
The Lower Mass LimitAdri
 R. RiedelApril 16, 20081 HistoryThe existen
e of brown dwarfs was first postulated by Kumar in 1963 [Kumar (1963)℄, whonoti
ed that there was a lower mass limit below whi
h the 
entral temperatures of a stellar 
orewould not rea
h high enough temperatures to sustain Hydrogen fusion. At the same time, asnoted by Stevenson [Stevenson (1991)℄, there is no reason to expe
t the me
hanisms that 
ause starformation know anything about the minimum final mass that be
omes a star. To quote dire
tly:�the history of astronomy suggests that we adopt an E
ologi
al Prin
iple: All imaginable physi
alni
hes are probably o

upied.� There is a sizeable gap between planets like Jupiter and stars likethe sun; surely these pro
esses 
an form obje
ts sitting somewhere in the middle. These failedstars were deemed to be 
alled `bla
k dwarfs' to 
ontrast them from `red dwarfs'; the names werelater amended to `brown dwarf' by Jill Tarter in 1976 ([Tarter (1976)℄) in re
ognition of the fa
tthat these stars should be somewhat luminous, and to avoid 
onfusion with an
ient and dim whitedwarfs, the surviving meaning of the term.Most interpretations of the Salpeter mass fun
tion slope to higher and higher values at lowermasses. The obje
ts near the lower mass limit were therefore 
ommonly assumed to be ex
eptionallynumerous, to the point where many assumed they would measurably 
ontribute to the total massof the galaxy. Some even held that they 
ould be the mysterious dark matter that 
omprises mostof the baryoni
 matter in the universe.Attempts to a
tually find su
h obje
ts were fraught with diffi
ulty and un
ertainty for years.Contenders were frequently dis
overed and proposed on the basis that their 
urrent luminosities areso small that they 
ould 
on
eivably be brown dwarfs still in the pro
ess of 
ooling down past theend of the main sequen
e. Finally, Gl229B was dis
overed in 1994 by [Nakajima et al. (1995)℄ andproved to be an unambigiously sub-stellar obje
t with a pe
uliar spe
trum. In the years sin
e then,many more brown dwarfs have been dis
overed and great (though not 
ompletely satisfying) strideshave been made in the analysis of brown dwarfs, and getting models to more a

urately reprodu
etheir behavior.At around the same time, the first extrasolar planets were dis
overed, eventually amountingto the hundreds of extrasolar planets now suspe
ted and known. These te
hniques, despite beingmore sensitive to more massive obje
ts, have thus far failed to turn up enormous amounts of browndwarfs. The so-
alled �brown dwarf desert� is adding fuel to the debate about how these stellar-likeobje
ts form, and now more importantly how they don't seem to form.1
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Figure 1: Temperature as a fun
tion of time for stars of di�erent masses, from Chabrier & Bara�e(2000). Note that the 0.07 M⊙ brown dwarf does a
tually burn some hydrogen, brie�y.2 The Burning Limits2.1 The Hydrogen Burning Minimum MassThe stellar lower mass limit is defined as the mass point at whi
h obje
ts will rea
h degen-era
y pressure before they get to high enough temperatures to sustain hydrogen fusion. In thissense, brown dwarfs are defined as `stellar-like obje
ts that do not fuse hydrogen into helium intheir 
ores' while at the same time defining stars as obje
ts that do. This depends on what you
onsider hydrogen burning; [Chabrier & Baraffe (2000)℄ point out that for stars less than 0.15 M⊙,the 3He + 3He → 4He + 2p rea
tion of the (then-dominant) PPI rea
tion 
hain o

