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Abstract

     The currently accepted mass function of stars in the Galaxy is very heavily weighted toward the low mass end of the distribution.  The M stars may very well be the most numerous of all types and therefore must be carefully scrutinized.   It becomes necessary however to distinguish between low mass stars and brown dwarfs.  The criterion we use to define a star is simple enough, fusing hydrogen to helium in the core, where as brown dwarfs lack the necessary mass to begin hydrogen fusion.  Therefore a lower mass limit must exist for an object to achieve sufficient temperatures and pressure in the core such that hydrogen may begin fusing.  This limit is about 0.08M(, but depends on several factors such as metallicity and the treatment of convection.
1. Introduction

       The hunt for low mass companions is an extremely active area of observational astronomy today.  The search includes low mass stars, brown dwarfs and planets, both jovian and terrestrial.  Low mass stars and brown dwarfs are very cool and faint and are therefore very hard to detect.  Large scale infrared surveys are detecting a large number of these objects, which, due to magnitude limits, mostly turn out to be nearby. In the local stellar neighborhood they tend to dominate over more massive stars.  This shows that the

mass distribution function for all stars on the H-R diagram peaks at the low mass end and therefore the low mass stars are the most abundant.  The lowest mass stars (spectral type M9) are capable of supporting themselves against gravitational collapse by energy generation from hydrogen fusion in the core.  Brown dwarfs, however, are not massive enough to reach the required temperatures and pressures for hydrogen fusion and are supported against gravitational collapse by fusion of deuterium and/or lithium in the core and electron degeneracy pressure.  This paper will establish a mass limit for hydrogen fusion along with the influence of other effects such as metallicity, rotation, magnetic fields, and the effects of companions.  Stellar models are useful in trying to deal with sensitive opacity changes due to the existence of molecules at much lower temperatures and take into account how to deal with convection by using a mixing length theory.
2.  The Importance of the M stars
      The coolest and least massive of all stars are of spectral type M and are sometimes referred to as red dwarfs.  M stars range in effective temperature from about 3600K down to about 2000K.  According to the most recent studies of the solar neighborhood M stars could be more numerous than all the other spectral types combined.  A survey by Henry et al. (2004) for stars within 10 parsecs (figure 2.1) shows a mass function given by




N(M) = 4.9*M-1.05
for a total of 344 objects.  Clearly the low mass end dominates the distribution for the local neighborhood.  
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Fig 2.1: Mass function for 344 stars within 10 parsecs by Henry et al. 2004.  

     Surveys of M stars are distance limited due to their faintness and it is entirely possible that this type is the most abundant throughout the entire Galaxy and universe, although detection is extremely difficult.  A useful analogy is that of dropping and breaking a large piece of glass.  There will be some large pieces but the smallest pieces will dominate the total number of individual pieces.  Mass is the dominant factor in the lifetime of a star so M stars are also the most long lived of all the stars.  This means that a substantial amount of mass can be locked up in these low mass stars for several tens to hundreds of billions of years.  Since their lives are long and most do not burn nuclear fuel past helium, M stars do not contribute as much metal to the interstellar medium as do the relatively short lived heavyweight stars.  Also according to Henry (2004), only 30% of these stars are multiples and further studies may lead to significant insight to the formation processes, whether it is through fragmentation or fission of molecular clouds, or some other process altogether that allows formation to favor the lower masses.        
3. Requirements for Collapse

     An approximation to the minimum mass for a molecular cloud to collapse is the Jeans mass and is given by

Mj = (πR/Gμ)3/2 T3/2ρ-1/2.
  Derived for an isothermal sphere in hydrostatic equilibrium the Jean’s mass is on the order of 105M( when typical ISM values are used for temperature, mean molecular weight and density.  This is very large when compared to the even the highest mass stars that form so this does not seem to be consistent.  For the dense regions of the ISM where densities are a thousand times greater and the temperature is ten times cooler, the Jeans mass is on the order of 100M(, which is much closer (though still fairly high) to the usual stellar regime.  Therefore later stages of evolution of these molecular clouds are necessary to form the very low mass stars that are so numerous.  Not only is there another method like fragmentation or fission of the collapsing molecular cloud at work, this somewhat elusive process would seem to be the most probable since low mass stars are so numerous.  
4. Collapse to a Star

