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Abstract

Broad-band infrared photometry at 1.65, 2.2 and 3.5y
has yielded the first accurate bolometric magnitudes for a
large number of M dwarfs. The intrinsic dispersion in these
stars is found to be Vv + 0.4 magnitudes in Mb vs. V-K and
Mb vs. R-I magnitude-~color diagrams. This dispersion in
the lower main sequence may be the result of differential
blanketing in the UBVRI filter bands and thus there may be
no such thing as a unique main sequence for the intrinsi-
cally faint M dwarfs. Scanner observations from 4500A to
10000& show severe blanketing by TiO in cool M dwarfs,
but analysis shows that one parameter is sufficient to
describe the blanketing in all of the UBVRI bands for all
types of M dwarfs. In general, late M dwarfs seem to have
lower effective temperatures than are predicted by theoret-
ical models. Stars with hydrogen lines in emission aver-
age 0.2 to 0.3 bolometric magnitudes brighter than M dwarfs
without any emission lines. The existence of flare stars
with old disk space motions and also the existence of some
flare stars below the main sequence complicates the picture
of these stars as a pre-main sequence evolutionary stage.
M dwarfs that belong to the halo population on the basis of
their large space motions tend to be subluminous in Mb VS.
V-K and Mb vs. R-I magnitude-color diagrams although there

is a large scatter among the few objects of this type.
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The data for late dwarfs with known masses imply the empiri-
cal mass-luminosity relation: L/LG o« (M/MO)Z'2 0.2 for
stars fainter than Mb = 7.5. In addition, the late M

dwarfs are found to account for all of the "missing mass"

in the plane of the galaxy.
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I. Introduction

With the development of photodectectors which are
sensitive into the red, Kron, Eggen, and Johnson used
measurements in the R and I filter bands to continue
studies of the main sequence down through the K dwarfs.
However, the spectral energy distributions of cool M
dwarfs peak near 1y which is still beyond the I filter
band. Scanner observations from 45002 to 100008 show that
these cool stars are heavily blanketed by conspicuous
TiO bands at these wavelengths so that their bolometric
corrections are large and very uncertain. The complicated
temperature dependence of the opacity due to the effect
of convection, atomic absorption lines, and the extensive
blanketing of molecular absorption bands in cool M dwarfs
makes it very difficult to construct models for them. In
general, the very late M dwarfs have lower effective
temperatures than the most recent models would predict.
(for example, see Hoxie (1970))

Johnson (1965) and Iriarte (1970) have published
infrared magnitudes for a few M dwarfs, but in order to
define the faint end of the main sequence, it was decided
to observe a large number of M dwarfs at 1.65, 2.2, and
3.5u. Only stars with known trigonometric parallaxes
were included in order to bhe able to accurately convert

the observed fluxes to absolute values so that the intrinsic
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dispersion of these stars could be examined. It was also
important to have a sample of M dwarfs that are bright
enough to measure accurately in the infrared. These con-
siderations immediately limited the program to stars in

the solar neighborhood. This sample of stars provides a
chance to compare flare stars, stars with calcium or hydro-
gen emission lines, young disk, old disk, and halo popula-
tion stars.

Infrared observations of these stars are necessary to
help answer the gquestions of whether the intrinsic disper-
sion of the faint end of the main sequence is greater than
that of the upper main sequence and whether in fact all of
these stars have stabilized on the main sequence. In
particular, there is disagreement in the literature concern-
ing the effect of the presence of UV Ceti type activity
in a late M dwarf on its position in a Hertzsprung-Russell
or various color-color diagrams. Whereas Iriarte (1971)
found no difference in color between a few flare stars and
other M dwarfs in the solar neighborhood, the results of
this program are more consistent with Haro and Chavira
(1966) who found that most flare stars in clusters lie
above the main sequence, but that some also lie below it.
In addition, the decliﬁe in chromospheric activity from
flare stars to those with hydrogen lines in emission to
those with thc¢ H and K lines of calcium in emission to

those without any emission lines has been suggested to
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represent an evolutionary sequence.

The existence of K and earlier type subdwarfs has also
been argued in the literature. Eggen (1973) finds that old
disk motion K and early M dwarfs are less luminous than
yourg disk motion stars and that stars with halo type
space motions are even more subluminous. The results of
this program show that this trend continues through the late
M dwarfs although the population groups do overlap.

Stars for the program were taken from Gliese (1969),
Woolley et al. (1970), Riddle et al. (1970, 1971), and
Dahn et al. (1972). All stars taken from these sources
have parallaxes larger than 0.040%® except for four stars
whose parallaxes were revised below this value after the
program was started. Only stars brighter than apparent
visual magnitude 15 were included in the program. All such
stars that satisfied any one of the following criteria were
included:

1) K and M dwarfs with well determined masses

2) M dwarfs with parallax > 0.100"

3) Spectral type dM6 or later

4) Stars classified as sdM by Joy (1947)

5) M dwarfs with |radial velocity| > 65 km/sec

6) M dwarfs with halo type space motions

7) Known flare stars

Other stars were favored for inclusion if they had red

B-V or red R-I colors, brightlnv, faint Mv’ or were known to
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have Ca II or Ha in emission. Additional stars were includ-
ed in the final list in order to represent all spectral
types from MO to M8, in particular to represent M dwarfs of
low radial velocity that have no emission lines.

Whenever possible stars are referred to by their
number (GL) in Gliese's (1969) catalogue. Stars which don't
appear in this catalogue are referred to by their Giclas
(G) number or else their Luyten (L) number. If the common
name of a star is often used in the literature, it is also
given for the sake of clarity. Thus, GL699 is identical
to Barnard's star. Also, R614 (=GL234)and W359 (=GL406) orig-
inally came from the lists compiled by Ross and Wolf. As
listed in the appendix, many of the flare stars in this
program also have variable star numbers.

For purposes of comparing the photometric colors of
dif ferent population types, those stars with known radial
velocities were assigned to either the young disk popula-
tion, the old disk population, or the halo population on the
basis of their space motion. Following Eggen (1969) stars
with small space velocities in the U-V plane were assigned
to the young disk population. For U defined to be positive
away from the galactic center, the approximate limits of
young disk velocities are: -20 < U < +50 km/sec

-40 < V < +10 km/sec

Eggen derived these limits from the small space velocities
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observed for young main sequence
types. Most of the asymmetry in
the small peculiar motion of the
were assigned to the old disk if

galactic orbits is less than 0.5

stars with early spectral
these limits is due to

sun. The remaining stars
the eccentricity of their

or to the halo population

if the eccentricity is greater than 0.5. In addition,

stars with a large space velocity component perpendicular

to the galactic plane were assigned to the halo population,

i.e. if |W| > 75 km/sec. These stars reach distances ~ lkpc

from the galactic plane. Stars with high radial velocities

(|RV| > 65 km/sec) that otherwise have been assigned to the

old disk population are so indicated.
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II. Procedure

A. Observations

The observations for this program were carried out
during 80 nights from Sept. 1970 to Jan. 1973 on the
60" and 100" telescopes at Mt. Wilson. Every star was
observed in the 1.65u and 2.2u bands and about half of
the program stars were bright enough to give good results
in the 3.5u band also. The infrared photometer used has
been described by Becklin and Neugebauer (1968). The
photometer was mounted at the f£/16 cassegrain station of
the telescope. It makes use of a mirrored rotating
chopper wheel to alternately sample a field containing the
object and a nearby out of focus reference ("sky") field.
The chopper throw was usually set to 50" on the 60" tele-
scope (or 30" on the 100" telescope). The chopper was run
at 5 Hz for the 1.65p and 2.2y measurements and at 15 Hz
for the 3.5y measurements. A phase-lock amplifier was
used to increase the signal to noise of the
system. The field observed by the detector is deter-
mined by a circular aperture in the focal plane of the
telescope. In general, the aperture used was equivalent
to 15" on the 60" telescope (10; on the 100" telescope)
unless the seeing was bad. The aperture used was always
much larger than the seeing disk.

The IR detectors consist of 1/2mmxl/2mm PbS cells
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mounted behind an 8mm f£/1 field lens and cooled by liquid
nitrogen. Two different detectors were used. "D-15"

was used for the 1.65u and 2.2y measurements and "D-20"
was used for the 3.5y measurements. The bandpass was
selected by a set of interference filters such that the
1.65u (=H) band extends from 1.5u to 1.8y, the 2.2u (=K)
band extends from 2.0u to 2.4y, and the 3.5u (=L) band
extends from 3.1lu to 3.8u. The 3.5u filter was cooled by
liquid nitrogen, but the 1.65u and 2.2y filters were at
the ambient temperature.

Most observations were made using an offset guide
star. Two or four ten-second integrations were taken in
one beam of the photometer and then the star was moved
into the other beam. This process was repeated until a
sufficient signal to noise was achieved. 1In general a stan-
dard star was measured at the beginning and end of an
observing night and also after every other object star,
that is, about every hour during the night.

The integrations were recorded on a printed tape or
punched directly on cards and were also monitored on a
strip chart. A standard data reduction computer program
was used to convert the measured signals to equivalent
magnitudes. The extinction corrections applied were 0.10
mag/air mass at 1.65p and 2.2y and 0.15 mag/air mass at

3.5u. Almost all observations were made at an air mass of
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less than two. The system of standard star magnitudes
which was used for this program was set up by Becklin
(1972) and Neugebauer. In this system o Lyrae is used
to define magnitude 0.00 in each IR band. The absolute
calibration of the flux of o Lyrae in these bands is
given by Wilson et al. (1972).

The data for 144 program stars are listed in the
appendix. The values for GL551 (=Proxima Centauri) are
taken from Frogel et al. (1972).

