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ÏAPTERR V 

esearchesearch Note 

,ow-velocityy M-dwarfs Explained by Very Low-mass Stars 
.. F. A. Staller 

tronomicall  Institute. University of Amsterdam 

ceivedd Apri l 21, 1975 

unaiary.. It is suggested that the M-dwarfs with a low 
slocityy dispersion (some 50% of the M-dwarfs near the 
Llacticc North Pole) might be contracting stars with 
assess between 0.01 MQ and 0.07 M 0. Contraction 
ackss of such stars pass through the M spectral 
gionn and the total duration of their contraction and 
>o!ingg (before becoming invisible) is of the order of 

Introductio n n 

>ortt (1965) derived the density of matter in the solar 
cinityy from the velocities of stars in the direction 
erpendicularr to the galactic plane. He found that this 
ensityy is remarkably greater than the density cal-
jlatedd from observed objects in the solar neigh-
ourhood.. This discrepancy introduced the so called 
roblemm of the "missing mass". In trying to find this 
nissingg mass" it has recently become clear that there 
ristsrists a large number of M-dwarfs, sufficient to supply 
iee "missing mass". 
[oweverr a new problem has been created by the fact 
latt a large fraction (some 50%) of these M-dwarfs 
ass a low velocity dispersion (Pesch, 1972). Because 
ff  their low velocity dispersion these stars are expected 
>> be young. Oort (1974) has tried to explain their 
ustencee by suggesting that these stars are about 
088 years old and that there has been a recent birth 
implosionn of low-mass stars in the solar neighbourhood, 
ut,, since about 30% of the local mass density is carried 
yy these low velocity dispersion M-dwarfs, one then 
'onderss why the interstellar gas has not been depleted 
>ngg ago when M-dwarfs are created at such a large 
ite.. Biermann (1974) suggests an alternative solution 
>> the problem by assuming that the velocity dispersion 
ff  stars is produced already at their formation. After 
ïeirr birth the dispersion would stay more or less 
lvariant.. Contrary to Oort, Biermann believes that 
lesee stars are old, like "normal" M-dwarfs. This seems, 
owever,, difficult to accept, since it is well known 
latt old G and K-dwarfs have a high velocity dispersion, 
resumablyy due to many encounters with interstellar 
loudss (Spitzer and Schwarzschild, 1953). 

55 x 108 to 109yrs. If this hypothesis is correct the 
numberr of black dwarfs in the Galaxy must be at 
leastt some 10 to 20 times the number of low velocity 
dispersionn M-dwarfs. 

Keyy words: M-dwarfs — black dwarfs — contraction 

Wee propose here as an alternative solution that the low 
velocityy dispersion M-dwarfs are contracting stars of 
veryy low mass (0.01 M o-0.07Mo) . We find that the 
gravitationall  contraction times of such stars are in the 
orderr of a few times 108 years. Stars of such low mass 
willl  not ignite hydrogen and will , after reaching a 
maximumm interior temperature, cool down and finish 
ass "black dwarfs". Before becoming invisible, their 
interiorr will have become degenerate. We show that the 
cooling-timess in the degenerate state are also of the 
orderr of a few times 108 to 10*  years when log L/LQ ~~ 
—— 3.5. The appearance of these very low mass stars as 
M-dwarfss would then simply be due to the fact that 
theirr Hayashi tracks pass through the M-dwarf spectral 
region. . 
Thiss type of explanation can also explain the "missing 
mass""  problem in the solar neighbourhood, since, as 
wee will show, the remaining normal M-dwarfs and 
"blackk dwarfs", carry sufficient mass to account for it. 
Furthermore,, the velocity dispersion problem can be 
solvedd in this way, since the low velocity dispersion 
M-dwarfss would be genuinely young stars. 