          The collapse of a molecular cloud is halted when interior temperatures and pressures reach high enough values to begin fusion.  The central temperatures and densities are to first order strictly dependant upon the total mass.  Second order effects like rotation and metallicity play an important role but will not be considered in this section.  For insufficient masses the core contraction is halted by the onset of electron degeneracy pressure.  This is the usual state of a brown dwarf.  Using this criterion, a lower mass limit may be crudely estimated in the following way.  Using the pressure Pi from ideal gas law as the governing equation of state of for the collapsing protostar, and equating that with the pressure due to electron degeneracy Pe, solving for the density ρ we find that

ρ = 93.6 mp (kTme)3/2 / h3.
Substituting in the average density of a spherically contracting cloud characterized by some mass M and radius R given by 

ρ = (3M) / (4πR3)

and a hydrogen ignition temperature of 3.4 x 106K we find that

Mmin = 630 * R3  (cgs)
is the minimum mass for hydrogen burning to start as a function of radius.  Taking a value slightly smaller than a radius of 0.1 R( for an M8 star from Allen’s Astrophysical Quantities, Mmin is 0.08M( which is fairly close to the red dwarf, brown dwarf division line that is found observationally.
5. Requirements for H burning

     The burning of hydrogen into helium in stellar interiors can primarily follow the three different proton-proton chains or the CNO cycle.  Each one of these is a sensitive function of the central temperature and density.  The total mass also plays an important role in how far these stars will evolve and which energy generation process, pp1, pp2, pp3, or CNO will be the dominant source of energy.  The pp1 chain is by far the most important process in low mass stars where the central temperatures stay around 107K.  Figure 5.1 is from Kippenhahn and Weigert and has Z = 0.021 and Y = 0.294.  The cutoff mass of 0.085M( has (approximately) Tc = 3.98 x 106 K and ρc =  630 g/cm3.  According to this model the estimate made in section 4 using Tc = 3.4 x 106K seems valid, so the mass limit of 0.08M( still seems reasonable. 
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Fig 5.1: Log(Tc) vs Log(ρc) for different mass stars.  The cutoff mass for this model is 0.085M(.  The solid line is the central temperature Tc (K) over the central density ρc (g/cm3) for a ZAMS.   

6. Miscellaneous Effects

     Besides the initial mass, there are other factors that can contribute to hydrogen burning in the central part of a star.  The main factor is metallicity.  The higher the metal content the easier it is to fuse hydrogen.  This is due to the increase in opacity and ability to keep the radiation trapped, and therefore a higher temperature.  The lower mass limit for Population III stars with Z = 10-6 would have to be higher than Population II stars.  Similarly Pop. II stars will have a higher mass limit than Pop. I stars.  Calibration of the metal-mass limit may be set by looking at clusters with known ages and metallicities. 

     Rotation and Magnetic fields could also play a small role, but exactly how is hard to quantify.  Rotation can help with mixing through meridional circulation and magnetic fields can help to brake the rotation.  Most low mass stars are fairly rapid rotators but accurate measurements are still needed and are difficult to do because of the numerous spectral features present.
     Binary objects could present all sorts of interesting situations in that a brown dwarf accreting matter from a smaller companion could “turn on” once its total mass exceeds the 0.08M( lower limit.  Similarly a companion could give up enough mass to a companion that it effectively “turns off” once the total mass is less than 0.08M( and becomes degenerate in the core.  This type of mechanism would require similar low mass stars at distances small enough for Roche lobe crossing.  Low mass stars would probably not form at the very small distances necessary for this to happen so these events are much less likely.

7. Models

     There are many difficulties in building accurate stellar models for low mass stars.  The low effective temperatures in the photosphere allow complicated sources of opacity such as those due to H20, TiO, VO and possibly even dust grains.  Metallicity plays an important role in how to accurately model the opacity and therefore how much mass is actually necessary for hydrogen burning to start.  Baraffe et al. (1998) computed low mass stellar models for solar metallicity stars, [M/H] = 0 and for [M/H] = -0.5 with a non-grey atmosphere under non-LTE conditions.  Comparison of the models synthetic colors and magnitudes to those found observationally with HST in the infrared are in close agreement, meaning that effective temperatures and luminosities are well calibrated.  In these models there is a striking difference due to metallicity on the lower mass limit for hydrogen fusion.  With solar metallicity values, hydrogen fusion begins at 0.075M(, while for [M/H] = -0.5 fusion begins at 0.079M(, still close to the derived value.  The lower metallicity means that there is not as large an opacity source so the luminosity generated by collapse is not trapped as well and the core temperature does not reach the critical temperature required for fusion as easily.  For adequate hydrogen fusion more mass is necessary to overcome the lower metallicity.
     Comparison of two models, based on a grey and non-grey atmosphere approximations show how grey atmosphere models can under predict the minimum mass. 
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Fig 7.1: (Baraffe et al. 1998) Teff vs Tc for a grey atmosphere (dashed 