urs on veryslow gigayear-length times
ales, and that 3He is far more long-lived than it is in stars like the Sun.[Chabrier & Baraffe (2000)℄ 
ite the Hydrogen Burning Limit as in some sense being no more im-portant than the distin
tion between fusion by Proton-Proton Chain and CNO bi-
y
le, ex
ept thatthe eventual destinies of PPI and PPII/III and CNO-
y
le stars are far more similar than those ofthe brown dwarfs. The most massive brown dwarfs will a
tually also burn hydrogen in their 
ores,but are never fully supported by it and do not sustain the pro
ess for terribly long (See Figure 1).A fairly instru
tive analysis of the Hydrogen Burning Minimum Mass (HBMM) was 
arried outby [Dantona & Mazzitelli (1985)℄, where they 
omputed the fra
tion of internal energy derived fromnu
lear and from gravitational 
ontra
tion. The main sequen
e, as stated, is the point at whi
hthe total luminosity of the star is due to nu
lear rea
tions, Ltotal = Lnuclear . As given by theirmodels, obje
ts of 0.09 M⊙ 
ontra
t as they heat up, pausing briefly to fuse deuterium into heliumat temperatures of 7�8×105 , followed by a further 
ontra
tion and in
rease in temperature until
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Figure 2: The putative waterfall, from Burrows et al. (1997). Note how long it takes the 0.08 M⊙star to rea
h equilibrium (steady luminosity)they rea
h Ltotal = Lnuclear at an age of 3.9 Gyr. On the other hand, their 0.06 M⊙ model pausesbriefly to fuse deuterium into helium, but the temperature rea
hes a maximum shortly thereafterand de
lines, leaving the star to forever 
ontra
t and 
ool as degenera
y pressure takes over. After a�short� while longer, all nu
lear rea
tions stop and the brown dwarf is left as a thermally radiatingobje
t. The more interesting 
ases are of the 0.08 M⊙ model and the 0.075 M⊙ model, sittingright on the hairy edge of the HBMM line. Their 0.08 M⊙ model does indeed be
ome a star, butit does so only after a period of 12 Gyr, nearly the age of the galaxy (see Figure 2). The 0.075M⊙ model is 80% supported by hydrogen fusion at the 10 Gyr mark, but by the time their modelseries terminated at 1.9× 1010 Gyr, that luminous support had dropped to 70%. They took this aseviden
e that the 
utoff was somewhere just above 0.075 M⊙.There are a few things to note from this work. First of all, [Dantona & Mazzitelli (1985)℄ is anolder paper, published before Gl229B was dis
overed and it be
ame apparent exa
tly how a

uratethese low-mass stellar models had to be. Se
ondly, D'Antona and Mazzitelli themselves note thattheir results are highly dependent on proper treatment of opa
ities. In a previously published paperusing a different set of opa
ities, the 0.09 M⊙ model failed to swit
h on as a star. Though the exa
tvalue is still not entirely resolved, their results are quite 
lose to the best 
urrent estimates of theHBMM: 0.075 M⊙.[Burrows et al. (1997)℄ find similar results in their more rigorous analysis (though unlike D'Antonaand Mazzitelli they do not in
lude grain opa
ity, whi
h is an extremely important fa
tor in atmo-spheres). A
tually, models of barely-subsolar obje
ts have been saying things in the vi
inity of0.07 M⊙ sin
e the very earliest resear
h done by [Kumar (1963)℄; this limit is merely in need offine-tuning.One parti
ularly important 
onsequen
e of this resear
h, parti
ularly for observers, is that browndwarfs resemble low-mass stars extremely well in both external and internal properties, and 
ando so for periods approa
hing a Hubble Time. Other models may differ on spe
ifi
s, but the fa
tgenerally remains that the very lowest mass stars and highest mass brown dwarfs a
t like membersof the same 
lass of obje
t for long periods of time.



2 THE BURNING LIMITS 42.2 The Deuterium Burning LimitThe other end of the brown dwarf distribution is 
ommonly taken to be the limit of deuteriumburning, separating obje
ts that have at least had some form of fusion from those that exhibit none.The produ
tion of energy through the 2D + p → 3He + γ pro
ess 
an o

ur for temperatures of
TD = 4 × 105K or higher, whi
h leaves Deuterium fusion open as a sour
e of energy for a mu
hwider range of obje
ts than 
an fuse 1H . This is one form of fusion that is 
ommon to obje
tsboth above and below the Hydrogen burning limit. and is the 
losest brown dwarfs 
ome to nu
learsupport. Beyond deuterium fusion, both 
lasses of obje
ts will follow extremely similar tra
ks downtoward the main sequen
e, though only one will rea
h hydrogen fusion before degenera
y pressuresets in.[Chabrier et al. (2000)℄ note that by their 
al
ulations, all obje
ts more massive than 0.012 M⊙should be massive enough to fuse Deuterium, but su
h that they will exhaust the primordial supplyon times
ales of 1-50 Myr. A

ording to their 
al
ulations, based on more a

urate `NextGen' atmo-spheres, by 1 Myr all stellar-mass obje
ts should have fused appre
iable amounts of their deuterium,while 0.07 M⊙ obje
ts will have only burned an indistinguishable amount. The authors find thatthis should a