B. Errors

Thirty~two stars in the present program had been
previously measured by Johnson (1965) at 2.2y and 3.5u
(but not at 1.6u). The differences between Johnson's
values for the 2.2u magnitudes and those reported here are
plotted versus V-K in figure 2-1. These differences are
relatively large, but there appears to be no systematic
displacement from zero. Figure 2-2 is a similar plot of
the differences between Iriarte's values for the 2.2 mag-
nitudes and those reported here for twenty common stars.
The spread is somewhat smaller than in figure 2-1, but there
appears to be a systematic displacement in the sense that
Iriarte's magnitudes seem to be about ~ 0.05 magnitudes
too faint. Figure 2-3 is a plot of the difference be-
tween Iriarte's (1.65u - 2.2u) colors and the values from

this study for eighteen common stars. (Iriarte did not



0.3 0.4

0.2

-0.0

-0.1

N
o
!

Fig.2-1.--Difference between Johnson's (1965) values and
veeder's values at 2.2p vs. V-K for 32 common stars.

1 ! i | l
o
O
— —
o
V)
o O
o
— w——
(U]
o é? o® O
G;D o
o
o O
G%D U]
—— —t
o
o
O
l | | | !
2.0 3.0 4.0 5.0 6.0 7.0 8.0
V - K



-10-

«
o l | l T 1
o
N
=
o
U]
o U]
V]
- ®
o o
0]
U] O
> 0 B
4
=) o0 ©
| o ©
Hl
X
o
CD‘_
1}
N
LA .
Q ®
™
< | | L 1 |
2.0 3.0 L.0 5.0 6.0 7.0
V - K

Fig.2.2~-Difference between Iriarte's (1970) values and
Veeder's values at 2.2y vs. V-K for 20 common stars.



-11-

0.3

0.2

-0.1

-0.2

| | I
0.1 0.2 0.3 0.4 0.5
H- K
Fig.2-3.--Difference between Iriarte's (1970) values and

Veeder's values for the (1.65u-2.2u) color vs. Veeder's
(1.65u-2.2u) color for 18 common stars.
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measure GL654 at 1.65u and his value of H-K = 0.68 for

EV Lac is much too large for an M dwarf.) Theré appears

to be no systematic shift in the differences of this color,
so the displacement in figure 2-2 is probably due to a
difference in calibration of standards. Iriarte claims a
"probable error of a single observation" of 0.05 magnitudes
at 2.2u, but he does not describe the calibration of his
system of standards.

Most of the stars in the present program were
observed during several different observing runs. The
internal repeatability was good enough to determine the
mean value of the 2.2y magnitude to within ~ +0.03 magni-
tudes (1 s.d.). Similarly, the mean value of the (1.65u -
2.2p) color is also determined to within ~ $0.03 magni-
tudes. The stability of the system of measurement and the
calibration of the system of standard stars probably
introduces an additional error of ~ +0.07 magnitudes.

That is, for a star that was observed more than once, the
value of the 2.2y magnitude is pfobably reliable to #0.1
magnitudes, whereas the (1.65u - 2.2u) color is probably
reliable to #0.03 magnitudes. The values given for 3.5u
are not as accurate as those at the shorter wavelengths.
The internal repeatability was found to be only ~ #0.1
magnitudes(l s.d.). Revision of the magnitudes assigned

to the standard stars by Becklin (1972) and Neugebauer
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improved the internal consistency of the 3.5u measurements
substantially, but the residual errors in calibration are
probably still of the order of *0.1 magnitudes. Therefore,
any given value at 3.5u may be in error by *0.2 magnitudes.
The Values quoted by Greenstein et al. (1970) for W359
agree to within these errors with the values obtained
during this program.

Table 2-1 is a résumé of the calibration and probable
errors of the infrared measurements. Column 1 is the
effective wavelength in microns for each band. Column
2 lists the bandpass, that is, the points at which the
response of the system falls to one-half of the peak re-
sponse wifhin the band. Column 3 is the log of the appar-
ent flux from a zero magnitude star in watts/mz/Hz. Column
4 lists the probable errors in magnitudes for the values
measured in each band.

Table 2-1

Absolute Calibration of the IR bands

Aeff (W) Bandpass (u) log flux Am
watts/m2/Hz

H 1.65 1.5 - 1.8 -23.01 .1

K 2.2 2.0 - 2.4 -23.21 .1

L 3.5 3.1 - 3.8 -23.55 .2
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C. Bolometric Magnitudes

The bolometric magnitudes for the program stars with
R and I magnitudes were calculated directly by integrating
the flux under the spectral energy curve. For this purpose
the solar bolometric magnitude was taken as 4.69 and the
solar luminosity as 3.9x1026 watts. The effective tempera-
ture of the sun is taken as 5760°K. 1In general, the flux
longward of the last infrared band is between 10 and 15%
of the total flux of a given star. This unobserved flux
was estimated by smoothly extrapolating a blackbody curve
of the approximate effective temperature of the star. A
more serious error in the determination of the total flux
of a star is the uncertainty in the shape of the spectral
energy distribution near its maximum between lu and 1.65u.
The linear interpolation used may underestimate the total
flux by up to 10% for stars with measured R and I magni-
tudes. Auman (1966) suggests that straight interpolation
between observed bands may tend to overestimate the total
flux by 10% at an effective temperature of 2520°K because
the infrared bands are restricted to terrestrial H;0
windows. Therefore, we estimate the error in the deter-
mination of My due to deficiencies in the observational
technique as #0.1 magnitudes. The error for a given star
is compounded by the error in the determination of its

parallax. We have:
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AT

AMb = 5 loglo(e) . —T-T_

R

2.17 Am (2-1)
T

Typically, this additional error may range from +0.1 mag-

nitudes up to +0.4 magnitudes for those stars with small

parallaxes (m 0.053). Then, the total error in determina-

tion of the bolometric magnitudes is : 0.14 ~ IAMbI R 0.4.

D. Bolometric Corrections

The bolometric corrections for all single program stars
with R and I magnitudes are plotted against MV in figure
2-4, The trend of the stars follows the values tabulated
by Johnson (1965) for mean stars of a given spectral type
and gives support to the large bolometric corrections
found by Greenstein et al. (1970) for W359 (=GL406) and
VB10, but the stars obviously scatter badly. It is clearly
impossible to infer the bolometric magnitude of a cool
M dwarf to better than ~ 4+0.3 magnitudes from its visual
magnitude.

In order to obtain a better estimate of the bolometric
magnitudes of those stars for which R and I magnitudes are
unavailable, those stars which do have these magnitudes
were replotted in figure 2-5. This diagram shows a strong
correlation between the absolute bolometric magnitude and
the absolute 2.2y magnitude. (Mk is also strongly correlat-

ed with My which has been used by Eggen and others to
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estimate Mb for those stars that have been observed at I.)
The straight line in this diagram represents the mean
relation

Mb = 1.13 Mk + 1.76

which was obtained by a least-squares fit to the data
points. This relation was then used to estimate the
bolometric magnitudes of the remaining stars. This proce-
dure probably introduces an additional uncertainty of
v+0.15 into the values adopted for these stars. Thus, the
total error in the determination of the bolometric magni-
tude for a star that has not been observed at R and I is

approximately
0.2 % |am | % 0.5

depending upon how well the value for its parallax is

determined.
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A. Intrinsic Dispersion in the Lower Main Sequence

A diagram of Mb vs. V-K for all single program stars
with parallaxes larger than 0.100: is plotted in figure 3-1.
Only those stars which also have observed R and I magnitudes
are included so that the stars in this group have well
determined luminosities. The line drawn in this figure

represents the mean relation:

Mb = 1.39(V-K) + 2.74 (3-1)

which was obtained by a least-squares fit to the data points
for all single low velocity (i.e. |RV| < 65 km/sec and
either an old disk or YOung disk total space motion as
defined in the Appendix) stars which also have observed R
and I magnitudes but are not known to have emission lines.
The observed dispersion of the stars in figure 3-1 is ~+0.5

magnitudes in Mb'

The largest error quoted for the parallax of any star
plotted in this diagram is i0.014ﬁ. From equation 2-1 this
results in an error in the absolute bolometric magnitude of
this star of:

. _.014

For all other stars:

aM, X 10.2
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This error from the uncertainty in the parallax combined
with the uncertainty of *0.1 magnitudes in the photometric
bolometric magnitude gives a combined uncertainty in the

vertical position of a star in figure 3-1 of:

AMb‘§ +0.22

However, here we are concerned with the displacement of a
star relative to the mean relation (3~1). An additional
consideration is that the 2.2y magnitude may be in error
by $0.1. The resulting error in the V-K color could change
the apparent vertical displacement of a star from the mean
relation by v $#0.14 bolometric magnitudes.

The possible sources of error discussed above are
sufficient to account for at most only about 10.26 magni-
tudes when they are combined together. To change the
vertical position of a typical star by 0.5 magnitudes
requires either a change in the parallax of the star by
more than 0.025: or else a change in the V-K color of
0.35 magnitudes. Several stars in figure 3-1 would require
a change in their parallax of more than 0.1003 in the
proper direction in order to place them back on the mean
relation. It is extremely unlikely that the errors in
the parallaxes or the colors of these stars could be this
large,

Therefore, it is necessary to conclude that the intrin-

sic dispersion in the bolometric magnitudes for stars of a
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given color in an H-R diagram appears to be AMb v ot0.4
magnitudes. This is consistent with an intrinsic disper-
sion in visual magnitudes of AMV = %0.4 found by Upgren
(1973) in an analysis of the errors in parallax determina-
tions for stars from K3 to M2. Spinrad (1972) has also
observed a scatter of AMV * $0.5 magnitudes in the main
sequence and concludes that it is real. Other observers
have found a similar dispersion for the earlier main se-
gquence in Mv vs. B-V diagrams. (e.g. see Johnson and
Mitchell (1958), Eggen and Sandage (1962), and Eggen (1968)).

