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Introduction

When you hear the word astronomy you think of many things, but probably more than often you think of stars.  This comes without reason since they are the one thing from the earth that we can see just by looking towards the night sky.  When astronomers talk about stars, one of the most important topics that take place in the conversation is mass.  Mass is one of the most important properties you can obtain from a star.   With a star’s mass alone, we can determine what kind of fusion in the core is possible to fuel the star through its main-sequence life.  The mass can tell us, among other things, a star’s luminosity, surface temperature and how a star ultimately will end its life.  Indirectly knowing a star’s mass can determine the gravitational effects it has on nearby objects such as Earth.  High mass stars which end their lives as extravagant explosive events are quit luminous and easy to observe.  Low mass stars which end their lives in a less spectacular way however can be extremely difficult to detect.
The luminosity is low for stars in the lower main sequence which makes only the nearest of stars observable.  One stellar class of stars, known as M type stars, are defined by low mass < .6 Msun, low temperature < 3500° K and low luminosity < .4 Lsun.  These stars, although having to exist close to be observed, are the most abundant type of stars in the galaxy.  This gives us a good sample to study.  Unlike the most massive stars, the low mass stars have a long lifespan which can be greater than 10 billion years.  This tends to make observing stellar evolution of these low mass stars a bit more difficult.  
The very low end of stellar life stops before you reach a type of object known as brown dwarfs.  These stars, which do not reach the temperature in its core needed to burn hydrogen into helium, do however get hot enough to burn deuterium and in some cases, even lithium.  The absolute magnitude of such failed stars are on the order of greater than 20, which make them even more difficult to detect than even the lowest mass stars.   We see from this that the mass and core temperature are related.  The lower the mass, the lower the core temperature of the star.  From this we can conclude that temperature plays a role in determining the observational lower mass limit of a star.  To better understand this lower limit, we need to better understand the bottom of the main sequence and brown dwarfs.
Low Mass Stars
The type M class of stars, which make up the majority of the galaxy’s population, are continuously being studied and new knowledge is being refined.  Although new studies are being done to better understand low mass stars, they are still behind in the race compared to there higher mass cousins.   When we talk about very lower mass stars, we are mostly talking about stars with a mass lower than about .5 solar masses, unless otherwise noted.  Early infrared speckle studies carried out by Liebert & Probst (1987) provided a fundamental step forward of well determined M dwarf masses (Henry & McCarthy 1993).  Many spectroscopic surveys of low mass stars have been carried out which have led to a strong classification of the lower main sequence (McCarthy et al. 1988).  From these surveys, many standards have been obtained to help in spectral classification of the lower main sequence (Kirkpatrick et al.1991).  
M dwarf stars make up about 70% of the stellar population and range from .08 to .5 solar masses.  Early classification of these stars used titanium oxide (TiO) band strengths to help classify them.  M dwarfs, which are less luminous M type stars, peak in the red end of the spectrum.  So it makes sense to want to narrow your observations to the red end of the spectrum for better quality spectra.  In the past, this was harder to do with the lack of imaging devices sensitive to the red which has been overcome today by the use of CCDs.  One devised system uses a comparison of spectra to known standards taking into account not only the features such as TiO, VO and CaH ,but also the overall shape of the spectra (Kirkpatrick et al. 1991).  The most important molecular features in classifying these dwarfs are TiO at 6322, 6569, 6651, 7053, 7666, 8206 and 8432 Angstroms for CaH at 6346, 6382 and 6750 Angstroms and in late type dwarfs VO at 7334 and 7850 Angstroms.  The important atomic features for M dwarf classification are H-alpha which can be found in emission in late dwarfs, potassium resonance doublet at 7665 Angstroms and the sodium doublet at 8183 Angstroms.  These important features can be seen in this spectra plot of GL752A at red wavelengths (http://www.int.stsci.edu/~inr/ldwarf.html).  TiO and VO are temperature sensitive and can be good indication of luminosity class.  The relative strength of the TiO absorption can be used to identify cool stars and can also be used to deduce something about the metal abundances.  
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Figure 1: Spectroscopic plot of GL752A