omodate the defi
ien
y in the lithium burning limit at early ages. Unfortunately,this reveals no new internal physi
s.2.3 The Lithium Burning LimitOne of the more popular tests for whether an obje
t is a young and hot brown dwarf or an a
tualstar is the so-
alled lithium test. The test stems from the fa
t that the required temperature for the
7Li+p→ 4He+α is around 106.4K, temperatures that will not be rea
hed in obje
ts with startingmasses less than 0.06 M⊙. Any obje
t more massive and yet still fully 
onve
tive (as stars at the
ool end of the main sequen
e are thought to be) will qui
kly exhaust its entire lithium supply fromboth 
ore and outer atmospheri
 layers; any smaller obje
t will still exhibit all its original lithium.This makes lithium burning a rather attra
tive test of the stellar/nonstellar nature of an obje
t,with a few 
aveats.Firstly, Lithium burning is not instantaneous. [Chabrier et al. (2000)℄ 
ite a depletion times
aleof 108 years. While this is fairly brief in an astrophysi
al sense, it makes distinguishing betweenthe lowest-mass stars and their equally-luminous brown dwarf imposters impossible at young ageswhen brown dwarfs are easiest to spot. Several papers have a
tually been written proposing thelithium test as a probe of age for 
lusters. The Lithium test is thus more a

urate as an age testwithin star 
lusters, and only outside does it be
ome an a

urate probe for fusion in the 
ore.Se
ondly, the limit of hydrogen fusion as mentioned above is believed to be 
loser to 0.075 M⊙.Any obje
t with lithium must be a brown dwarf, but the la
k thereof is not an indi
ator of anything.2.4 Metalli
ityOne general out
ome of the previous generations of brown dwarf models are that the 
orre
topa
ities matter a great deal in terms of the a
tual values of the Hydrogen Burning Minimummass. [Chabrier & Baraffe (2000)℄ note that for Z=0.02 Z⊙ their 
al
ulations of the minimum massgoes from 0.075 M⊙ to 0.083 M⊙. De
reased metals means de
reased opa
ity, and more energyprodu
tion (whi
h requires more mass) is needed to support the obje
t against 
ollapse. Metalli
ity



3 INTERIORS 5is therefore a vital quantity to know before we talk about the minimum burning mass for any atomi
spe
ies.3 Interiors3.1 State ParametersAs mentioned above, most of the formulae for the internals of brown dwarfs are still relativelyin their infan
y. The general pi
ture, however, is that 
entral densities peak at 0.4 M⊙, where thestars be
ome fully 
onve
tive and approa
h an n = 3

2
polytrope. Above that line, stars tend towardsolar-like polytrope indi
ies. Below, they remain n = 3

2
polytropes all the way down to Saturn-massobje
ts. Central densities range from ρc = 103gcm3 for the peak of the n= 3

2
distribution at 0.4M⊙, and rea
h as low as ρc = 10gcm3 for Saturn-sized obje
ts. Central temperatures Tc also varyfrom 107�104 , between sunlike stars and Saturn.While stars are 
apable of holding off degenera
y (either in the 
ase of a white dwarf or neutronstar) for extended periods of time by the pro
esses of nu
lear fusion, brown dwarfs have no su
hinternal energy sour
e, are only saved from degenera
y by the thermal pressure of their 
ontinuing
ollapse. [Stevenson (1991)℄ notes that in this absen
e of nu
lear energy generation, the internalpressure is best approximated by P = PF + Pth,ion + Pth,el . For an obje
t that is under adiabati

ollapse for nearly all of its lifetime, this works out to a total pressure of 1013ρ

2

3

(

1 + ψ +
ψ2

1+ψ

)

µe
−5

3, and with a radius of R = R0

(

1 + ψ +
ψ2

1+ψ

) . An interesting result of these 
al
ulations, alsonoted by Stevenson based on even earlier work by Zapolsky and Salpeter, is that with the additionof small yet finite Coulomb and ex
hange pressures to these equations, these pressures stabilize thestar su
h that there is a maximum radius 2.2× 109
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3 at about 6 × 109
m, roughly the radius of Jupiter.Effe
tive temperatures for stars rea
h down to around 2000 K, and for brown-dwarf and otherrelated substellar obje
ts rea
h down to 100 K. These lower temperatures are suitable pla
es forthe formation of all kinds of 
omplex and highly absorbing mole
ules, requiring more 
ompli
atednon-stellar models of atmospheres and in the 
oolest 
ases, interiors. Nevertheless, when dealingwith the a
tual lower mass limit and obje
ts in that range, [Chabrier & Baraffe (2000)℄ find thattreating the interior as a fully ionized gas of H+ and He++ is still a reasonably a

