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ABSTRACT

Spectra and finder charts are given for 20 dwarfs having types of M7 or later, and a spectral classification
scheme is introduced for types M7 V to M9 V. Three of these dwarfs are later than M9 and have spectra in
which VO absorption appears greatly enhanced. First results are also presented for a spectroscopic
follow-up of unclassified proper motion targets, begun in an attempt to identify other low-luminosity

members of the solar neighborhood.

1. INTRODUCTION

Obtaining a database of extremely red dwarfs is an impor-
tant first step toward a better understanding of the faint red
corner of the H-R diagram. To date, several very late M
dwarfs have been uncovered through follow-up of proper
motion surveys, and several more have been uncovered
through photometric surveys of the field. Others have been
detected as companions to known nearby stars. Despite the
inhomogeneities inherent in this database, the possibility still
exists that the latest M dwarfs are younger than earlier M
dwarfs (Hawkins & Bessell 1988; Bessell 1991; Kirkpatrick
et al. 1994). This, in turn, suggests that such objects may be
brown dwarfs or may at least represent a mixture of stellar
and substellar objects (Kirkpatrick & McCarthy 1994; Kirk-
patrick et al. 1994; Reid et al. 1994). Only accurately deter-
mined dynamical masses significantly below the hydrogen
burning minimum mass range of 0.074-0.080 .Z, can con-
firm their possible substellar nature, and as a preliminary
step toward acquiring masses, the latest dwarfs should be
surveyed for signs of multiplicity. Also, their frequency of
occurrence in the solar neighborhood is still poorly known,
so keeping an updated list of these objects is necessary if
their number density is to be determined.

We present the list of very late M dwarfs in Sec. 2. Their
spectra are presented and spectral types quantified in Sec. 3.
In Sec. 4 each object is reviewed in a historical context to
address the method used in its discovery and to highlight any
unusual spectral or photometric characteristics. Results of

!Observations reported here were obtained at the Multiple Mirror Telescope
Observatory, a facility operated jointly by the Smithsonian Institution and
the University of Arizona.

2Present address: JPL/IPAC, M/S 100-22, California Institute of Technology,
Pasadena, CA 91125. E-mail: davy@ipac.caltech.edu.
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our spectroscopic follow-up survey, undertaken to identify
other late M dwarfs near the Sun, are discussed in Sec. 5.
Interesting implications are presented and future avenues of
study are outlined in Sec. 6. The paper is summarized in
Sec. 7.

2. TARGET LISTS

Our list of targets has been drawn from several sources, as
further discussed in Sec. 4. Some objects have been included
because they are known to have a very late spectrum or very
red colors, while others have been included because they
may be very red and of very late type (see Sec. 5). Although
additional targets remain in our observing lists, we now
present a list of the first 20 dwarfs having types of M7 or
later, as classified using the spectroscopic criteria in Sec. 3.
Class M7 was chosen as the cutoff for two reasons: (1) The
mass—luminosity relations of Henry & McCarthy (1993), if
pushed to masses lower than the empirical data, suggest that
objects at the theoretical brown dwarf upper limit of 0.074—
0.080 .Z% may have absolute magnitudes corresponding to
spectral types around M7—an effect also suggested by the
extrapolation of the spectral class vs mass relation of Kirk-
patrick & McCarthy (1994) to substellar masses. (However,
it is possible that future data at lower masses may show that
these relations downturn sharply as the substellar mass limit
is approached, hence the need to study these objects in more
detail). (2) The galactic distribution of M dwarfs appears to
change markedly around a type of M6-6.5, indicating that
objects classified as M7 and later may belong to a population
which is kinematically different from—i.e., younger than—
earlier M dwarfs (Kirkpatrick et al. 1994), although this ef-
fect is currently based on only a few objects.