It is not clear what the physical reasons are for the
observed intrinsic dispersion. Copeland et al. (1970) find
that changing the mixing length from 1.0 to 2.0 times the
pressure scale height only changes the bolometric magnitude
by at most 0.1 magnitude. This is insufficient by itself
to explain the dispersion in figure 3-1., Differences in
composition are a more likely cause of the dispersion.
Differences in composition might not only affect the bolo-
metric magnitudes predicted for stars from models of
stellar interiors, but also affect the observed colors and
effective temperatures by differential blanketing in the
relatively cool atmospheres of these stars.

Copeland's models differ by about 0.5 bolometric
magnitudes between population I and II compositions for
models with masses M/M@ ~ 0.4, This could explain part of

the displacement of high velocity objects such as GL699



-23-

(Barnard's star) and GL299 (R619). Both of these stars

lie &~ 1.0 magnitudes below the mean relation of equation
3-1. This is somewhat more than can be comfortably explain-
ed by the models. GL299 and the other high velocity stars
plotted in figure 3~1 are presumably halo, population II,
objects; but they only make up a small fraction of the sam~
ple of stars considered in this program. Most of the pro-
gram stars are disk population objects. Some are young

disk objects with very low space velocities and the majority
are probably "old disk" objects with intermediate space
velocities. These are presumed to be population I objects
and therefore the compositional differences within this
group are expected to be less than the compositional

differences between population I and II.
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B. Hertzsprung-Russell Diagrams

Various H-R diagrams were constructed in order to
examine whether or not there were systematic displacements
between the different types of M dwarfs. Such systematic
displacements might be expected to account for some of the
observed intrinsic dispersion in the main sequence. For
this purpose the program stars were separated into five

groups according to the following criteria:

1) Presence of hydrogen lines in emission

2) Presence of H and K calcium lines in emission
(but not hydrogen)

3) Halo type space motion (i.e. either a galac-
tic orbit with e>0.5 or |W| > 75 km/sec)

4) |Radial Velocity| > 65 km/sec (but not halo
type motion)

5) Others

The absolute bolometric magnitudes of the single program
stars in these groups are plotted against the V-K, R-I, and
H-K colors in figures 3-2a, 3-3a, and 3-4. The straight
lines drawn in these figures represent the average main

sequence for low velocity (i.e. |[RV| < 65km/sec and either



-25-

«© | | | T 1 l 1 1
m+
— A A HYDROGEN EMISSION “
xo X CALCIUM EMISSION
~ 0 HALG TYPE MOTION —
*)‘( ® HIGH RADIAL VELOCITY
® —
L
(o)
D — -
}_
—
G ot —
an
=
ok _
—t
Col _
Lu'—l
=
o | —
1
13D
48]
Il —
L_ —
9‘, L —]
aH
+
S -
b l | | | | ! | | | |
3.0 4.0 5.0 6.0 7.0 8.0
V - K

Fig.3-2a.--Absolute bolometric magnitude vs.

(V-2.2u) color

for all single program stars. The mean reclation indicated

is Mb = 1.39(V=K) + 2.74.



-26-

© T T l | | | | | | I
— R A  HYDROGEN EMISSION ]
™~ ]
© —
Lud
(-]
oD — ]
—
=
(h o —
an
>
o F _
-
‘__.O._.
w N
=
O
9 b —
O
m A
A
(‘_1\l... —
a A
© | L1 | | 1 L1 | |
3.0 1.0 5.0 6.0 7.0 8.0
V - K

Fig.3-2b.--Absolute bolometric magnitude vs. (V-2.2y) color
for the M dwarfs from figure 3-2a which show hydrogen lines
in emission. The mean relation Mb = 1.39(V-K) + 2.74 is
indicated.



-27~

el T I | [
Ef
[ R & HYDROGEN EMISSION ]
< X CALCIUM EMISSION
~ M HALG TYPE MATION —
3 X ® HIGH RADIAL VELACITY
o
® _ﬁ
L
(-]
D — ]
|_..
%0’) — _—
an
=
o F ]
[,,_E.C) | — -
LLJ!—Q
P
o | ]
.
138
a:v* A
y. N
N + —
a a
+
- —
A | | | |

0.5 1.0 1.5 2.0 2.5

Fig.3-3a.--Absolute bolometric magnitude vs. R-I color for
all single program stars. The mean relation
Mp = 3.49(R-I) + 4.34 is indicated.



-28~

© T ] I |
— A A HYDROGEN EMISSION ]
L _
oL _
wl
(]
- R N
—
LZDO’ — ]
@
=
= L _
Col N
LLJF'!
=
©
-_J | —
1]
faa
| —-—
N |
[
| ]
ol I | | L
0.5 1.0 1.5 2.0 2.5

R -1

Fig.3-3b.-~Absolute bolometric magnitude vs. R~I color for
the M dwarfs from figure 3-3a which show hydrogen lines in
emission. The mean relation M, = 3.49(R-I) + 4.34 is
indicated.



-29-

@ I | T | | | |
EJ+
— N A HYDROGEN EMISSION ]
O « X CALCIUM EMISSION
F . N M HALO TYPE MOTION —
+y ® HIGH RADIAL VELOCITY
o0 ]
Ll
(0]
D - ]
'._
—t
Fo _|
an
=
o [ ]
—
ol _|
LLJ vt
=
© | —
-
©
o
A
N Lo + —]
+
— —
® | 1 | | | | |
0.1 0.2 0.3 0.4
H - K
Fig.3-4.--Absolute bolometric magnitude vs. (l.65u-2.2u)

color for all single program stars.
indicated is My = 20.9(H-K) + 4.2.

The mean relation



-30-

o0ld disk or young disk space motion as defined in the
Appendix) stars which also have observed R and I magnitudes
but are not known to have emission lines. Stars which are
not known to have high velocities or emission lines are
plotted as plus signs in the diagrams. The three linear
relations derived from least-squares fits to the data for

these stars are:

Mb = 1,39(V-K) + 2.74 (3-1)
Mb = 3,49 (R-I) + 4.34 (3-2)
Mb = 20.9(H-K) + 4.2 (3-3)

In these diagrams there does not appear to be a signif-
icant difference between the UV Ceti type flare stars and
the other stars that show hydrocen lines in emission, so for
the following discussion these were all combined into one
group in an effort to improve the statistics. Table 3-1
lists the 34 flare and hvdrogen emission line program stars
that are either single or corrected for a visible companion.
Column 5 is the difference between the bolometric magnitude
observed for a star and the value calculated from equation
(3-1) from the V-K color of the star. Similarly, column 7
is the difference between the bolometric magnitude of the
star and the value calculated from equation (3-2) from the
R~T color. The other columns are self explanatory. If we
omit the stars GL616.2 and GL735 because their values are

too extreme, the average displacemehts of these stars in
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Table

3-1

Flare Stars and Stars with Hydrogen Emission Lines

GL Type Pop. My, V~-K AMp, R-I AMp
(V-K) (R-I)

*15A M1 oD 8.8 4.05 -.43 1.16 -.46
*15B M6 oD 10.9 5.07 -1.11 1.58 -1.10
48 M3.5E oD 8.3 4.62 .86 1.44 1.01
51 M7E - 10.7 5.96 .29 1.99 49
*65A M5.5E YD 11.7 6.60 .20 2.18 .16

83.1 M8E -- 11.2 5.67 -.53 - -

*¥207.1 M3E -- 8.5 4,87 1.06 - -
234 M7E YD 10.2 5.61 .33 1.81 .38
277B M4.5E YD 9.1 4.99 .59 1.62 .85
278: MO.5E YD 7.6 3.83 .44 1.02 .24
*285 M4.5E YD 9.6 5.50 .79 1.84 1.11
*388 M4 .5E YD 8.8 4.82 .61 1.47 .59
*406 MSE oD 12.2 7.46 .89 2.46 .62
*412B M8E oD 12.2 6.70 -.13 2.05 -.76
424 M1 oD 8.4 3.80 -.34 1.01 -.54
*447 M5 YD 10.8 5.47 -.47 1.69 -.63
473: M5.5E YD 11.5 6.43 .17 2.08 .02
494 M2E YD 7.3 4.19 1.25 1.16 1.03
516A M4E oD 9.1 4.60 .05 1.32 -.18
551 M5E YD 11.7 6.65 .27 2.26 .44
*616.2 M1E oD 6.7 4.23 (1.93) 1.21 (1.83)
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Table 3-1 (Continued)

GL Type Pop. My, V-K AMy, R~I AMy,
(V~K) (R-T)
644: M4.5E OD 8.8 4.58 .35 1.40 .41
669A M4E YD 9.0 4.91 .57 1.52 .60
669B M5E YD 10.0 5.56 .49 1.84 .72
729 M4 .5E YD 10.9 5.19 -.94 1.71 ~.64
735 M2E YD 7.4 4.60 (1.73) -- --
766A M4.5E -- 10.2 5.09 -.41 1.66 -.16
815A M3E oD 8.1 4.05 .29 1.16 .26
866 M7E oD 10.9 6.65 1.10 2.16 .92
867B M4E YD 9.3 4,98 .41 -- --
*873 M4.5E YD 9.4 4.96 .20 1.52 .16
*896A M4E YD 9.0 5.08 .84 1.58 .84
905 M6E OD 11.3 6.39 .35 2.04 .12
908 M2E 0D 8.7 3.97 -.44 1.17 -.32

* measured by Iriarte also

: mean component
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the M, vs. R-I and M, vs. V=K diagrams are ~0.21 and 0.24,
respectively, in the sense that these stars tend to lie
above the average main sequence. This displacement can be
seen more clearly in figures 3-2b and 3-3b where all the
stars except for those with hydrogen in emission have been
omitted. If we omit GL15A, 15B, 424, and 447 because they
don't show hydrogen in emission in the quiescent state, the
average displacements become “0.36 magnitudes in both dia-
grams. There does not appear to be a significant displace-
ment of this group of stars in the M, vs. H-K plane.