urate assumption.3.2 The CoreStars with masses less than roughly 0.35 M⊙ are widely agreed to exhibit fully 
onve
tiveinteriors, allowing for mixing of all the material within the star. This general effe
t also separateslow mass stars, interior-wise, from the higher mass stars up through F5 (where the surfa
e be
omesradiative). For the kind of interior densities and pressures they exhibit, within the 
ores of verylow mass stars Teff approa
hes the Fermi Temperature, and the degenera
y parameter ψ =
kT
kTFhovers around 1. Combine the polarizeable partial 
lassi
al and quantum degenera
ies mentioned in[Chabrier et al. (2000)℄ with the pressure ionization that are believed to be
ome important aroundthose temperatures, and the 
omputational problems be
ome extremely 
hallenging.



3 INTERIORS 6In brown dwarfs, the pro
ess is mu
h the same ex
ept that rather than teetering on the edge ofdegenera
y for trillions of years, their 
ore 
ollapse fails to sustain fusion and degenera
y dominatesin a mu
h shorter time. Apart from residual thermal energy, brown dwarfs are ele
tron degenerateand will essentially remain so for the rest of eternity while their envelope slowly 
ollapses. Thesestars are still not fully degenerate, and worse, the effe
ts of 
ondu
tive flux are in
reasingly impor-tant. The addition of sizeable 
ondu
tive flux is 
urrently understood to 
ause older brown dwarfsto slow their 
ooling pro
esses and appear less luminous but hotter than relations would predi
t.One unanswered question about the 
ores of these obje
ts is dire
tly related to their formation.One of the 
ompeting theories of how these very low mass obje
ts form suggests that brown dwarfsand very small stars may form as planets do, a

reting around a 
entral ro
ky 
ore. While thede
ision has been made to 
onsider both a stellar 
ore-
ollapse produ
ed obje
t and its giant planet
ousin as brown dwarfs (or stars) on the basis of observable properties, it remains an unansweredquestion just what kind of residual properties the original ro
ky (therefore higher metalli
ity) 
oremay have�are they observable at all?. The physi
s behind the 
ores of both of these 
lasses ofobje
ts are still not all that well known.3.3 Magneti
 FieldsLower mass stars are fairly well known for having powerful magneti
 fields given their smallsize, judging by frequent reports of powerful stellar flares observed in X-ray and radio wavelengths,or with Zeeman splitting of various spe
tral lines [Reiners (2007)℄. Based on measurements of thesun it has long been assumed that flares are 
oupled with magneti
 a
tivity, with the dynamo atthe interfa
e between the 
onve
tive and radiative zones in the star [Reiners & Basri (2006)℄, andhighly dependent on the rotation of the star (the so-
alled αω model). As dis
ussed above, belowmasses of 0.35 M⊙ the interiors of stars are believed to be 
onve
tive all the way down into the
ore, whi
h leaves some question as to the exa
t me
hanism used for energy produ
tion. Obje
tswithout this 
hange between radiative and 
onve
tive regions 
learly require a different dynamo,seeing as even though there is some sort of dropoff toward the end of the main sequen
e.The peak of this X-ray flux measurement is around the M4-M5 stars (See Figure 3), whi
h wouldseem to imply that fully 
onve
tive stars have more powerful magneti
 fields. [Reiners (2007)℄suggests that this is rather due to the fa
t that 
onve
tion dampens rotational braking, leavingmore massive M stars rotating mu
h slower than the sun, and smaller ones (around M4-M5 again)rotating mu
h faster. The exa
t me
hanism by whi
h these magneti
 fields are generated is stillpoorly understood, but nevertheless fully 
onve
tive M dwarfs have kiloGauss magneti
 fields. Oneme
hanism des
ribed in [Reiners (2007)℄ is simply that magneti
 fields may not a
tually require theta
ho
line (boundary between 
onve
tion and radiation) to produ
e magneti
 fields, and rotationalmixing will do the job instead, with magnetism generated by smaller s
ale disturban
es.This trend, with the dropoff at the end of the main sequen
e, seems to 
ontinue into the browndwarf stars, although [Reiners (2007)℄ raises the question of whether nor not this is observationalbias toward younger, brighter dwarfs who have yet to lose a residual field. Unfortunately, browndwarfs 
ool as they age and their atmospheres 
hange beyond the possibility of 
omparing likespe
tral features against like.