2.. Contraction and Cooling Times-of Low-mass Stars 

a)a) Contraction Times 

Too calculate the contraction times tct we use the method 
appliedd by Kumar (1963). He assumed the stars to be 
completelyy convective, i.e. polytropes of index 1.5, 
andd obtained, 

rcff = 4.98xl09(M2/T3
4/?3), (1) 
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wheree T3 denotes the effective temperature (in units 
off  one thousand degrees) and M and R are the mass 
andd the radius of the star in solar units. Table 1 lists 
thee contraction times as derived from Eq. (1) for 
variouss values of Af. The radii used are those corre-
spondingg to the state in which the maximum interior 
temperaturee is reached (i.e. at the onset of complete 
degeneracy).. A chemical composition X=0.62, 7=0.35 
wass adopted. 

b)b) Cooling Times in the Degenerate State 
Inn order to calculate exact cooling times one will have 
too make detailed computations of evolutionary tracks 
off  these stars. However, since the contraction tracks 
passs through the M-spectral region one can make a 
roughh estimate of the cooling times by assuming, that 
thee stars have luminosities comparable to those of 
latee Af-type dwarfs, and calculate the times required 
too radiate away their internal thermal energy at these 
luminosities.. We start at the maximum interior temper-
aturee fm (see Cox and Giuli, 1968) which is given by 

$£TJn)$£TJn) = 5/24  (qGtie5l3M*>3/A(2)) (c.g.s. units) (2) 

forr the non-relativistic case. Here M is the gas constant, 
HH and nt are the mean molecular weights, per particle 
andd per electron, respectively, G is the gravitational 
constant,, M is the mass of the star, and q is a 
dimensionlesss constant of order unity (eg. q=6/l for a 
polytropee of index n=1.5) and A(2) is a parameter 
appropriatee for the non-relativistic case. With the above 
givenn chemical composition we have /i=0.66 and 
^i^iee-- 1.23 (thus /*,= 1.41) which yields 

fmm = 3.74xl07M 4/3, (3) 

wheree M is in solar units. 
Thee total thermal energy Eth is then given by 

£I(t=3/2(#/^)Mfmm (c.g.s. units), (4) 

wheree i?t again, is the gasconstant. 
Thiss equation holds only when the temperature Tm 

iss larger than the critical temperature for crystalliza-
tion.. Because of the low central densities of our stars 
thiss critical temperature will be about 3xl04 oK , 
(Vann Horn, 1967) which is about a factor 20 lower than 
thee temperature considered here. Therefore we may 
usee Eq. (4). 
Insertingg Tm from Eq. (3) one obtains 

E,„=:6.63xl048M7/3.. (5) 

Thenn the cooling time tct will be 

/cJJ = EJL=0.54 x 108(M7/J/L) years. (6) 

Wheree L is the luminosity of the star in solar units. 
Thee results are listed in Table 2 for L=10~3, 10~35 

andd 1O-4Z.0, which are characteristic of late M-
dwarfs. . 

3.. Discussion and Conclusions 

Consideringg Sections 2a and b, we have the following 
roughh picture of the evolution of very low-mass stars. 
Wee divide the evolutionary track into two parts. 
Firstlyy the stars contract along their Hayashi track 
inn the HR-diagram, while the temperature is taken 
too be constant. This situation holds on until the 
maximumm interior temperature is reached. (For the 
timee scale see Table 1.) Then the second part of the 
evolutionn sets in. The stars become more and more 
degeneratee and move along a cooling track of constant 
radiuss in the HR-diagram; the stars are doomed to 
becomee black dwarfs. Cooling times are presented in 
Tablee 2. 
Combiningg the times of Table 1 (for T3 = 2.00) and 2 we 
obtainn the lifetimes of Table 3. This table shows that 
starss with masses between 0.02 and 0.07 MQ may 

Tablee 1. Characteristic gravitational contraction times of low-mass 
starss in the M-dwar f spectral region 

*a *a 

M M 

0.0 1 1 
0.0 2 2 
0.0 3 3 
0.0 4 4 
0.0 5 5 
0.0 6 6 
0.0 7 7 

R R 

0.1 7 7 
0.1 6 6 
0.1 5 5 
0.1 4 4 
0.1 3 3 
0.1 2 2 
0.1 2 2 

7] ,,  =  2.8 8 (M2-M4 ) 

1.5x10 * * 
7. 11 x  10 6 

1. 99 x lO 7 

4. 22 x  10 ? 