This list of 20 late dwarfs is presented in Table 1. Object

© 1995 Am. Astron. Soc. 797

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1995AJ....109..797K&amp;db_key=AST

FT995AT.- - CI09: Z797K

798 KIRKPATRICK ET AL.: THE SOLAR NEIGHBORHOOQOD. I 798
TaBLE 1. Dwarfs with spectral types of M7 V or later.

Object RA Dec Epoch Pos. [ Obs. Date Tele- Int. Spectral 7 to T In My  Mp. Mg, Phot
Name (1950) (1950) Ref. ("yr!)(°) Ref. (UT) scope®  (s) Type® (@] Ref. GI917 Ref.
[2))] (2) 3) “) B © @O 6 (9) (o) (n (2 (13) (14) (15) (16) (17) (18 (1)
BRI 0021-0214 00:21:51.1 —02:14:59 19925 1 0.212° 320 1 1993 NovO0l McD 1200 >M9.5 V .0825+.0034 1 no — 1465 1022 |
PC 0025+0447 00:25:07.6 +04:47:06 1991.5 2 <0.04 — 2 1991 0ct 17 MMT 10800 M9.5V  (.015) 2 >25pc — — — —
RG 0050-2722 00:50:28.4 —27:22:17 1978 3 0.098 26.0 3 1991Sep 15 MMT 3600 MS8:V .0505+.0031 3 no 20.02 15.18 11.06 2
CTI012657.54280202 01:24:52.5 +27:50:23 1990 4 — - — 1990 Sep 13 MMT 3900 M85V  (.020) 4 >25pc — — — —
LP 412-31 03:18:07 +18:43.8 1950 5 0446 123 4 1992Sep 04 MMT 2700 M3V (.11) 5 no — — — —
LHS 2065 08:51:05.6 —03:18:07 1992.1 1 0.576 250.2 5 1990Jan 21 MMT 1500 M9V .1173+.0015 6 yes 19.15 1479 1033 3
LHS 2243 10:13:46  +28:07.2 1950 6 0.510 1905 5 1992 Feb 25 MMT 2386 M8V (.12) 5 no — — — —
LHS 2397a 11:19:18.1 —-12:56:46 1992.1 1 0515 2610 5 1990 Nov 22 MMT 1500 M8V .0700+.0021 6 yes 18.80 14.18 10.00 3
CTI115638.4+280000 11:54:42.6 +28:12:32 1990 4 — — — 1990 Jan 20 MMT 2700 M7V (.020) 4 >26pc — — — —
BRI 1222-1222 12:22:17.1 -12:21:58 19925 1 - —_ — 1993 Mar 17 McD 3600 M9V (.063) 5 no — — — —
LHS 2632 12:44:29  +32:04.5 1950 6 0.794 2736 5 1992 Feb 25 MMT 2390 M75V  (.09)¢ 5 no — — — —
LHS 2645 12:50:51  +40:50.8 1950 6 0.689 1609 5 1992 Feb25 MMT 2385 M7.5V (.09) 5 no — — — —
GD 165 B 14:22:12.0 +09:30:44 19925 1 0259 2355 6 1991 May 07 MMT 7200 >MI10V .0278+.0034 7 >26pc — 1647 1139 1
LHS 2924 14:26:36.3 +33:24:06 1992.1 1 0.802 2062 5 1989Jul13 MMT 1980 MYV .0908+.0013 6 yes 19.37 15.00 1046 3
GL 569 B 14:52:08 +16:183 1950 7 0335 1084 7 1989 Jul14 MMT 2100 M85V .0956+.0114 8 yes — 138 95 4
LHS 3003 14:53:42 -27:57.1 1950 6 0965 210.1 5 1993 Mar 17 McD 1200 M7V .1524+£.0035 9 yes 17.96 1344 984 3
TVLM 513-46546 14:58:54.5 +23:01:50 19873 1 0.07 30 8 1993 Mar 16 McD 3600 M85V  .1008+.0023 1 no — 15.11 1079 1
TVLM 868-110639 15:07:41.2 —02:29:47 1986.1 1 0381 273 8 1993 Mar 17 McD 3600 M9V .0575+.0019 1 no — 1459 1024 1
vB 8 16:52:55 —08:182 1950 6 1.190 2225 5 1993 Mar 15 McD 1200 M7V .15454.0007 6 yes 17.74 13.18 9.76 3
vB 10 19:14:31  +05:04.8 1950 6 1461 203.1 5 1989Jul 10 MMT 1800 M8V .1701+.0008 6 yes 18.65 13.95 9.95 3

Notes to TABLE |

@ McD = 2.7-m telescope at McDonald Observatory, Mt. Locke, Texas; MMT = Multiple Mirror Telescope on Mt. Hopkins, Arizona.

* Spectral types in italics represent tentative classifications.