A similar treatment of the 24 single program stars
which show Ca II emission lines but don't show any hydrogen
emission lines give average displacements of ~0.10 and
0.19 in the Mb vs. R-I and the Mb vs. V-K diagrams. Again,
there does not appear to be a significant displacement of
this group of stars in the Mb vs. H-K plane. Apparently,
the behavior of this group of dwarfs with Ca II in emission
is similar to, but not as marked as, the displacement of
the dwarfs that havé hydrogen emission lines.

These results are consistent with the comments of
Haro and Chavira (1966) who find that most flare stars in
clusters lie above the main sequence but some do lie below
it. However, these results are contrary to Iriarte's
(1971) conclusions. He compared 11 flare stars with 14
other M dwarfs from the solar neighborhood in R-I vs. R-J,

R-K, and R-L color-color diagrams. He concluded that there
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was no systematic difference between the flare stars and
the others. Figure 3-5 is a color-color plot of R-I vs.
R-K for all the single program stars with available R and

I magnitudes. The line drawn indicates the average main
sequence, There is apparently no significant deviation

of the emission line stars in this diagram which is con-
sistent with Iriarte's interpretation of a similar diagram
for his stars. Figure 3-6a is another color-color plot

of the same stars in the R-I vs. H-K plane. The average
main sequence is also indicated. There is an obvious shift
of the stars with hydrogen emission lines from the mean of
the stars without any emission lines in the sense that for
a given H-K color the flare stars have a redder R-I color
than the stars without emission lines. This shift is even
more clearly seen in figure 3-6b where only the stars with
hydrogen in emission are compared with the average main
sequence. If we take the flare stars from table 3-1 which
Iriarte also measured, but omit GL616.2 because it is too
extreme and also omit GL15A, 15B, and 447 because they
don't have hydrogen emission lines in the quiescent state,
we calculate an average displacement of 0.4 magnitudes in
the Mb vs. R~I plane for seven common stars. Iriarte seems
to have based his conclusions on a set of color-color dia-
grams where the two colors are too well correlated with
each other to show any of the systematic differences between

different groups of stars that appear in other diagrams.
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The average displacement of the stars in table 3-1
assigned to the old disk population in the Mb vs. V-K plane
is v0.12 for twelve stars. Similarly, the average dis-
placement for the sixteen young disk stars in table 3-1 is
v0.36. These numbers are not well determined because of
the small number of stars left in these groupings and can
only suggest that stars selected for both hydrogen emission
lines and young disk space motions may have the largest
average displacement above the main sequence.

Figures 3-7a and 3~-7b are plots of Mb vs. V-K and Mb
vs. R-~I for all single program stars divided into the three
population groups on the basis of their space motions. The
mean of the young disk stars lies about 0.2 magnitudes
above the mean of the old disk stars in the Mb vs. V-K
plane and about 0.3 magnitudes above in the My vs. R-I
plane. The two mean sequences are indicated by the lines
drawn in the figures. There is considerable overlap in the
scatter of the stars in each group such that the displace-
ments in these figures is not as dramatic as those seen
when the stars are divided on the basis of hydrogen line
emission.

M dwarfs with halo type space motions or high radial
velocities tend to be subluminous in all three Mb vs. R-I,
V-K, and H-K diagrams. The seventeen program stars with

halo type space motions and/or high radial velocities are

listed in table 3-2 along with their displacements in these
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Table 3-2

Halo Stars and High Radial Velocity Stars

GL Type Pop. My, AMp AMp AMy,
(R-1) (V=-K) (H-K)

105.5 MOp oD 6.7 -- .09 ~-.82
G95-59 Mp Halo 9.3 -- (-1.71) (-1.51)
129 sdMO0 Halo 10.5 -- (-2.71) (-.82)
157.1 M4 OD 9.0 -- .40 .26
184 MO Halo 7.7 .23 .24 .55
213 sdM5.5 Halo 10.1 -.07 -.09 ~-.88
299 M5 Halo 11.2 -.92 -1.23 -.64
369 M2 Halo 8.2 == -.13 ~1.24
411 M2 Halo 8.9 -.31 ~-.37 .19
413 MOp Halo 6.3 (.34) (.41) (-.20)
445 sdM4 Halo 10.0 -.31 -.43 -.57
699 sdM5 OD 10.9 -.77 -1.25 -1.44
717 MO oD 7.8 -.92 ~-.65 -1.04
748 M4 Halo 9.3 .06 -.30 -.64
G231-27 sdMl Halo 10.0 (-2.05) (-2.03) (-2.19)
830 MO oD 7.1 .03 .05 -.99
905 M6E oD 11.3 .12 35 -.53
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three diagrams. The displacements are relative to equations
3-1, 3-2, and 3-3. If we omit GL129 and G231-27 as too ex-
treme (the parallax of GL129 was recently decreased from
0.068" to 0.030" but is still probably too large) and also
GL413 because of its poor parallax, the average displace-
ments of these stars are v~0.3, -0.3, and -0.6. For the
best seven halo stars (only six of which have R-I colors),
the average displacements become Vv-0.2, -0.3, and -0.5
magnitudes in the Mb vs. R-I, V-K, and H-K planes. Appar-
ently, these high velocity stars are subluminous by at
least 0.2 magnitudes on the average, although there is a
large scatter among the few objects available.

Table 3-3 lists three additional stars classified as
subdwarfs by Joy (1947). Together with the halo stars and
GL699 from table 3-2, these stars average displacements of

v-0.4, -0.6, and -0.5 magnitudes in the M, vs. R-I, V-K,

b
and H-K planes. The criteria used by Joy to assign a
subdwarf spectral type to M stars included a general weak-
ening of the absorption spectrum and a strengthening of the
Lindblad depression at X\ 4226A. Of course, it is unknown
what additional stars would meet the criteria used by Joy.
It is not even certain that subdwarfs can be reliably
recognized spectroscopically. The seven sdM dwarfs are
éertainly subluminous, but there are other subluminous

dwarfs such as GL299 or G95-59 which may be similar to Joy's

subdwarfs. It would be extremely helpful to have a consis-
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Table 3-3

Additional Joy Subdwarfs

GL Type Pop. My, AMp AMp, AMy,
(R-1) (V-K) (H-X)

643 sdM4 OD 10.6 -.69 -1.04 -.48
745A sdM2 0D 9.4 -.62 -.73 -.36
745B sdM2 oD 9.4 -.71 ~-.80 -.38
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tent classification of the spectra of all of the stars that
appear to be significantly subluminous in the H-R diagrams
discussed here.

The average upward displacement of the stars with hy-
drogen emission by ®0.3 bolometric magnitudes and the aver-
age downward displacement of the halo stars of between 0.2
and 0.6 magnitudes do not imply that there is a well defined
sequence for flare stars above the main sequence and a
sequence for halo stars below the main sequence. As dis-
cussed in section 3-A, the intrinsic dispersion in the low
velocity stars is +0.5 magnitudes. As can be seen in the
magnitude-color diagrams, all the sub-groupings of stars
overlap. The average displacements of these groups are
nonetheless reasonably well determined. The small number
of stars available in each group does limit the accuracy
with which the average displacements can be determined.
Arbitrarily throwing out one of the stars with the largest
individual displacement can affect the average displace-
ment of the emission line stars by at most ~0.04 magnitudes
in the Mb vs. V=K diagram. Similarly, the average displace-
ment of the halo stars is uncertain by ~0.13. These esti-
mates of the possible errors are smaller than the average
displacements of these groups. The average displacement of
the halo stars in the Mb vs. H-K plane is probably not

significant because the main sequence is so steep in this
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plane. The error in the color of * +0.03 can cause an
apparent vertical displacement of a star from the main
sequence of v +0.6. This is comparable with the average
displacement of this group of stars in this case, but in
the Mb vs. R-I and Mb vs. V-K diagrams the main sequences
are much less steep and the displacements are probably not
a result of errors in the color.

Further support for the significance of these average
displacements is that the three groups of stars (hydrogen
emission line, calcium emission line, and halo population)
each have similar displacements in both the Mb vs. R-I and
the Mb vs. V-K diagrams. In addition, there definitely
appears to be a progression from hydrogen emission line
stars to calcium emission line stars to "normal" dwarfs
to halo type dwarfs which is consistent with the traditional
ordering of the ages of these types of stars.

There are several possible physical explanations for
the displacements observed. Unresolved binaries could
cause an apparent upward displacement of a star's bolometric
magnitude by up to 0.75 magnitudes. It is possible that
young disk or emission line stars contain a larger percent-
age of binaries than old disk or stars without any emission
lines. An attempt has been made to eliminate this problem
by excluding all known doubles from the previous calcula-
tions. Few of the stars left should still be doubles.

In particular, most of the superluminous stars are flare
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stars and it is unlikely that a companion bright enough to
affect the photometry would be missed on all the spectra
taken of these flare stars. It turns out that some of
the stars known to be double are apparently subluminous
(e.g. GL15A, GL643, or GL781).

Another possible explanation for the average upward
displacement of the emission line stars is that they are
still evolving downward and have not yet settled on the
main sequence. This explanation would be consistent with
a very young age for these stars. Unfortunately, some of
these superluminous stars do have old disk motions and
therefore must be relatively old objects with ages of '\»109
years. (cf. the section (3-G) on old disk flare stars)
These stars have had more than sufficient time to reach
the main sequence since the evolutionary time scale for an
early M dwarf to reach the main sequence is only a few times
10" years. In addition, some of the superluminous stars
don't have any emission lines and some flare stars are
subluminous. (e.g. GL83.1 and 729, which have large paral-
laxes, lie 0.5 and “v0.9 magnitudes below the main sequence
in the My vs. V-K plane.) A simple evolutionary scheme
cannot explain why some old stars still have emission lines
and why some superluminous stars don't have any emission

lines.

