 0.04 (solar units), taking into account the non-relativistic degeneracy of the stellar rn$terial. It is 
shown that there is a lower limit to the mass of a main-sequence star. The stars with mass less than this 
limit become completely degenerate stars or “black” dwarfs as a consequence of gravitational contrac- 
tion, and, therefore, they never go through the normal stellar evolution. t 

I. INTRODUCTION 

Very little observational or theoretical information is available concerning the struc- 
ture of stars of very low mass. In this paper an attempt will be made to study the in- 
ternal structure of stars of mass M < 0.1 M o  by using theoretical models. In particular, 
we shall be concerned with the effects of degeneracy on the structure of stars having 
masses between 0.09Mo and 0.04Mo. 

In order to evaluate physical quantities such as the central temperature and the cen- 
tral density, we have to make use of certain models for the stars under study. We are 
primarily concerned with low-mass stars when they are contracting and nuclear reac- 
tions involving the destruction of H2, Li6, Li7, Be9, B’O, and B” are taking place. Under 
these circumstances, we can assume that the models are completely convective, as has 
recently been shown by Hayashi (1962). Therefore, we study the structure of stars of 
low mass by assuming that they can be represented by spheres of polytropic index 1.5. 
Limber (1958) has used such models in studying the structure of main-sequence stars 
of spectral type M. Although we are concerned with the contracting stars and not the 
main-sequence stars, the structure equations given by Limber are applicable to our 
stars. Therefore, we shall not derive them here. For the derivations of these equations, 
Limber’s paper or a paper by the author (Rumar 1962) should be consulted. 

II. COMPUTATION OF THE PKYSICAL STRUCTURE 

We compute the physical structure for stars having the following two chemical com- 
positions: (I) X = 0.90, Y = 0.09, Z = 0.01; (11) X = 0.62, Y = 0.35, Z = 0.03. For 
each chemical composition and a given mass, we compute P,, T,, and p, at several values 
of the radius. The variation of T,  and p, with the radius R is shown in Figure 1 for a star 
of mass 0.07. The T,-R relation for the first composition is given by the solid curve, 
whereas the broken curve gives the same relation for the second composition. 

No models have been computed for those radii at which electron conduction becomes 
important, and consequently the assumption of convective equilibrium does not hold. 
For each mass, the computation of models was stopped when the degeneracy parameter 

reached a value close to 15. When y reaches this value, the material becomes appreciably 
degenerate, and only then does the electron conduction become an efficient process for 
heat transport. However, to obtain a rough estimate of the central density and central 
temperature a t  a smaller radius, one more model was computed for each mass by making 
use of the condition of convective equilibrium. When y has a value of 30 or 40, electron 
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FIG. 1.-The central temperature and the central density in completely convective models 

not manifest itself as thermal energy. When partially degenerate matter is compressed, 
energy is needed to bring the degenerate electrons closer because they obey the Fermi- 
Dirac distribution rather than the Maxwell-Boltzmann distribution. Therefore, the cen- 
tral temperature remains constant for a while, and later it begins to decrease as a result 
of further contraction. For a given mass and chemical composition, there exists a limiting 
value of the radius below which there exists no model, for the material has become 
completely degenerate. The solid vertical line in Figure 1 gives the limiting radius for 
the first composition, whereas the broken vertical line gives the same quantity for the 
second composition. 

In  Table 1 are given the limiting radii and the limiting densities for the masses 0.09, 
0.08,0.07,0.06,0.05, and 0.04. Figure 2 shows the temperature and density distributions 
in a population I star of mass 0.07 and radius 0.5. The quantity x is defined by x = 
0.27375. To show the effects of non-relativistic degeneracy on the temperature distribu- 
tion, we have also plotted the corresponding temperature distribution in a model com- 
posed of perfect gas. In  Figure 3 are plotted the central temperatures and the central 
densities of all the models with the population I composition. For a given mass, the plot 
of various models in the temperature-density diagram gives an evolutionary path for a 
contracting star. The dividing line between the degenerate and non-degenerate regions 
in this diagram is obtained by equating the electron pressure from the complete de- 
generacy law with that obtained from the equation of state for a perfect gas. The limit- 
ing densities for each mass are shown in this diagram by the vertical lines. Figure 4 gives 
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the temperaturedensity diagram for the models with the population I1 composition. A 
more detailed discussion of the models for stars of very low mass has been presented by 
the author in a separate paper (Rumar 1962). 

III. DISCUSSION 

The numerical results presented here show clearly that, for a given chemical composi- 
tion, there exists a limiting mass below which a contracting star cannot reach the main- 
sequence stage because the temperature and density at the center are too low for hydro- 
gen-burning to start. Instead, the star becomes a degenerate star as a consequence of 
the contraction. After the star has evolved beyond the stage of maximum central tem- 
perature, further contraction will take it toward the stage of complete degeneracy. Thus 
all stars having a mass less than a certain limiting mass ultimately become completely 

TABLE 1 

PROPERTIES OF THE COMPLETELY DEGENERATE MODELS 

X = 0.62, T = 0.35, Z = 0.03 I Radius I Central Density 

x = 0.90, T = 0.09.2 = 0.01 

Radius I Central Density 
MASS 1 

... - . _- . . . -. 
.0891 8.357X lof ,0683 1.856X 10' 
.0938 6.141 X 1of .0719 1.363X10' 
.0997 4.261Xlof .0764 9.471 X 101 

0.1074 2.726X 101 0.0823 6.059X lof 

0 . 0 9 . .  . . . . . . I  0.0819 I 1.384X10a I 0.0628 I 3.069XlOa 
. 0 8 . . . . . . . .  . O S 2  1.092x103 -0653 2.427XIW 
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FIG. 2.-The temperature and density distributions in a completely convective model 
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degenerate objects or “black” dwarfs without ever going through the normal stellar evo- 
lution. The exact determination of this limiting mass for a given composition requires a 
knowledge of the luminosity of the contracting stars. This can be obtained if we know 
the atmospheric structure in addition to the interior models computed here. However, 
assuming reasonable luminosities for these stars (see the following paper), we find that, 
for stars with population I composition, the limiting mass is approximately 0.07. Similar- 
ly, for the population I1 stars the limiting mass is approximately 0.09. 

Suitable model atmospheres for contracting stars of low mass are being computed, 
which, together with the interior models presented here, will give us not only the evolu- 
tionary tracks in the H-R diagram for these stars but also the exact limiting mass which 
gives a lower limit to the mass of a main-sequence star and the time scale for the Helm- 
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FIG. 3.-The temperature-density diagram for completely convective models. Population I 
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holtz-Kelvin contraction. However, it is possible to compute approximately the Helm- 
holtz-Kelvin time scale without knowing the atmospheric structure of contracting stars. 
This problem is discussed in the following paper. 
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FIG. 4.-The temperature-density diagram for completely convective models. Population I1 
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