¢ Irwin et al. (1991) find p = 0.18+0.01“yr™*, and Tinney (1993) finds p = 0.14"yr~! at 6 = 330°.
4 Comparison of V and I photometry of vB 8 and LHS 2632 in Hartwick et al. (1984) to V and I photometry of vB 8 and vB 10 in Leggett (1992) suggests a parallax only half this large.
REFERENCES TO PosITIONS: (1) Tinney et al. 1993; (2) Schneider et al. 1993; (3) Reid & Gilmore 1981; (4) Kirkpatrick et al. 1994; (5) Luyten 1974a; (6) Luyten 1979b; (7) Gliese &

Jahreiss 1991

REFERENCES TO PROPER MoTIONs: (1) Luyten 1980; (2) Schneider et al. 1993; (3) Ianna 1993; (4) Luyten 1974a; (5) Luyten 1979b; (6) Zuckerman & Becklin 1992; (7) Gliese &

Jahreiss 1991; (8) Tinney 1993

REFERENCES TO PARALLAXES: (1) Tinney 1993; (2) Schneider et al. 1993; (3) Ianna 1994; (4) Kirkpatrick et al. 1994; (5) this paper; (6) Monet et al. 1992; (7) Zuckerman & Becklin

1992; (8) Gliese & Jahreiss 1991; (9) Ianna 1993

REFERENCES TO PHOTOMETRY: (1) Tinney et al. 1993; (2) Reid & Gilmore 1984; (3) Leggett 1992; (4) Forrest et al. 1988

names and coordinates are given in columns (1)-(3). All
coordinates are given in equinox 1950, where the epoch of
observation is given in column (4). The references for each
of these positions is given in column (5). Proper motions and
directions, when known, are given in columns (6)—(7). The
references for these are given in column (8). Finder charts
for each of the entries in Table 1 are given in Fig. 1. The
finder charts have been made from the 1950 Palomar Obser-
vatory Sky Survey, so the current positions of these proper
motion objects will be different. This displacement provides
an additional confirmation of each target.

3. SPECTRA

Spectra covering 6300 to 9000 A are presented in Fig. 2
and were acquired at the 4.5 m Multiple Mirror Telescope on
Mt. Hopkins, Arizona, and the 2.7 m McDonald Telescope
on Mt. Locke, Texas. The dates of observation, telescope
used, and integration times are given in columns (9)—(11) of
Table 1. Details of the observing setups are provided in
Henry et al. (1994).

3.1 Quantifying Spectral Types for Very Late M Dwarfs

For these late dwarfs a quantitative classification scheme
is now presented which incorporates the previously assigned
types of M7 V for vB 8, M8 V for vB 10, and M9 V for LHS
2924 (Boeshaar & Tyson 1985). The least-squares minimiza-
tion technique presented in Kirkpatrick et al. (1991), which
for early- and mid-M dwarf spectra has the advantage of

assigning types based on both spectral features and spectral
slope, becomes less efficient at assigning types for the latest
M dwarfs. This is because the numerous TiO bands begin to
saturate for such cool dwarfs, so the classifications begin to
rely too strongly upon the slope (color) of the spectrum.
For spectra typed as M7 or later, an additional classifier is
required to assure that the strengths of the temperature-
dependent features are adequately reflected in the spectral
type. The best feature over the 6300-9000 A spectral range
is the VO absorption band centered at 7445 A because it is
strongly dependent on temperature and is not contaminated
by telluric bands.> This VO ratio is calculated as follows:

VO ratio=

0.5625(F7350_,7400 A) +O'4375(F7510—>7560 A)

Fr420-7470 &

where F ), is the flux integrated between wavelengths A,

and \,. This is simply the ratio of flux expected in the ab-
sence of the VO feature (as interpolated between ‘“con-
tinuum” points on either side of the band) to the actual flux
observed at 7445 A. From this ratio alone, an M dwarf sub-
class can be assigned as follows:

*The VO features at 7900 and 8600 A could not be used in a similar way for
lack of suitable “continuum” points. As shown in Sec. 4, the 7455 A feature
itself begins to fail this test beyond type M9 V.
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BRI 0021-0214