8. 22 x  10 7 

1. 55 x lO 8 

2. 11 x  10 8 

Tjj  =  2.04(M5-M9 ) 

5. 99 x  10 * 
2. 88 x  10 7 

7. 77 x  10 7 

1.7x10 ® ® 
3. 33 x  10 8 

6. 00 x lO 8 

8. 22 x  10 8 

Tablee 2. Cooling times of low-mass stars after  the onset of 
degeneracyy (for  various values of the luminosity L) 

M M 

0.0 1 1 
0.0 2 2 
0.0 3 3 
0.0 4 4 
0.0 5 5 
0.0 6 6 
0.0 7 7 

ttclcl(L=(L= to "  3 L 0 ) 

1. 22 x lO 6 

5. 99 x  10 * 
1. 55 x lO 7 

2. 99 x lO 7 

5. 00 x  10 7 

7. 88 x  10 7 

1. 11 x  10 8 

r t , (L=10- 3 s £ o ) ) 

3. 88 x  10 * 
1. 99 x lO 7 

4. 77 x  10 7 

9. 22 x  10 7 

1. 66 x lO 8 

2. 55 x  10 8 

3. 55 x  10 8 

t f,(Z ..  =  10-*L G) 

1. 22 x lO 1 

5. 99 x  10 7 

1. 55 x  10 8 

2. 99 x  10 8 

5. 00 x  10 8 

7. 88 x  10 8 

1. 11 x  10 * 

Tablee 3. Total times during which low-mass stars can be visible 
inn the M-dwar f region 

M M 

0.0 1 1 
0.0 2 2 
0.0 3 3 
0.0 4 4 
0.0 5 5 
0.0 6 6 
0.0 7 7 

'tou l l 

L=l0-L=l0-iiLLQ Q 

7. 00 x lO 6 

3. 44 x  10 7 

9. 22 x lO 7 

2. 00 x lO 8 

3. 88 x lO 8 

6. 88 x lO 8 

9. 33 x lO 8 

L = 1 0 " 3 s t o o 

9. 77 x  10 * 
4. 77 x  I0 7 

1.2x10 * * 
2. 66 x  10 " 
4. 99 x  10 " 
8. 55 x10 s 

1.2x10 * * 

L=10*L,^ L=10*L,^ 

1. 88 x lO 7 

8. 77 x l O 7 

2. 33 x  10 8 

4. 66 x  10 8 

8. 88 x  10 8 

1.4x10 " " 
1.9x10 * * 
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emainn in the M-dwarf spectral region for time intervals 
nn 108 and 109 years. Detailed calculations of 

iee early stages of pre-main sequence evolution of very 
>w-masss stars have been performed by Grossman 
ndd Graboske (1973). They determined the lifetimes 
ff  these stars on the deuterium main sequence, adopting 
deuteriumm abundance of 1.9 x 10~4. The stay on the 

euteriumm main-sequence will increase the lifetime 
ss a visible star. We also estimated the lifetimes on the 
euteriumm main-sequence and found smaller times, 
uee to the fact that we adopted a deuterium abundance 
ff  2.5xl0~5 (Cameron, 1973). It appears that the 
euteriumm burning in the early phases of evolution 
ïcreasess the total visible lifetimes at most by a factor 
ff  two, yielding times of about 2 x 108 — 2 x 109 yrs. 
hus,, adopting an average lifetime of 5x 108 — 109yrs 
jrr these low-mass stars in this region of the HR-
iagramm 10-20 generations of these stars have passed 
iroughh this phase in the lifetime of our galaxy 
issumedd to be 1010yrs). The ones older than 5 x 108 to 
09yrss have become invisible due to cooling). When 
ff e adopt a mean mass of 0.04 M 0 for our stars, then 
veryy visible star in this mass range represents on the 
veragee some 0.40-0.80 M 0. This is about twice the 
mountt of mass contributed by the low-velocity 
ispersionn M-dwarfs, if they were normal main-sequence 
tars.. This shows that the solution of the missing 
lasss problem is not seriously affected by the hypothesis 
natt the low-velocity dispersion M-dwarfs are in fact 
ontractingg stars of 0.01-0.07 M 0. 

,, when we consider the visible lifetimes of the 
aw-masss stars estimated above, the low velocity 
ispersionn can well be explained. If we suppose, for 
oughh comparison, that velocity dispersion is only a 
unctionn of time, we can compare the stars considered 
nn this paper with main-sequence stars of nearly the 
amee age. These are the stars of spectral types B5 

too A5. The velocity dispersion of these stars is about 
15km/s,, i.e. of the same order as that of the low 
velocityy M-dwarfs. Therefore, we conclude that the 
hypothesiss that the low velocity dispersion M-dwarfs 
aree young contracting stars of very low mass 
(0.02-0.077 M0), can explain their low velocity dispersion 
withoutt affecting the mass balance in the solar 
neighbourhood. . 
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