4 ATMOSPHERES 7

Figure 3: Note the peak a
tivity, whi
h theoreti
ally 
orrelates with rotation4 AtmospheresThe lowest-mass stars (
lassiffied as M) are generally defined by the appearan
e of titaniumoxide bands in their upper atmospheres (though su
h features 
an be dis
erned in K star spe
traas well), rendering them unlike other stars both in the presen
e of mole
ules in their atmospheres,and the way those mole
ules render the stellar spe
tra 
ompletely unlike bla
kbodies. Less spe
ifi
treatments of low-temperature stellar atmospheres have failed to reprodu
e the behavior prop-erly [Jao et al. (2007)℄, and it's only with more re
ent work su
h as the Phoenix 
ode for GAIA[Brott & Haus
hildt (2005)℄, though these do not even go down below 2700K) that models havestarted reprodu
ing, in earnest, the behavior of the lowest mass stars.The spe
tra of brown dwarfs are an even more 
ompli
ated matter. Indeed, somewhere betweenstars and giant planets, the atmospheres must shift from having 
oronae (M stars) to having 
louds(Jupiter). In reality, the shift to mole
ule-dominated spe
tra has already begun by the M stars. Mstar spe
tra show signs of in
reasing amounts of high-temperature mole
ules like titanium oxide,vanadium oxide, and 
al
ium hydroxide, whi
h dominate the spe
trum and 
arve huge 
hunks outof it. Brown dwarfs 
ontinue this trend, with even more 
ompli
ated sour
es of opa
ity.The brown dwarf range (designated as spe
tral type L) is distinguished spe
trally by extremelyinfrared 
olors and the sudden depletion of the heavier elements [Chabrier et al. (2005)℄ as they
ondense out of the atmosphere into more 
ompli
ated mole
ular grains (eg. TiO into CaT iO3,aluminum into 
omplex mole
ules like 
orundum (Al2O3), and so on). Their effe
ts are repla
ed bygrain opa
ity from those mole
ules, while water lines and other spe
ies mentioned above dominatethe spe
trum, obliterating visible flux and greatly enhan
ing the infrared flux of these obje
ts.



5 FORMATION (AND LOCATION) 8Grain sizes are thought to rea
h somewhere around 0.5 µm, and 
ompli
ate the atmospheri
 andinternal physi
s by requiring estimates of 
loud heights and where within the star the grains willrea
h sublimation temperatures. One parti
ular irony of grain formation in these regions is that the
omputed opa
ities generated as a fun
tion of temperature 
ause the spe
trum to a
tually loop ba
kto slightly bluer (but still heavily infrared) wavelengths in some models for obje
ts less than 0.072M⊙. Even hydrogen begins to have signi�
antly di�erent e�e
ts, with powerful H2 
ollisionallyindu
ed absorption in the outer atmospheres- a powerful effe
t missing in more massive stars thatare fully ionized out to their 
oronae.The major portions of the paper by Burrows [Burrows et al. (1997)℄ detailed their attempts tomodel brown dwarfs. The model they arrived at 
ontained many non-starlike features, su
h astreatments of metalli
 hydrogen and helium (metalli
 hydrogen is thought to be at the 
enter ofJupiter, and thus should appear at some transition point), and s
attering and absorption opa
itiesfor 
hemi
als likeH2O, CH4, NH3, N2, andH2. They a
tually noted in their explanation that largeportions of their te
hnique were adapted from attempts to form temperature profiles of the outerplanets. Their model, at various points, 
ontains up to 2 × 108 lines per hydrostati
 atmospheri
sli
e, perhaps explaining why su
h analysis was avoided before Gl229B demonstrated its ne
essity.Most re
ent observers have observed a further boundary within the Brown Dwarf range, at theapproximate point (around Teff = 1400K) where the dominant form of 
arbon in the atmospheregoes from CO to CH4. Obje
ts below this boundary, like Gl229B, are designated `T dwarfs'. Thisregion is also suspe
ted to be around the point where 
louds begin to form in the atmosphere[Chabrier et al. (2005)℄, and a further evolutionary step between stars and planets.Sin
e brown dwarfs never sustain hydrogen fusion, the L and T �spe
tral� 
lasses a
tually definean evolutionary sequen
e. All brown dwarfs will pass through the T dwarf range at some point intheir lives. As per the dis
ussion of Hydrogen Burning, the most borderline brown dwarfs will takeextremely long times to 
ool, but su
h 
ooling is inevitable. That generality has to be tempered bythe fa
t that L and T, like all spe
tral 
lasses, is defined by spe
tra mostly produ
ed by the outerlayers of the atmosphere. It remains possible that a few obje
ts with L spe
tra 
ould a
tually bestars, while it's already well known that brown dwarfs 
an masquerade as M dwarfs over non-trivialtimes
ales.5 Formation (and lo
ation)In the years following the dis
overy of Gl229B and the re
ognition of brown dwarf status,many brown dwarf stars have been found. At the same time radial velo
ity te
hniques have foundgiganti
 