line) and a non-grey atmosphere (solid line) 
     If the grey atmosphere were taken as the correct curve, then for a correctly measured effective temperature of 2000K one would incorrectly interpret a higher value for the mass.  This shows that modeling the atmosphere as non-grey is the correct approach, but this is much more complicated and relies on a complete absorption line list for molecules like H20 and TiO.  
     The other difficulty in modeling low mass stars is convection.  Classically, convection is treated according to the mixing length theory.  The convection of a cell usually stops at a height where the radiative gradient equals the adiabatic gradient and energy transport becomes radiative.  However, the force that causes convection is a buoyant force and therefore motion of the cell should not stop directly at this boundary.  There should be a ‘restoring’ force to stop the cell from going much higher than this classical boundary.  This is known as convective overshoot and the extent to which it actually plays a role in the transport of energy in a real star is far from understood.  Some models find it useful employ this convective overshoot mechanism to deal with energy transport in a more realistic manner, or as a way to have a model match observations.
8. Evolution of low mass stars
     Recent models have tried to determine the evolution of low mass stars.  Depending on their treatment of opacity, energy generation rates and convective overshoot, different model give different results.  For low mass stars, since evolution off the zero age main sequence is such a long process, choosing which one is correct is difficult to determine and needs to be followed up with extensive (and difficult) observational results.  Figures 8.1 and 8.2 are from D’Antonia & Mazitelli (1994) for two different evolutionary models.  The MLT model is the mixing length theory model and is generally thought to be a poor way in which to deal with convection.  The CM model is named after Canuto and Mazzitelli and has two major improvements over the MLT model.  The first is that “the entire distribution of energies of all eddies is taken into account, while the MLT is a ‘one-eddy’ description; second, the eddies’ distribution scale length is chosen so as to fit the expected vertical stacking caused by the finite distance from the top boundary layer of the convective region” (D’Antonia & Mazitelli, 1994).  The results of this paper go on to show that the CM model reasonably fits the HR diagram of an old open cluster like M67.
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Fig. 8.1:  MLT Model





Fig. 8.2:  CM Model
9. Conclusion

     The lower mass limit for hydrogen burning is not some given mass and that is the end of the story.  It depends on the mechanisms taking place in the interior and the composition.  For stars with compositions comparable to the Sun’s, we can give a limit of about 0.075M( found through the use of models.  For higher metallicity stars, this limit can be lowered some and this has been confirmed by Henry et al. (2006).  Recent surveys have detected numerous red dwarf stars to better calibrate the mass-luminosity relation for the lower main sequence.  They find that the cut off for M stars is the dark region around 0.07M( to 0.09M( in figure 9.1, confirming that there is no solid, steady dividing line between M stars and brown dwarf.
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Fig. 9.1:  Mass-luminosity relation for nearby M stars by Henry et al. 2006
10. Bibliography
Henry et al. (2004),  AJ, arXiv:astro-ph/0406664 v2, The Solar Neighborhood IX: 
Hubble Space telescope Detections of Companions to Five M and L Dwarfs 
within 10 pc of the Sun
Wiita, P., Astr8100 Stellar Structure and Evolution, Class notes.

Henry, T., Ph. D. Thesis, 1991, A Systematic Search for Low Mass Companions Orbiting 
Nearby Stars and the Calibration of the end of the Stellar Main Sequence.
Kippenhahn, R., Weigert, A., Stellar Structure and Evolution, 3rd Ed. 1994, Springer-
Verlag
Baraffe et al., 1998, Evolutionary Models for solar metallicity low-mass stars: mass-
magnitude relationship and color-magnitude diagrams
D’Antona, F., 1994, New Pre-Main Sequence Tracks for M < 2.5 M solar as Tests of 
Opacities and Convection Models
Allen’s A.Q. 4th Ed, 2000, Arthur N. Cox Editor, Springer
PAGE  
13