Traditionally, subluminous dwarfs have been assumed to
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be metal poor. Late M dwarfs suffer from extreme blocking
by atomic lines and molecular bands in absorption in their
spectra and differences in blocking might explain relative
displacements of the different groups of stars. In M dwarfs,
TiO absorption bands extend across the Vv, R, and I band-
passes and the U and B bands are heavily blanketed by low
excitation metal lines. The H and K infrared bands are
probably relatively unblanketed in the temperature range
covered by M dwarfs. The apparent upward displacement of
the flare stars by 0.3 bolometric magnitudes could be
produced by a systematic color differences of A(V-K) v 0.2
and A(R-I) ~ 0.1.

The following attempt was made to test whether the
blocking in different wavelength bands is related: All the
program stars were plotted in a M, vs. V-K diagram. A
smooth curve was drawn by eye to represent a reasonably
tight left hand envelope of the main body of stars. Only
the subluminous stars G95—59, G231-27, and GL129 and also
the star GL550.1 (which has an uncertain parallax) lie
significantly to the left of the adopted smooth curve.
This curve was taken to represent a relatively unblanketed
sequence in the sample of stars available. The difference
in V-K between this curve and the position of each star in
the M, Vs. V-K plane was taken as a blanketing index for
each star. The stars which happen to lie close to this

curve and which therefore have a small blanketing index may
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still in fact be somewhat blanketed. This is especially
true toward the faint end of the sequence where there are
only a few stars. Corrections to the U, B, R, and I mag-
nitudes were made for each star by multiplying its blanket-
ing index by a constant factor for each magnitude. This
factor was taken equal to 1.0 for U and B, 0.65 for R, and
0.3 for the I magnitude. The largest percentage of flux
redistributed by this procedure was v20% for GL866. The
corrected stars were then replotted in Mk vs. U-K, B-K, R-K,
and I-K diagrams. The results of this procedure can be
seen by comparing figures 3-8a to 3-1la with 3-8b to 3-11b.
The uncorrécted average main sequence is indicated in each
of these diagrams for comparison. This procedure reduced
the scatter in all of these diagrams to within the observa-
tional error in the color determination.

An attempt was also made to reduce the scatter in the
Mk vs. H-K plane by correcting the H magnitude in a similar
manner. However, no constant factor was found which signif-
icantly reduced this scatter. That is, the above blanket-
ing index does not seem to be correlated with the displace-
ment of a star from the main segquence in the Mk vs. H-K
plane. This suggests that the H and K bands do not suffer
from blanketing as much as the shorter wavelength bandpasses
and therefore the H-K color is a simple temperature indica-

tor for M dwarfs in the sense that these bands sample the
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continuum of these stars near the peak of the spectral
energy distribution. Unfortunately, the H-K color is not
a very precise indicator because its dynamic range is only
0.4 magnitudes from spectral class MO to M8 while the
uncertainty in its measurement is ~v+0.03 magnitudes.

The procedure described above strongly implies that
the broad-band blanketing in M dwarfs can be described by
one parameter. This is a little surprising because the
blanketing in the U and B bands is due to low-excitation
metal lines while the blanketing in the V, R, and I bands
is due to TiO. There is no a priori reason why the block-
ing due to atomic lines at short wavelengths should be closely
correlated to the blocking due to molecular bands at longer
wavelengths. In addition, there does not appear to be any
systematic residual differences between the different kinds
of M dwarfs. This would suggest that the same blanketing
function applies to all M dwarfs (including flare stars
as well as stars with halo type space motions). The
success of reducing the scatter in all of the diagrams by
this procedure argues strongly that the scatter in the
original diagrams is due to scatter in blanketing rather
than scatter in absolute magnitudes. An additional impli-
cation is that the "superluminosity" of the emission line
stars 1s not directly related to the fact that they have
emission lines, but rather is more directly related to the

fact that they are apparently more heavily blanketed on the



-58~

average than stars without emission lines.

It is tempting to speculate on the role of convection
as a possible link between the chromospheric activity of
the emission line M dwarfs and the increase of the average
blanketing in these stars. It is well established that
chromospheres of the stars are heated by acoustical noise
which is generated by convective turbulence in the photo-
sphere and then propagates upward through the atmosphere.
The line emission and flare activity of the UV Ceti type
stars must be driven by the convection in these stars. It
is possible that increased convective turbulence may in-
crease the blocking by Ti0 and H20 absorption bands by
doppler broadening the closely spaced rotational lines.
These lines are sufficiently closely spaced that velocities
of a few km/sec should begin to smear them together. TiO
bands extend across most of the V, R, and I filter band~
passes. An increase by a factor of 2 in the blocking
would explain the dispersion in the colors across the main
sequence. However, Tsuji's (1971) discussion of sources of
opacity in cool stars indicates that these rotational
lines may already be smeared together at temperatures R
2800°K. Thus, it is still not clear whether increased
convective turbulence is responsible for both increased

chromospheric activity and increased molecular blanketing.
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C. Scanner Observations

Multi-channel scans for the wavelength interval from
45008 to v10000& were obtained by Greenstein (1973) at
the 200" telescope for several of the program stars.

These scans give a more detailed picture of the nature of
the absorption bands of M dwarfs than is possible with
broad-band photometry. Oke (1969) has described the 32
channel scanner. Scans of two of these stars obtained in
September 1972 and January 1973 are plotted in figures 3-12
and 3-13 together with the data points at 1.65uy and 2.2y
which have been taken from the broad-band infrared photom-
etry. Blackbody curves of the approximate effective tem~
peratures of these stars have been drawn in these figures
for comparison with the data. Those features which have
been identified in the scans are listed in table 3-4.
Column 1 is the frequency in inverse microns, column 2 is
the equivalent wavelength in angstroms, and column 3 is
the identification.

In the late M dwarfs G51-15 and G158-27 it is clear
that a large part of the spectrum from ~50008 to ~9000R& is
severely blanketed by Ti0 bands. The nine bands listed in
table 3-4 can be easily recognized in the scans, but there
are probably others‘that contribute to the blanketing, but
cannot be identified with the 80& resolution of the 32

channel scanner. It is impossible to pick out any part of
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Fig.3-12.--Apparent flux vs. frequency for the late M dwarf
G51-15. The frequency scale is in inverse microns. The two
points are the values from broad-band photometry at 1.65y
and 2.2y. The data curve is from a scan obtained by
Greenstein (1973). A blackbody curve is indicated for
comparison.
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Fig.3-13.--Apparent flux vs. frequency for the late M dwarf
G158-27. The fregquency scale is in inverse microns. The
two points are the values from broad-band photometry at
1.65u and 2.2u. The data curve is from a scan obtained by

Greenstein (1973). A blackbody curve is indicated for
comparison.
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Table 3-4

Identified Features in M Dwarf Scans

pu-1 A Identification
1.06 9441 H70
1.13 8860 TiO
1.17 8538 VO
1.30 7672 Ti0
1.41 7054 TiO
1.49 6714 TiO
1.62 6159 Ti0
1.70 5896 Na
5890
1.79 5598 TiO
1.84 5448 TiO
1.93 5186 MgH
5167 TiO
2.02 4955 Tio
2.06 4845 MgH

2.10 4761 TiO
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this portion of the spectrum that is unaffected by the
blanketing. ‘

G51-15 and G158-27 happen to have comparable bolometric
magnitudes, but the comparison of the scans for these two
stars shows that on the average G51-15 has a much redder
spectrum and also has much stronger Ti0 bands than G158-27.
G51-15 is 0.4 magnitudes redder than G158-27 in R-I and
1.2 magnitudes redder in V-K. The blanketing index dis-
cussed in the previous section (3-B) is ~0 for G158-27 and
%0.8 for G51-15. That is, the "blanketing corrections"
for G51-15 are approximately : AB ~v 0.8, AV ~ 0.8, AR Vv 0.5,
and AT v~ 0.2, Thus, its position corrected for blanketing
is very close to the position of G158-27. These two stars
represent the extremes in blanketing observed for late M
dwarfs. Out of a total of seven late M dwarfs which have
been scanned in this program, G51-15 shows the strongest
Ti0 absorption bands while G158-27 shows the weakest bands.
The essential point here is that not only are the bands
stronger in G51-15, but also its entire spectrum between
~50008 and v9000& has been depressed relative to its in-
frared flux. This extensive blanketing results in a lower
effective temperature and redder R-I and V-K colors for
G51-15. These scans thus add additional support to the
conclusion drawn in the previous section that differential

Ti0 blanketing can decrease the effective temperatures of
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late M dwarfs and move them to the right in Mb vs. R-I and
Mb vs. V-K diagrams and can account for the width of the
lower main sequence.