One important role in classifying and studying low mass stars is to better understand the mass-luminosity relation in the lower main sequence.  A better understanding of the mass-luminosity relation will lead to a better understanding of the object and an empirical test on the evolutionary models since an object’s luminosity is highly dependant on age at such low masses (Henry et al 1999).  Surveys have been conducted to better understand this relationship using photometric/astrometric surveys (Reid 1995) and (Henry et al. 1999).  Other surveys have been conducted to define a break between a stellar object and a brown dwarf.  Jameson in 1995 did a search for low mass and brown dwarf stars in nearby clusters.  It wasn’t until 1995 that the first brown dwarf was confirmed.  Gliese 229B is a brown dwarf companion to an M dwarf Gliese 229A in the constellation Lepus (Nakajima et al 1995).  These sub-stellar objects took over 30 years to discover, but were first theorized in the 1960’s.  
Mass a New Low
As mentioned before, mass is one of the most important properties of a star that we can determine.  As of today, the only direct, fundamental way to determine mass is to study its binary systems.  There are approximately 105,000 known binary systems and roughly 85 percent of all stars are in binary systems (Astr 8500 Binary Stars).  Currently, most surveys of mass determination are for the bright stars and include the upper and lower left of the main sequence.  This leaves the lower right or low mass stars less studied, and for good reasons.
The most fundamental of equations for mass determination is Kepler’s third law.  Kepler’s third law,  P2 = 4π2 a3 / [G (m1 + m2)] , states that the mass sum of a binary orbit can be obtained just by knowing the period and the semi-major axis.  The only other piece of information we need to make this useful for mass determination for binaries in which we do not know the separation in AU is the distance.  This means that the correct equation would then be P2 = 4π2 (a π”) 3 / [G (m1 + m2)] ,where π” is the parallax.  To use this formula, we need a visual binary system so that we can determine a” and P explicitly Now to fully determine the masses of the individual stars, we also need to know the mass ratio.  This means no single technique is sufficient enough by itself to determine the mass of stars in most cases.  To get the mass ratio, we need to compute a spectroscopic orbit for the binaries.  From a radial velocity plot, you can determine the mass ratio by using the formula m1/ m2 = K2 / K1.  Now, with a little algebra, the mass of the two stars can be determined from kepler’s (Capital K??)third law using visual, spectroscopic and astrometry studies.  As easy as this may seem, problems still arise with getting the masses of very low mass stars.  To start, the techniques of determining the parameters for the masses above have selection effects that inhibit the discovery of the system.  For visual binaries, the discovery probability is f(ma+b ,∆m, p) = f(π) and for spectroscopic binaries, the discovery probability is  f(ma+b ,∆m, I, k) ≠ f(π).  

There are many factors that inhibit the determination of masses of stars.  Most bright stars that can have their mass determined have been, with the many surveys that are devoted to them.  One reason for rarity of accurate M dwarf mass determinations is that small stars seldom eclipse, which means visual binaries must be used (Henry et al. 1999).  Also, we need orbits that are very close together so that we can determine orbits in timescales of years and not centauries (Henry et al 1999).  With these faint low mass stars, this makes observing these orbits quit difficult.  The CHARA array, which is currently the highest resolution ground based telescope in the near infrared, has a visual magnitude of about 10 and an infrared limiting magnitude of about 15.  Another instrument used, and considered the best for such applications, is the Hubble Space Telescope.  Interferometry using the HST’s fine guidance system has a limit of 9th to 15th magnitude.  This means that for very low mass red dwarfs of magnitude 11th and fainter, the CHARA array will not help gain any ground and the HST’s fine guidance sensors just barely start to pick up faint red dwarfs which leaves a huge selection effect and hinders an accurate determination of the mass function of low mass stars.  

Currently, the mass function is poorly understood and known for low mass stars.  The best mass function available is from the RECONS group here at Georgia State University.  Shown in Figure 2 is the mass function of stars within 10 pc and having a mass between 0 and 1.4 solar masses.
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Figure 2:  Recons Mass Function: Red = Red Dwarfs, Blue =        , Light Blue = WD


The Mass Luminosity Relation for the lower main sequence is also not well defined.  The MLR has been significantly revised by the use of the HST fine guidance sensor and is continually being revised and updated with new discoveries.  The current best and updated MLR comes again from the RECONS group here at GSU.  Here in Figure 3 we see the optical mass luminosity relation for red dwarfs.

[image: image3]
Figure 3:  Mass-Luminosity relation for red dwarfs.
Two important factors that will help to constrain the minimum masses of stars are the metallicity and mixing length.  The lower the metallicity of a star,  the greater minimum mass that star can have.  Objects with lower metallicity evolve at greater luminosities and effective temperatures (Chabrier & Baraffe 1997).  When we dip into the sub-stellar region of the HR diagram, two classifications have been added to help classify these cool failed stars.  The L and T type classes are both used as a transition classification of sub-stellar objects known as brown dwarfs.  In L type brown dwarfs, we notice that the TiO and VO bands are missing in the spectra.  This can be accounted for by the lower temperature in the upper atmosphere and describes the temperature effective range of about 1500 to 2500° K.  The T type brown dwarfs cover an effective temperature of 1500° K and lower.  In these brown dwarfs we see CH4 in there spectra and notice bluer J, H and K colors.  
CONCLUSION

The ability to observe these low mass stars are still not up to standards to complete a good statistical survey on very low mass stars.  As telescope technology advances, we continuously improve our observation capabilities enabling us to reach new celestial boundaries.  This will result in better accuracy with our low mass star studies.   Currently, the mass-luminosity relation by the RECONS group shows a plot of dwarf masses which extends through the main sequence minimum mass range.  Once we push the envelope of our technology and observational techniques, we will begin to find more of these objects which will lead to better statistics and understanding.   Are these low mass stars out there, or can we just not see them?  This is a question that will be answered in the near future.  Future space telescopes that are capable of infrared surveys will eventually solve this problem.  Some principal questions are still waiting for an answer.  Will we find these very low mass stars and fill in the lower mass function as theory predicts, or will current solar models need to be changed to include a lower mass function model void of very low mass stars?
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