RG 0050-2722
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LHS 2632
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FiG. 1. Finding charts for the 20 late M dwarfs listed in Table 1. The charts
have been digitized from the 1950 Palomar Observatory Sky Survey E
plates and are 7 arcmin on a side with north up and east to the left. For the
two objects in close binaries, GD 165 B and GL 569 B, the brighter A
component is marked. Infrared images showing the position of B relative to
A can be found in Becklin & Zuckerman (1988) for GD 165 B and in
Forrest et al. (1988) for GL 569 B. Four other objects are invisible on the E
plates, so their approximate positions are indicated by boxes—detailed find-
ing charts can be found in Schneider et al. (1991) for PC 0025+0447, Reid
& Gilmore (1981) for RG 0050—2722, and Kirkpatrick et al. (1994) for the
two CTI targets. For the high-motion objects vB 8 and vB 10, Figs. 6 and 7
of Boeshaar & Tyson (1985) provide finder charts at a more recent epoch.
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FIG. 2. Spectra of the 20 late M dwarfs listed in Table 1. The flux scale of each spectrum is normalized to unity at 7500 A (except for GD 165 B, which has
been normalized arbitrarily), and integral offsets have been added to separate the spectra vertically. The MMT and McDonald spectra have resolutions of 18
and 12 A, respectively. Prominent features are marked at the top portion of each panel. (Note that atmospheric absorption features such as the A and B bands

of O, have not been removed.)

Subclass 7: 1.02<VO ratio<1.07
(for vB 8, VO ratio=1.040),
Subclass 8: 1.07<VO ratio<1.12

(for vB 10, VO ratio=1.087),
1.12<VO ratio<1.17
(for LHS 2924, VO ratio=1.158).

The final classifications for dwarfs of type M7 or later are
made by averaging the spectral subclass (7, 8, or 9) given by
the minimization technique of Kirkpatrick et al. (1991) and
the subclass (7, 8, or 9) given by the VO ratio above, leading
to half-integral subtypes of M7, M7.5, M8, M8.5, and M9.
The resulting spectral types are given in column (12) of
Table 1 and are accurate to a half subclass.* Note that BRI
0021-0214, PC 0025+0447, and GD 165 B are cooler than
spectral type M9, so their classifications should be regarded

Subclass 9:

“The two techniques most often give identical results; the values from the
minimization technique are the same as those from the VO ratio for twelve
of the objects. When there is disagreement, no systematic difference is ap-
parent; for three of the objects the value given by the minimization tech-
nique is one subclass larger than that given for the VO ratio, whereas for
another two objects, it is one subclass smaller. Classifications for the re-
maining three objects—RG 0050—2722, GD 165 B, and GL 569
B—represent special cases and are discussed more fully in Sec. 4.

as tentative. Quantitative classifications for types of M9.5
and later will be produced after more of these objects are
discovered.

3.2 Assigning Parallaxes and Absolute Magnitudes

These spectral types can be used to estimate distances to
objects lacking trigonometric parallax determinations. Col-
umn (13) of Table 1 lists these parallaxes, where nonparen-
thetical entries are trigonometric values and parenthetical
ones are estimates using spectral types and photometry. Ref-
erences for these are given in column (14). For four objects
(LP 412—31, LHS 2243, LHS 2632, and LHS 2645) we have
made estimates by comparing Luyten’s crude pg and R mag-
nitudes of these objects to the pg and R magnitudes he lists
for objects (from our Table 1) of similar spectral type and of
known trigonometric 7r. As shown in the footnote to LHS
2632, these estimates should be regarded as highly uncertain.
Of the 20 objects included in Table 1, 16 fall within the 25 pc
distance limit of the Catalogue of Nearby Stars (Gliese &
Jahreiss 1991). Column (15) indicates the seven objects
which are currently included in the catalog, the nine which
should be added, and the four that fall beyond 25 pc.

For those with trigonometric parallaxes, absolute V, I,
and K ;r magnitudes are given in columns (16)—(18) of

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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Table 1. The photometric references are given in column
(19).

4. NOTES ON INDIVIDUAL OBJECTS

Notes on the discovery and classification of each of the
objects in Table 1 are given below:

BRI(=B, R, and I photographic plates) 0021—0214,
type=M9.5 V (tentative)—Originally identified by Luyten
(1980), this object was rediscovered during a photometric
survey for high-z quasars by Irwin et al. (1991), who recog-
nized its low luminosity and gave it the BRI designation
listed above. The original Luyten designation—LP 585
—86—has not been retained here because the NLTT Cata-
logue (Luyten 1979a) also lists another object (at 1950 R.A.
=00:36:16, Dec=+03:25.8) with the same discovery name.
Of the objects listed in Table 1, only GD 165 B has a cooler
spectrum. The calculated VO ratio of this object is only
1.093 because the “continuum’ on the redward side of the
7445 A band is contaminated by the VO absorption itself.
The tentative spectral type reflects the fact that the VO bands
appear stronger than those in the next object discussed be-
low. For more on this intriguing object, see Basri & Marcy
(1994).