olle
tions of planets. These radial velo
ity te
hniques are most sensitive to obje
ts withlarge masses and short periods; thus they should be pi
king up extremely high proportions of browndwarfs. The fa
t that they do not suggests one of three things: a statisti
ally improbable fluke, ala
k of brown dwarfs, or a statisti
al la
k of brown dwarfs in 
lose orbits, pointing to a differentphysi
al formation me
hanism.The first possibility 
an be rephrased in a somewhat more palatable form as this: We're missingsomething vital and the brown dwarfs have been slipping through our fingers. This idea has beenraised before by su
h authors as [Reid et al. (1994)℄, writing pre-Gl229B about the possibilitiesthat either brown dwarfs were truly rare, or that s
ientists were mistaking them for other stars,presumably low mass M stars. While that has been proven to be theoreti
ally possible (and the



5 FORMATION (AND LOCATION) 9Brown Dwarf Ar
hives from Kirkpatri
k et al. list many stars with IR or Opti
al 
lassifi
ations asM stars), this theory does not seem to fit the fa
ts.The se
ond theory is that there simply aren't as many brown dwarfs. This suggests that thefamous Salpeter mass fun
tion (general form N ≈ M2.35) `turns off' at lower masses. It's alreadyknown that better pie
ewise fun
tions fit the fa
ts better for the other areas of the main sequen
e,though most of those are still biased toward lower mass stars.5.1 Multipli
ityThe third possibility is there's something fundamentally different about brown dwarfs that theydon't show up in 
lose orbits. This is already mentioned in several arguments, most notably onesthat take into a

ount the binarity of these obje
ts. [Thies & Kroupa (2007)℄ 
ite a distin
t la
kof brown dwarf-solar type star binaries, suggesting a different mass fra
tion for the two differentkinds of obje
t, and notes resear
h that separately, very low mass stars and brown dwarfs are onlyabout 15 per
ent in binaries, versus nearly 100% for young 
lusters, and 50% for field stars. Whilethey note it remains possible that there are binaries whose 
ompanions are just farther out, thatwould still need to be explained, sin
e stars and planets are found at all manner of distributions asfar as the physi
al limits of what we 
an observe go.(It's worth noting that [Chabrier et al. (2005)℄ 
laim that the binary fra
tion is very high; ap-parently this parti
ular topi
 is still open to debate)5.2 Core CollapseThe first potential theory on their formation is the most obvious one, that they form like starsex
ept with insuffi
ient end mass to start hydrogen fusion. Given turbulent gas 
louds or 
loudswith suffi
ient metalli
ity, it's possible to 
onstru
t models that fragment into obje
ts as small asbrown dwarfs. This, an extension of the e
ologi
al prin
iple mentioned at the beginning of thispaper, would simply lead to formation of obje
ts with smaller s
ales (down to 0.007�0.015M⊙)[Whitworth & Goodwin (2005)℄ irrespe
tive of their own unusual nature. Brown dwarfs and verylow mass stars are very mu
h like ea
h other, leading to the suspi
ion that they should form thesame way.There are a few problems with these theories though; the repeated fragmentary 
ollapse methodis apparently never a
tually seen in nature [Whitworth & Goodwin (2005)℄. Se
ondly, if we as
ribethe same formation me
hanism to very low mass stars and brown dwarfs, we should expe
t to seethe same distribution and multipli
ity fra
tions. As the previous se
tion has indi
ated, we do not.Some authors (eg. [Chabrier et al. (2005)℄) have used this distin
tion as a definition of a browndwarf. The high mass limit is still fixed at the lower stellar mass limit, but now anything nonstellarthat forms from 
ore 
ollapse is a brown dwarf; this potentially in
ludes obje
ts below the deuterium-burning mass limit that would otherwise be 
lassified as giant planets. While it is obviously possiblethat having a

reted matter around a solid ro
ky 
ore 
ould affe
t the properties of an obje
t, mostresear
hers maintain the view that the mass and age (and 
omposition, and proximity to a star) willbe more important, as �an obje
t's pedigree is not an obvious observable� [Burrows et al. (1997)℄.Despite being the more theoreti
ally interesting definition, this does not seem to be the dominantview, and the deuterium limit definition was adopted by the IAU in 2003. [Chabrier et al. (2005)℄