D. Effective Temperatures

The effective temperatures for the stars in this program
were calculated according to the procedure outlined by
Greenstein et al. (1970). This essentially involves fitting
a blackbody curve by eye to the broad-band magnitudes while
allowing for a reasonable amount of blocking toward the
short wavelengths and also keeping the total flux under the
blackbody curve equal to the total flux actually observed
from the star. This is a very crude procedure, but it
does provide a reasonable estimate of the effective temper-
ature without detailed calculations. Figures 3-14 and
3-15 show how three blackbody curves near the effective
temperature compare with the flux measured in each band
for a hot M dwarf (GL278 = YY Gem) and a cool M dwarf
(GL473 = W424). Both of these stars happen to be binaries
with equal components. Inspection of the curves for dif-
ferent temperatures allows one to estimate the best effec~
tive temperature for each star to within nv+150°K. The best
effective temperature by this procedure for W424 is 28000K,
and for YY Gem is 3750°K. Because YY Gem happens to be an
eclipsing binary, its temperature is known to be about
3740°K independent of this procedure. Table 3-5 lists the

residuals (in magnitudes) at each bandpass for these stars



Q
= |
= .
!
e
~l —
g‘?‘
N\
P
~NO
n.- L _
-8
[
<
=
<
o~ —
=
X
o
| X
we
V$ B 3600 °K
8 X
-—IO
o ]
o X
Q
= —
!
e
o | | | 1 ]
0.0 0.5 1. 2.0 2.5 3.0

0 1.5
/N (")

Fig.3-14.--Energy distribution in the early M dwarf YY Gem
(=GL278) with three fitted blackbody curves. The frequency
scale is in inverse microns. The upper and lower curves
have been displaced by 1.5 in the log to avoid overlap.

The best fitted To 3750CK.
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when compared to the best fit blackbody curve. The flux
from each star is deficient at U, B, V, R, and L and each
star has excess flux at the H and I bands. The blocking
at V and R is due to Ti0 absorption bands and the blocking
at U and B is due to blanketing by metal lines. L is
probably slightly depressed by HZO bands. As expected, the
fainter star is more heavily blanketed than the brighter
star. The total amount of flux energy redistributed by
blanketing in these stars is comparable to the unobserved
flux beyond 3.5y, i.e. élS% for stars as cool as W424 (Te
nv 2800°K) to i5% for stars hotter than YY Gem (Te v 3740°9K) .
Table 3-5

Residuals for YY Gem and W424

U B v R I H K L
YY Gem -1.0 - .5~- .3 -.2 +,1 +.2 +.1 -.1
W424 -1.0 ~-1.0 -1.1 -.7 +.2 +.1 0 -.2

The effective temperatures derived by this procedure
are well correlated with both the R-I and V-K color indices.
Table 3-6 lists the bolometric magnitudes, colors, and
effective temperatures of some representative stars from
the program. These stars are either single stars or stars
that have been corrected for a faint companion. They were

chosen to cover the scatter in the lower main sequence.
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Table 3-6

GL My V-K R-I log(Te)
G158~-27 12.0 6.38 1.97 3.431
15B 10.9 5.07 1.58 3.498
48 8.3 4.62 1.44 3.532
G69-47 10.8 6.30 1.93 3.431
51 10.7 5.96 1.99 3.470
65A 11.7 6.58 2.18 3.431
205 7.5 4,12 1.14 3.556
234A 10.4 5.61 1.81 3.484
239 8.4 3.73 0.97 3.562
278% 7.6 3.83 1.02 3.573
285 9.6 5.50 1.84 3.491
299 11.2 5.18 1.71 3.505
G51-15 12.4 7.61 2.37 3.389
406 12.2 7.46 2.46 3.398
473% 11.5 6.43 2.08 3.447
551 11.7 6.65 2.26 3.431
644% 8.8 4.58 1.40 3.538
661A 9.0 4.53 1.41 3.538
669A 9.0 4.91 1.52 3.518
669B 10.0 5.56 1.84 3.491
699 10.9 4,98 1.68 3.512
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Table 3-6 (Continued)

GL M, V-K R-I log (T )
717 7.8 3.16 0.73 3.602
725A 9.3 4.42 1.42 3.538
725B 9.9 4.67 1.51 3.519
729 10.9 5.19 1.71 3.477
745A 9.4 4,27 1.29 3.544
820A 6.9 2.84 0.64 3.633
820B 7.4 3.31 0.80 3.591
829 9.0 4.96 1.55 3.518
860 9.7 4.81 1.46 3.525
866 10.9 6.65 2.16 3.439
905 11.3 6.39 2.04 3.447

*

mean component
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Figures 3-16 and 3-17 show V-K and R-I colors vs. log (Te)
for these stars. Both of these colors seem equally capa-
ble of being calibrated in order to give estimates of the
temperature of any star whose colors are known. The follow-
ing linear relations which are indicated in the figures

seem to be adequate for estimating the temperature of a

star from its color to within the error of estimating it by
fitting a blackbody curve to all of its magnitudes, i.e.

to within +150°K for effective temperatures from n4500°K

to v2500°K.

log Te -0.052(V-K) + 3.77
log Te = ~0.13(R-I) + 3.71

These relations agree with the calibration of Greenstein
et al. (1970) to within *100°K. Johnson's (1966) calibra-
tions of the V-K and R~-I color indices which are also
plotted in figures 3-16 and 3-17 for comparison seem to be
systematically too low by ~100°K in the region of interest.
Johnson extrapolated beyond YY Gem by using the colors of
giants with known radii. One major problem with extrapolat-
ing from this point is that this is about where Ti0
blanketing begins to become important. There is no reason
to expect that this blanketing would have identically the
same effect in the atmospheres of giants and dwarfs.

Figure 3-18 is a plot of My vs. log (Te) for the stars

from table 3-6. Johnson's (1965) calibration curve and the
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stars from table 3-6. The mean relation indicated is
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calibration of Greenstein et al. (1970) are plotted for
comparison. The subluminous stars GL15B, GL299, and GL699
(= Barnard's star) are plotted as open circles. The
theoretical curves of Ezer and Cameron (1967) and Hoxie
(1970) are also indicated. Johnson's calibration of log(Te)
with respect to Mb seems to be somewhat better than his
calibration with respect to his color indices. His average
sequence seems to lie within the scatter of the data. The
calibration of Greenstein et al. seems to be almost equiva-
lent to that of Johnson for 8.6 < M

b
off too rapidly at Mb = 10.35., This is probably because

< 9.6, but then falls

they average only four stars in their last group, one of
which is the subluminous star GL15B (= Gr-34B = Yale 49B).
The abrupt change in slope at the end of Johnson's curve
suggests that his calibration is also affected by the small
number of stars he had available to calibrate the faint end
of the main sequence. Again, there is a large, real scatter
in the lower main sequence and it is not clear that it is a
meaningful exercise to average small groups of stars to
obtain an "average sequence."

The theoretical models of Ezer and Cameron (1967) and
Hoxie (1970) have effective temperatures which are system-
atically too high for their luminosities. Cool M dwarfs
have deep convection zones which extend all the way to the
center for M/MO < 0.3. Models for these stars are somewhat

sensitive to the stellar atmosphere calculations which are
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used to establish the outer boundary conditions to which
models of the interiors are fitted. These atmosphere
calculations are dependent on the effects of atmospheric
convection and also the complicated temperature dependence
of the opacities of molecular bands such as TiO and HZO as
well as sources of continuous opacity such as H and H;.
Ezer and Cameron used very crude models for their atmo-
spheres which included no molecular bands. Hoxie included
convection and H,0 but not TiO. Tsuji (1971) emphasizes
that TiO is more important than H,0 in these models, but

he does not include convection in his atmosphere calcula-
tions. The TiO bands blanket the portion of the spectral
energy curve just shortward of its maximum. This means
that the strengths of the bands can influence the location
of the maximum.

The scanner observations of G51-15 and G158-27 dis-
cussed in section 3-C show that TiO blanketing can decrease
the apparent effective temperature of a late M dwarf by up
to at least 250°K. Of course, G158-27 is already somewhat
blanketed. Inclusion of TiO opacity would eliminate most
of the discrepancy between the theoretical curves and the

observations evident in figure 3-18.
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E. Mass~Luminosity Relation for Faint Dwarfs

The mass-luminosity diagram for those late dwarfs with
well determined masses is plotted in figure 3-19. The data
for these stars are listed in table 3-7. Columns 1-7 are
self-explanatory. The references for the adopted wvalues of
the masses are given in column 8. The components of the
systems L726-8, +45°2505, 70 Oph, and Kruger-60 were de-
convolved in the same way as the other binaries with visible
companions (see the Appendix). The mean components of the
systems YY Gem, W424, and W630 were taken to be one-half of
the measured flux. The bolometric magnitudes adopted for
the stars in the systems which have been de-~convolved are
probably at best only accurate to *0.2 magnitudes (plus an
additional amount due to uncertainty in the parallaxes).

It is not clear how accurate the values for the masses are.
The total mass of the system L726-8 was recently revised
from O.OSMG to O.3M® according to van de Kamp (1971) who
quotes a private communication from Luyten. Worley and
Behall (1973) have published a detailed orbit of this system
and estimate the masses of the components to be 0.12MO and
O.lOMG. The parallax of 0.379ﬁ adopted here for this system
is slightly smaller than the”one they used. This change
increases the value of the total mass of the system to
0'23MO'

The line drawn through the data points in figure 3-19
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Fig.3-19.--Absolute bolometric magnitude vs. mass for the
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represents the empirical mean relation:

M, = (-5.6 * O.S)-log(M/Me) + (6.5 = 0.3) (3-4)

which was derived from least-squares fit to the data omit-
ting the systems 70 Oph, R614, and W424. The estimates of
the probable errors in the coefficients of equation (3-4)
are largely the result of the uncertainty in the value of
the mass of the system L726-8. (Note that half the systems
listed in table 3-7 have hydrogen emission lines and may
be expected to be 0.2 to 0.3 magnitudes brighter than com-
parable stars without emission lines.) Equation (3~4)

directly implies:

2.2 0.2
L/L® @ (M/MO)
The system 70 Oph was omitted because it lies on the mass-

luminosity relation for brighter stars where:

L/Lg = (M/Mg)>"°

which Harris et al. (1963) state holds for Mb brighter than
7.5 magnitudes. R614 and W424 were omitted because they
clearly lie above the trend of the other stars. In addi-
tion, the masses of R614B, W424A, and W424B are less than
the published estimates of the lower mass limit of the
hydrogen main sequence. This limit is ~0.1 M.. (see

©
Kumar (1963) and Hoxie (1970)) These systems may still be
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evolving downward in figure 3-19 and may never settle on
the hydrogen burning sequence. The bolometric correction
for R614B is very uncertain. I have estimated its bolomet-
ric magnitude to be V12 which results in a correction of
0.2 to the magnitude of R614A and yields its adopted value
of M= 10.4. It is not clear why R614A is still above

the average trend. Either its mass is seriously in error
or it, too, must still be evolving downward. (Another
possibility is that it might be a close binary.)