PC(=Palomar CCD grism survey) 002540447, type
M9.5V  (tentative)—Discovered  serendipitously by
Schneider et al. (1991) during a grism survey for high-z qua-
sars, this object has Ha emission with an equivalent width
ten times larger than any other dMe known. Despite this
peculiarity, PC 0025+0447 is a continuation of the spectral
sequence to temperatures cooler than that of the M9 dwarfs.
A 3800—8800 A spectrum of this object acquired at the Keck
telescope is presented in Mould et al. (1994). Discussion on
whether PC 0025+0447 is a brown dwarf or a star can be
found in Graham et al. (1992) and Mould et al. (1994). PC
0025+0447 has a VO ratio=1.345, but this is based on our
noisy spectrum. A by-eye comparison to LHS 2924 and LHS
2065, both of type M9V, shows that the VO features in PC
0025+0447 appear slightly stronger, implying a slightly later
spectral type.

RG (=Reid & Gilmore) 0050-2722, type M8:V—
Discovered by Reid & Gilmore (1981) during a survey for M
dwarfs toward the South Galactic Cap, this was the first very
late dwarf discovered via purely photometric means.
Follow-up work by Liebert & Ferguson (1982) showed that
its spectrum resembles that of vB 10. RG 0050—2722 is the
only entry in Table 1 having spectral determinations from the
VO ratio and the least-squares minimization technique (see
Sec. 3) differing by more than one subclass. Its spectrum has
a VO ratio® indicating a type of M7 V but a spectral slope
which is clearly redder than an M8 V. We therefore assign
RG 0050—2722 a spectral type of M8: V to reflect this dis-
crepancy. As Table 1 shows, it has absolute magnitudes in-
dicative of class M9 (although the scatter in absolute magni-
tude at a given spectral subclass is large, perhaps due to

SA higher signal-to-noise spectrum should be taken to see if this VO ratio
still holds.

801

metallicity effects), but its / — K color of 4.12 is intermediate
between the M8 dwarfs vB 10 (I—K=4.00) and LHS
2397a (I-K=4.18).

CTI (=CCD/Transit Instrument) 012657.5+280202, type
MS8.5 V—Discovered by Kirkpatrick er al. (1994), this is the
reddest dwarf found in the photometric survey of the CCD/
Transit Instrument.

LP (=Luyten Palomar) 412—31, type M8 V—Originally
identified by Luyten (1974a), this object was first recognized
as a very late M dwarf during the search discussed in Sec. 5.

LHS (=Luyten Half Second) 2065, type M9 V—Originally
identified as a high-motion object by Luyten (1972) and
named LP 666—9, this object was first recognized as having
a very cool spectrum by Bessell (see Reid 1987).

LHS 2243, type M8 V—Originally identified as a high-
motion object by Luyten (1974b) and named LP 315-53,
this object was first recognized as a very late M dwarf during
the search discussed in Sec. 5.

LHS 2397a, type M8 V—Originally identified as a high-
motion object by Luyten (1979b) and given an alternate des-
ignation of LP 732—94, this object was first recognized as
having the colors of a very late M dwarf by Probst and
Bessell (see Liebert et al. 1984).

CTI 115638.4+280000, type M7 V—Discovered by Kirk-
patrick et al. (1994), this is one of the latest dwarfs found in
the photometric survey undertaken by the CCD/Transit In-
strument.

BRI 12221222, type M9 V—Identified as a very red ob-
ject by Irwin et al. (see Tinney et al. 1993), this dwarf was
first recognized as having a very low luminosity by Tinney
et al. (1993).

LHS 2632, type M7.5 V—Originally identified as a high-
motion object by Luyten (1976) and named LP 321-222,
this object was first recognized as a very late M dwarf during
the search discussed in Sec. 5. Earlier VRI photometry by
Hartwick et al. (1984) also showed LHS 2632 to be very red.