5 FORMATION (AND LOCATION) 105.3 Planetary A

retionThe se
ond theory is that brown dwarf stars form like planets. Planetary a

retion pro
esses arewell known and reasonably understood from in-depth observations of how our solar system formed.Under this model, the brown dwarf or star would form by a

reting gasses around some possiblyro
ky nu
leus, produ
ing some kind of mega gas-giant planet. The only diffi
ulty with this theoryis that it doesn't explain the la
k of obje
ts in 
lose orbits to the parent stars; the easiest and most
ommon type of exoplanet (indeed, the most dete
table) is the hot Jupiter in extremely 
lose orbitof its sun, yet we don't find many 
lose very low mass stars or brown dwarfs. Another startlingfeature of this distribution is a la
k of widely separated binaries; there's a steep dropoff outside of20 AU indi
ating that for whatever reason, all the binaries thus dis
overed are more tightly boundthan is usual for a normal higher-mass stellar binary ([Burgasser et al. (2007)℄).One possible variation on this method is to 
ause this protostellar disk to fragment based onintera
tion with another nearby protostellar disk [Whitworth & Goodwin (2005)℄. This me
hanismis more adept at produ
ing singular brown dwarfs of signifi
ant masses, and 
an even give thebrown dwarfs their own disks. [Thies & Kroupa (2007)℄ note that the theoreti
al distan
e from the
entral star at whi
h a brown dwarf 
ould 
ondense from the perturbed disk is very nearly what isobserved in the only known 
ases of wide brown dwarf binaries.5.4 Photoevaporation by O starsAnother theory is that these lower stellar limit stars may be the produ
ts of being too 
lose toO and B stars in their parent 
loud. If a potential protostellar 
loud strays too near the rathermassive HII region around one of those supermassive stars, the 
loud will either be blown away orits 
ollapse retarded by the ionizing for
e adding external pressure. With suffi
ient ablation of thematerial off of the 
loud, what might have be
ome a K or M star might now be a very low massstar or brown dwarf.The best pla
e to find massive O and B stars 
apable of doing this is star forming regions, butas [Burgasser et al. (2007)℄ note, this is not true of all star-forming regions. The Taurus and Cha Istar-forming regions are both small and not populated by suffi
iently luminous stars to make thatargument believable, and yet brown dwarfs have been observed in there. While this 
ould definitelywinnow away material and leave only a substellar or barely-stellar 
ore, it 
an't be the dominantme
hanism.5.5 Binary Eje
tionAnother way to prematurely 
ut off the supply of material settling into the protostar is toimagine that it formed as a binary or higher order multiple, but due to 
omplex intera
tions waseje
ted from the system while forming. As above, this leaves it with an insuffi
ient sour
e to forman a
tual star. This explanation does reprodu
e the 
urious la
k of binarity observed in very lowmass stars and brown dwarfs, and might also help to explain why existing binaries are more tightlybound than the average binary system. [Thies & Kroupa (2007)℄ do debate whether it a

uratelyreprodu
es the protostellar disks observed around brown dwarfs, though.Whi
h of the pre
eeding four me
hanisms a
tually dominates seems to largely depend onwhose paper you read; [Chabrier et al. (2005)℄ favors the turbulent fragmentation method, while
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Figure 4: A best-guess luminosity fun
tion as of 2000, from Chabrier & Bara�e (2000). Whetherthe low end behavior is real or observational is unknown.[Whitworth & Goodwin (2005)℄ dis
ounts it altogether, and [Thies & Kroupa (2007)℄ seems to fa-vor embryo eje
tion. Of 
ourse, it's quite possible that all are playing some sort of limited role.[Thies & Kroupa (2007)℄ find that there's suffi
ient eviden
e to support two overlapping mass-generation me
hanisms; one for stars and one for brown dwarfs. Some brown dwarfs may form asplanets do; perhaps even some stars do.6 Cosmologi
al Importan
eOne of the more interesting and ex
iting possibilities in the study of the lower stellar mass limitis the way that obje
ts in that range may be the sour
e of dark matter. The true nature of thedark matter in the universe has been a hotly 
ontested point sin
e it was first dis
overed that mostof the matter in the galaxy is spread out into a dark halo. Very low mass stars and brown dwarfsfit the 
riterion of being dark by virtue of their extremely low (10−5) luminosities, and it remainsto be seen how many of them there really are. (See Figure 4)6.1 The Mass Fun
tionFor all the reasons mentioned in the introdu
tion to the previous se
tion, the study of the massfun
tion near the lower stellar mass limit may be more interesting than it might first appear. Thereare ample suggestions that the mass fun
tion is a
tually quite different from the general trendsseen in more massive stars. Attempts to a
tually pin this down have run into severe observational