Hoxie (1970) calculates that a star of O.lMG should
have a bolometric magnitude of ~12.2. This means that stars
such as W359, G158~27, and G51-15 are very close to the
lower mass limit of the main sequence. They could be less
massive than 0.1 M® and be evolving downward past the end
of the main sequence and cooling toward a "black dwarf"
configuration. But W359 and G158-27 in particular have old
disk space motions which implies that they are relatively
old objects and therefore must be massive enough to have
ignited hydrogen and to have stabilized on the main sequence.

Greenstein et:al. (1970) derive a bolometric magnitude
of ~13.1 for VB 10 which would imply that it has a mass of
only ~0.07 Mg according to equation (3-4). This object
also has an old disk type space motion which again implies
that it is a relatively old object which has stabilized

very near the end of the main sequence.
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The theoretical mass-luminosity curves from Ezer and
Cameron (1967) and Hoxie (1970) are plotted in figure 3-20
together with the stars from table 3-~7. The slope of the
theoretical curve changes at Mb v7.5. Copeland et al. (1970)
state that this break in the slope of the mass-luminosity
relation may be due to the importance of H; as a source of
opacity in cooler stars with Mb > 7.5 magnitudes. This is
also approximately where absorption bands of TiO begin to
become important. The theoretical curves and the linear

empirical relation (3-4) agree to within 0.4 magnitudes in

the interval:

7.5 <M < 12.0

b

The effective temperatures in column 7 of table 3-7
were estimated by fitting blackbody curves through the data
points for each star as described in the previous section
(3-D). The radii given in column 4 were calculated direct-
ly from the observed luminosity and the assigned effective
temperature. The resulting values of the radii are plotted
against the values of the masses in figure 3-21. Theoreti-
cal curves from Ezer and Cameron (1967) and Hoxie (1970)
are also plotted for comparison with the data. Hoxie has
published diagrams similar to figures 3-20 and 3-21 for a
slightly different set of stars. He assigned an effective
temperature to his stars from Johnson's (1965, 1966) cali-

bration of spectral types. The values adopted here, which
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Fig.3-20.--Absolute bolometric magnitude vs. mass for the
binary program stars from table 3-7. The mean components

of YY Gem (=GL278) and W424 (=GL473) were taken to be one-
half of the observed flux. Theoretical curves from Ezer and
Cameron (1967) and Hoxie (1970) are indicated for comparison.
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are derived directly from photometric measurements, greatly
reduce the systematic displacement of the stars from the
theoretical curves mentioned by Hoxie. There still remains
a tendency for the models to have radii which are too small
for their masses. That is, the models seem to be systema-
tically too hot (see also figure 3-18). Again, this system-
atic displacement of the theoretical curves is probably due
to the difficulty of dealing with the effects of convection
and molecular (TiO and H20) opacity in the outer layers of
cool stars. The data stars still scatter badly, but the
scatter will probably be further reduced by better wvalues
for their masses and more accurate photometry.

F. The Luminosity Function for Faint Dwarfs

It has been suggested recently that the numbers of
stars at the faint end of the luminosity function, as given
by van Rhijn (1936), should be increased by a substantial
amount. Luyten (1968) calculated a luminosity function
based on faint stars with large proper motions. He found
a maximum in the number of faint stars at M = 15,7 and

pg
derived a stellar mass density of:

_ -3
p = 0.064 MgpC

Sanduleak (1964), Pesch (1972), and Weistrop (1972), how-
ever, find many more faint stars which are presumably stars

with small proper motions ignored by Luyten. Sanduleak
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carried out an objective prism survey in a selected region
for M dwarfs with m, < 17. He found ~1200 in 120 square
degrees and Murray and Sanduleak (1972) conclude that these
represent v0.23 pc_3 which implies a contribution to the

local mass density of:

_ -3
p = 0.05 MOpc

from stars with MV < 13.

Weistrop took star counts in an area of 6 square
degrees as a function of color and m, for 12 < m < 18.
She found that the dwarfs redder than B-V = 1.4 are concen-
trated strongly toward the plane. By extrapolating her

results from MV s 13 to MV = 15 she derived a stellar (i.e.

red dwarf) mass density of

_ -3
p = 0.13 M_pc

plus an additional estimate of 0.03 M®pc—3 due to white
dwarfs and interstellar matter. 1In order to convert her
number density into a mass density, Weistrop made use of a
mass-luminosity relation given by Schmidt (1959). This
relation is now much better known toward the faint end.
Table 3-8 lists the absolute visual magnitude, the
corresponding absolute bolometric magnitude, the number
density for each magnitude interval taken from Weistrop

(1972), the mass calculated according to the relation
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Table 3-8

The Luminosity Function

M, My, pc~3 M/Mg P

<9 - -— - .018

10 8.3 .01 LA7 .005

11 9.0 .03 .36 .010

12 9.6 .06 .30 .018

13 10.6 .13 .23 .030

14 10.9 .25% .18 .045%
15 11.5 L40%* .14 .056%*

* egtimated
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discussed in the previous section (3~E equation (3-4)), and
the resulting contributions to the mass density in solar
masses per cubic parsec. The total stellar mass density is

increased to 0.18 M(Dpc—3 which implies a total mass density

of:

-3
Protar "V 0-21 Mgpe

in the solar neighborhood. This is as large as the mass
density required by Oort's (1965) dynamical analysis of
stellar motions perpendicular to the galactic plane if the
mass is concentrated in a narrow layer. Apparently, all
the "missing mass" in the plane can be accounted for by
faint M dwarfs. As Weistrop notes, there are some stars
known with MV > 15 and they may even be common enough to
contribute further to the mass density.

In addition, a significant fraction of the stars
counted by Weistrop may be expected to be binaries which
would also tend to increase the total mass density. Approx-
imately one-third of the M dwarfs that have hydrogen
emission lines listed by Woolley et al. (1970) are known to
be close doubles. (see also Worley (1969))

G. 01d Disk Flare Stars

It has been suggested in the literature that some
flare stars belong to the old disk population. Gershberg

and Shakhovskaya (1971) and Lee and Hoxie (1972) among
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others have suggested that Gr~34AB, SZ UMa, and W630 are
old disk flare stars. These stars do have space motions
that belong to the o0ld disk population as defined by Eggen
(1969) (see the Appendix). That is, in general the eccentric-
ity of their galactic orbits is larger than is typical of
earlier main sequence stars. Some of the other flare stars
in the program also have o0ld disk space motions. WX UMa,
+55° 1823, W11l30, and C1l250 are definitely in this category.
W359, VW Com, and BY Dra are borderline cases, but so is
Gr-34 on the basis of its space motion alone. Greenstein
et al. (1970) discuss the flare star VB 10. They list
values of Mb = 13.1 and V~-K = 8.7 magnitudes for it. Its
space motion is also of the old disk population.

All of these stars which are in the program have been
listed in table 3-9 with their bolometric magnitudes and
V-K colors. In figure 3-22 these bolometric magnitudes
are plotted against V-K for these flare stars together
with the thirteen program flare stars that definitely have
young disk space motions. (Three others have unknown
radial velocities and an additional three flare stars are
the fainter members of binary systems unresolved by the
IR photometry.) Data for the young disk flare stars are
listed in table 3-~10. The line drawn in figure 3-22 indi-
cates the average main sequence for low velocity stars which

have no emission lines. There does not appear to be any
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Table 3-9

GL Type Name Mb V-K
15a M1 Gr-34 8.8 4.05
15B M6 " 10.9 5.07
406 M8E W359 12.2 7.46
412B M8E WX UMa 12.2 6.70
424 Ml SZ UMa 8.4 3.80
516 M4E VW Com 9.1 4.60
616.2 M1E +55°1823 6.7 4.23
644% M4 .5E W630 8.8 4.58
719 MOE | BY Dra 6.2 3.43
781 M3E W11l30 9.4 4.04
815 M3E CC1250 8.1 4,05

*

mean component
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Table 3~10

Young Disk Flare Stars

GL Type Name Mb V-K
65A M5, 5E L726-8 11.7 6.58
278% MO.5E YY Gem 7.6 3.83
285 M4.5E YZ CaMi 9.6 5.50
388 M4.5E AD Leo 8.8 4,82
447 M5 R128 10.8 5.47
473* M5.5E w424 11.5 6.43
494 M2E w462 7.4 4,19
551 M5E Proxima 11.7 6.65
669B M5E R867 10.0 5.56
729 M4 .5E R154 10.9 5.19
735 M2E - 7.8 4.60
867B M4E - 9.3 4.98
873 M4.5E EV Lac 9.4 4.76

*

mean component
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Fig.3-22.--Absolute bolometric magnitude vs. (V-2.2u) color
for the UV Ceti type flare stars from tables 3-9 and 3-10.
0ld disk and young disk populations are defined in the text.
The mean relation indicated for the main sequence is

My = 1.39(V-K) + 2.74.
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significant difference between these two divisions of the
flare stars, although the limited number of stars available
for each group makes it difficult to draw any firm conclu-
sions. (In a previous section (3-B) we have seen that the
average sequence for all young disk stars does lie above the
average sequence for all old disk stars (see figures 3-7a
and 3-7b)). Gr-34B (= GL15B) has drawn attention ever since
Joy (1947) misclassified it as a subdwarf (see Lippincott
(1971)). It does appear to be subluminous in figure 3-22
and in fact lies very near to the position of Barnard's
star (= GL699) in the Mb vs. V-K plane. But R154 (= GL729)
lies right next to both of these stars in the figure and
it has a young disk space motion. These stars have large
parallaxes so that their distance moluli are well deter-
mined. Gr-34A and Gr-34B both have weak Ca II emission
lines and no hydrogen emission lines except during flares.
However, R128 (= GL447) also shows no hydrogen emission in
the quiescent state and it has a young disk space motion.
An additional complication in trving to interpret the
motions of the flare stars is that the available sample
suffers from severe selection effects. The known flare
stars in the solar neighborhood have been discovered hap-
hazardly over a long period of time and in many different
ways. Current surveys being carried out by Haro and others

seem to be concentrating on young clusters and have passed
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beyond the solar neighborhood. Thus, the list of known
flare stars in the solar neighborhood must be incomplete to
some unknown degree, There is a well known selection
effect in current parallax catalogues for stars of high
proper motions. This would favor old disk space motions
over young disk motions and might lead us to suspect that
the unbiased fraction of flare stars with old disk motions
is less than the observed 11 out of 30.