LHS 2645, type M7.5 V—Originally identified as a high-
motion object by Luyten (1974a) and named LP 218-8, this
object was first recognized as a very late M dwarf during the
search discussed in Sec. 5. .

GD (=Giclas Degenerate) 165 B, type =MI10 V
(tentative)—Discovered by Becklin & Zuckerman (1988) as
a close companion to the white dwarf GD 165 A (separation
4"), this object has the latest spectral type and lowest lumi-
nosity of any known dwarf (Kirkpatrick et al. 1993; Zucker-
man & Becklin 1992). GD 165 B is the most promising
brown dwarf candidate known, but unfortunately the separa-
tion of the binary implies a large orbit with period of over
1000 yr, making dynamical mass determinations impossible.
The VO ratio cannot be computed from our spectrum be-
cause the detected flux in this wavelength region is domi-
nated by spillover light from the white dwarf primary, GD
165 A [see Kirkpatrick et al. (1993) for details]. The unique-
ness of this spectrum suggests a type later (i.e., =M10 V)
than the other objects in Table 1. To demonstrate this unique-
ness, Fig. 3 shows the spectral sequence decreasing in tem-
perature from BRI 1222—-1222 to BRI 0021-0214 to GD
165 B. Note that the main differences seen between the spec-
tra of the two BRI objects comes in the regions covered by
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FIG. 3. Spectra of three of the latest objects from Fig. 2. Note that the main
differences between the M9 spectrum of BRI 1222—1222 and the cooler
spectrum of BRI 0021—0214 are the height of the pseudocontinuum points
at 7550 and 8250 A and the depth of the feature near 8700 A (marked by
arrows). In each case, these represent areas of increased absorption in the
spectrum of the cooler object. Note also that each of these absorptions falls
on the red side of a known VO band system, suggesting that the redward
edges of the VO bands gain strength at lower temperatures. If these in-
creased absorptions are extrapolated to lower temperatures, then they could
produce the pseudocontinuum peak at 8350 A seen in the spectrum of GD
165 B, shown at the bottom of the panel. An increasingly red continuum
combined with enhanced VO absorption could, therefore, explain the pecu-
liar spectral appearance of GD 165 B.

the arrows. In each case, these are areas of increased absorp-
tion in the spectrum of the cooler object (BRI 0021—0214).
If this increase in absorption continues down the temperature
sequence, then the “bump” between 8300 and 8600 A in the
spectrum of GD 165 B can be explained as a relative opacity
minimum located between these strong bands. Note that each
of these increased absorptions lies on the redward edge of
one of the VO bands labelled in Fig. 2 (and again in Fig. 3
for clarity). It appears, therefore, that it is a redward strength-
ening of the VO bands which may be causing the unusual
spectral appearance of GD 165 B. However, the situation is
far from certain. Although of a very different surface gravity,
late-type M giants do not show this sort of behavior in their
VO band systems (see spectra in Bessell 1991). The possi-
bility remains that the enhanced absorption seen in our spec-
trum of GD 165 B is caused by some previously unidentified
absorption species.

LHS 2924, type M9 V—Originally identified as a high-
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or K9 in accordance with Kirkpatrick et al. (1991). The scatter is large due
to large pg—R color errors and to heterogeneous classifications, but none-
theless it is clear that very red candidates (later than M5) can be selected by
using the pg—R color as a preliminary selection criterion.

motion object by Luyten (1979a) and named LP 27125, the
late spectral type and low luminosity of this object were first
reported by Probst & Liebert (1983). With this announce-
ment, LHS 2924 became the ‘“dwarf of lowest
luminosity”—a title which vB 10 had held for the previous
39 years and a title which GD 165 B now holds.

GL (=Gliese) 569 B, type M8.5 V—Discovered by
Skrutskie et al. (1987b) as a close companion to the M dwarf
GL 569 A (separation 5”), this object has an orbital period of
~500 yr. Its status as a possible brown dwarf has been ad-
dressed in Forrest ef al. (1988) and Henry & Kirkpatrick
(1990). Our spectrum of GL 569 B suffers from contamina-
tion by the primary, so its spectral type was assigned more
carefully, as described by Henry & Kirkpatrick (1990).

LHS 3003, type M7 V—Originally identified as a high-
motion object by Luyten (1975) and named LP 914—54, the
extremely red colors of this object were first reported by
Hartwick et al. (1984). Its late spectral type was first an-
nounced in Ruiz et al. (1990).