7 CONCLUSIONS 12limits due to the faintness (and age, for brown dwarfs) of these obje
ts, but the results they haveprodu
ed tell a somewhat more interesting story.[Thies & Kroupa (2007)℄ looked at the IMFs produ
ed in several papers dealing with the Trapez-ium, IC 348, the Pleiades, and the Taurus-Auriga star forming region. They found that overall,the power law mass fun
tion appears to flatten out at very low masses, with eviden
e that it mayeven turn over around the Hydrogen Burning Minimum Mass. Assuming there are some minimumand maximum masses for a parti
ular method of obje
t formation, they 
reate fitting fun
tionsfor binary and single systems. Their results are fit best by allowing stars to have any size 
om-panion, while brown dwarf obje
ts were strongly skewed to similar-mass 
ompanions, or a ratherunusual 
ase where the mass fun
tion is not 
ontinuous and breaks near the gap between stellar andnonstellar obje
ts. In either 
ase, they take their results as eviden
e that brown dwarfs and a
tualstars form two separate populations (as mentioned above, supporting the idea of different formationme
hanisms). They find that these mass fun
tions may overlap within the range of 0.07 to 0.2 M⊙,with the two trailing 
omponents forming a 'hump' right at the end of the main sequen
e. The splitor double IMFs in [Thies & Kroupa (2007)℄ have yet to be verified, but the expe
ted appearan
e iswithin the noise of 
urrently available data on brown dwarfs and low mass stars.6.2 Distribution within the galaxyOne attempt to a
tually probe the 
olle
tive mass of very low mass stars was 
arried out byJohn Bah
all, [Bah
all et al. (1994)℄ who determined that there were not enough low mass starsin the gala
ti
 halo to make a signifi
ant dent on the apparent amount of dark matter that's beendemonstrated as required to reprodu
e gala
ti
 rotation 
urves. Bah
all's work used estimates ofrepresentative stellar masses and estimated luminosities, 
ombined with the 
olumn mass densityne
essary to produ
e the observed rotation 
urves, and determined that, for example, there shouldhave been 65 stars in a field where there were only 5 potential halo stars (some dis
arded). He also
ites eviden
e of mi
rolensing from proposed MACHOs that are not 
onsistent with the massive
ompa
t halo obje
ts being brown dwarfs. Based on this, Bah
all 
on
luded that low mass stars(with V magnitudes ≤ 14, ignoring all dimmer obje
ts via statisti
al arguments) 
omprise only aminor fra
tion of the observed dark matter in the gala
ti
 halo.On the other hand, sear
hes for previously unknown nearby stars remain rather fruitful. In 2006,the RECONS group reported [Henry et al. (2006)℄ twenty new systems within ten parse
s of thesun, appre
iably in
reasing the known amount of baryoni
 mass in the nearby parts of the galaxy.This number 
an be demonstrated as still in
omplete, leaving plenty of room for in
reasingly low-mass stars to be dis
overed. Exa
tly how many there are, and how this will impa
t the generalnature of Bah
all's findings remains to be seen. If it turns out the la
k of brown dwarfs is not dueto a se
ond IMF with a power law that turned over, there is still a 
han
e that brown dwarfs willturn out to be the requisite missing mass.7 Con
lusionsWhat we see here with the lower stellar mass limit is unfortunately a great deal of 
onfusionsurrounding the presen
e or absen
e of hydrogen fusion, the de�ning 
hara
teristi
 of a star. Thesevery smallest stars are still poorly understood due to the extra sour
es of opa
ity in their atmo-spheres, the approa
h (or arrival at) degenera
y pressure in their otherwise fully 
onve
tive 
ores,
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