The best survey for local M dwarfs without any bias
with regards to their motions is the objective prism search
carried out by Vyssotsky (1943, 1956) and Vyssotsky et al.
(1946, 1952). He has estimated that this search is 5%
incomplete for stars brighter than m = 10. Dyer (1956)
has calculated the space motions of 305 of these stars from
Vyssotsky's first three lists. Nineteen of these 305 stars
have been found to show hydrogen emission lines. Of these,
fourteen have young disk space motions and five have old
disk space motions. Again, though, these numbers must still
be incomplete in the sense that additional stars in Dyer's
list may in fact have hydrogen emission lines. But if we
make the assumption that, on the average, the space motions
of flare stars are not too different from the space motions
of all M dwarfs that show hydrogen emission, then the
results from Dyer's list tends to indicate that we should
not be surprised that about one-third of the flare stars in

the solar neighbdrhood have old disk motions.
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The important point here is that at least seven flare
stars out of a total of about thirty known flare stars in
the solar neighborhood do exist that have old disk space
motions. This point is hard to explain because flare stars
are traditionally believed to be young objects. Haro (1957)
and Ambartsumian and Mirzoyan (1971) have suggested that
flare stars are an intermediate evolutionary stage between
very young T Tauri type stars and older main sequence
stars without emission lines.

This picture of evolution implies that there is a
decline in chromospheric activity with age in these stars.
Such a decline is indicated by Wilson's (1963) correlation
of H and K calcium emission line strength in G and K dwarfs
with the age of clusters in the sense that the Pleiades
show stronger emission then the Hyades, Praesepe, or Coma
clusters which in turn have stronger emission than stars in
the solar neighborhood. Furthermore, Haro and Chavira
(1966) find that the younger clusters contain flare stars
of earlier spectral types than the earliest type found in
older clusters. That is, K2 flare stars can be found in
Orion, K5 flare stars can be found in the Pleiades, but
the earliest type of flare stars that has been found in
the Hyades, Praesepe, and Coma clusters or the solar neigh-~
borhood is M0. This directly implies that the flare

activity of early K stars must decay on a time scale of
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less than the age of the Pleiades (f\:leO7 yvears) and the
flare activity of late K flare stars must decay on a time
scale of less than the age of the Hyades (m5x108 vears) .
Presumably, M dwarf flare activity decays on a time scale
which is greater than the age of the Hyades. However, this
argument can only suggest that the M flare stars in the
solar neighborhood are younger than the main sequence. An
additional argument from stellar dynamics for a small age
for flare stars is that, on the average, emission line M
dwarfs have smaller peculiar space motions than M dwarfs
without emission lines. So, on the average, flare stars
may be young objects; but those individual flare stars that
have old disk motions must be relatively old. It is diffi-
cult to understand why some o0ld stars should still be in
the flare stage while most have evolved through that stage
to the main sequence, ceased their flare activity, and lost
their emission lines. An unlikely possibility is that the
chromospheric activity in these stars is a temporary phenom-
enon which may re-occur at some unknown interval. Although
there appears to be no clear photometric difference between
old and young disk flare stars in the quiescent state, the
flare activity of the old disk objects should be examined

more closely as a group to see if it is exactly equivalent

to the UV Ceti type of activity.
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Appendix
The data for the program stars are listed in table
A-1. The entries in each column are as follows:
Col. 1: Number from Gliese's (1969) catalogue.

G indicates Giclas number

L indicates Luyten number

* indicates mean component of binary taken to
to be 1/2 of the measured flux

AB indicates joint magnitudes for close binary

Col. 2: Spectral Type.

sd indicates a Joy(1947) subdwarf

E indicates hydrogen in emission
Col.3-10: UBVRIHKL magnitudes in Johnson's system.
Col. 5: P indicates photographic magnitude.
Col.11l: Number of observations made at HKL.
Col.1l2: Adopted parallax.
Col.13: Absolute bolometric magnitude.
Col.14: Population type.

OD indicates o0ld disk space motion
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YD indicates young disk space motion
HALO indicates halo space motion.
Col.15: Remarks. (see also Woolley et al.(1970) Table IIa
for alternate names.)
W indicates Wolf number
R indicates Ross number
G indicates Giclas number
L indicates Luyten number
Ca II indicates H and K calcium lines in emission
Flare indicates UV Ceti type flare star
SB indicates spectroscopic binary
AB indicates astrometric binary
1 indicates R and I magnitudes were observed
in Kron's system and converted into Johnson's
system

2 indicates R and I magnitudes were derived
from scanner observations

3  indicates [radial velocity| > 65 km/sec

4 indicates Shakhovskaya (1971) lists as only
suspected of UV Ceti type activity

ok indicates additional notes follow the table

The following relations from Eggen (1972) were used to
convert R and I magnitudes measured in Kron's system into

Johnson's system:

Rj = Rk - 0.18 - 0.5°(R—I)k (R-I)k < 0.4
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R. =R, - 0, -
j k 38 (R I)k > 0.4
(R—I)j = 1.25-(R—I)k + 0.06

Those stars with known radial velocities were assigned
to either the young disk (YD) population, the old disk (OD)
population, or the halo population on the basis of their
space motion. Following Eggen (1969) stars with small
space velocities in the U~V plane were assigned to the
young disk population. For U defined to be positive away
from the galactic center, the approximate limits of young

disk velocities are:

-20 < U < +50 km/sec

-40 < V < +10 km/sec

Eggen derived these limits from the small space velocities
observed for young main sequence stars with early spectral
types. Most of the asymmetry in these limits is due to
the small peculiar motion of the sun. The remaining stars
were assigned to the old disk if the eccentricity of their
galactic orbits is less than 0.5 or to the halo population
if the eccentricity is greater than 0.5. In addition,
stars with a large space velocity component perpendicular
to the galactic plane were assigned to the halo population,
i.e. if |W| > 75 km/sec. These stars reach distances >

1 kpc from the galactic plane. Stars with high radial
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velocities (|RV| > 65 km/sec) that otherwise have been
assigned to the old disk population are so indicated.

The magnitudes listed in table A-1 were taken from
the following sources: Woolley et al. (1970), Gliese (1969),
Riddle et al. (1970, 1971), Dahn et al, (1972), Dahn and
Priser (1973), Frogel et al. (1972), Kron et al. (1957),
Johnson (1965), and Eggen (1968, 1972b). The parallaxes
listed in table A-1 were adopted from these sources and
also from van Altena (1971, 1973), van Altena and Vilkki
(1973), Appelbaum (1972), Chang (1972), Heintz (1972),
Lippincott (1969, 1972, 1973), Lippincott and Hershey
(1972), Routly (1972), Strand and Riddle (1969), van de Kamp
and Worth (1972), Worley and Behall (1973), Grossenbacher
et al. (1968), Mesrobian et al. (1969), Upgren et al. (1970),
Kerridge et al. (1971), Upgren and Mesrobian (1971),

Mesrobian and Upgren (1971), and Titter et al. (1972).
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51
65B

102

129

G95~59

169.1
228

234AB

402

406

412B

413
512
550.1

551

669B
735
G231-27

860B
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Notes for Table aA-1
Notes

U magnitude too bright
flare star UV Ceti

visual magnitude derived from scanner observa-
tions

parallax uncertain

Eggen mis-identified this star(see Dahn and
Priser (1973))

faint companion, H and K are joint magnitudes
faint companion, H and K are joint magnitudes

the bolometric magnitude listed has been correct-
ed by 0.2 and refers only to the A component

visual magnitude estimated by Johnson (1965)
from its color

Eggen (1971) claims R and I magnitudes are
variable

R and I magnitudes are uncertain, visual magni-
tude estimated by Johnson (1965) from its color

parallax uncertain
faint companion, H and K are joint magnitudes
Gliese questions the parallax

Proxima Centauri. Values for UBVRIHKL taken
from Frogel et al. (1972)

U magnitude too bright
Gliese questions the parallax and the B-V color
parallax uncertain

flare star DO Cep
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GL Notes

873 blue visual companion. HKL are joint magnitudes

896B flare star EQ Peg
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Table A-2 lists the binary systems which have been
corrected for the contribution of the secondary. The mag-
nitudes given refer to the A component and are listed with
the same format as in table A-1. The following relations

were used to correct the magnitudes:

AU = 1.06 - AV
AB = 1.05 « AV
AR = 0.89 « AV
AT = 0.73 + AV
AH = 0.72 « AV
AK = 0.67 « AV

AL = 0.60 « AV

where AV = (mV)A - (mv)B
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