TVLM (=Tinney Very Low Mass) 513—46546, type
M8.5 V—Discovered by Tinney et al. (1993) as the result of
a photometric survey using POSS-II plates, this object was
confirmed to have a very low luminosity by Tinney (1993).

TVLM 868—110639, type M9 V—Discovered indepen-
dently by Tinney et al. (1993) and by Irwin (1994; whose
discovery name is BRI 1507—0229), this object was also
confirmed to have a very low luminosity by Tinney (1993).

vB (=van Biesbroeck) 8, type M7 V—Discovered by van
Biesbroeck (1961) as a common proper motion companion
(separation 221") to the Wolf 629/630 AB system, this object
was confirmed to have an extremely cool spectrum by
Walker (1980). It is one of the few dwarfs listed in Table 1
that has been monitored for signs of duplicity. An astrometric
perturbation was reported by Harrington et al. (1983), and an
infrared companion was detected by McCarthy et al. (1985)
at a separation of 1"”. Follow-up observations by groups such
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TABLE 2. Spectroscopic observations of proper motion objects from the NLTT Catalogue.

Object RA Dec m [/ Obs. Date Tele- Int. Spectral  Color pg—R R
Name (1950) (1950) /yr) (°) (UT) scope  (s) Type

0] (2) (3) 4 ) (6) (M 8 9 (10) (11) (12)
LP 704-43 00:02:34 -11:35.9 0.314 109 1992 Sep 03 MMT 1500 M4.5V m+ 3.6 17.2
LP 465-27 00:27:01 +10:05.4 0.238 117 1992 Sep 04 MMT 1500 M55V m+ 3.0 17.3
LP 405-39 00:35:43 +16:42.5 0.292 109 1992 Sep 04 MMT 1500 M55V  m+ 3.4 17.1
LP 766-89 00:58:21 —19:49.6 0.371 148 1992 Sep 03 MMT 1500 M5V m+ 3.5 17.2
LP 467-31 01:13:54 +13:03.8  0.410 155 1992 Sep 04 MMT 300 <K5 m+ 3.5 17.3
LHS 1252 01:25:44 +01:56.0 0.621 109 1991 Nov 13 MMT 2400 M6V m+ >3.2 17.8
LP 708-98 01:31:44 —11:14.8 0.250 216 1992 Sep 04 MMT 1500 M45V m+ 3.5 175
LP 885-45 02:16:03 —-27:54.4 0.290 214 1992 Sep 04 MMT 748 M45V m+ 34 17.0
LP 353-59 02:22:45 +23:55.2 0.235 116 1992 Sep 03 MMT 1200 M45V m 3.5 174
LP 410-39 02:28:30 +20:49.3 0.404 70 1992 Sep 03 MMT 600 M5V m+ 3.7 17.2
LP 471-17 02:47:47 +11:13.1 0.335 185 1992 Sep 03 MMT 900 sdM m 3.0 18.0
LP 412-31¢ 03:18:07 +18:43.8 0.446 123 1992 Sep 04 MMT 2700 M8V m+ 3.2 17.6
LP 300-55 03:29:59 +32:36.4 0.210 125 1993 Oct 31 McD 2400 M45V m+ 4.0 16.8
LHS 1630 04:05:13 —24:36.6 0.658 163 1993 Oct 31 McD 780 M35V m 2.8 12.0
LHS 1691 04:37:23 +15:33.6 0.597 170 1991 Nov 13 MMT 1200 sdM m 3.3 174
LHS 1807 06:00:14 -20:20.1 0.579 356 1993 Oct 31 McD 600 M3V m+ 2.8 12.2
LP 159-47 06:01:59 +47:20.4 0.233 146 1993 Mar 17 McD 3600 M45V m 3.5 174
LP 160-38 06:30:56 +50:24.8 0.217 160 1993 Mar 16 McD 2400 <K5V m 3.5 17.3
LP 365-19 07:29:06 +26:20.1 0.248 203 1993 Mar 14 McD 3600 M45V m 3.3 17.1
LP 785-18 08:34:03 -19:10.0 0.215 162 1993 Oct 31 McD 1200 M3V m+ 3.0 13.2
LHS 2045 08:41:18 +06:11.9 0.516 141 1990 Nov 23 MMT 1200 sdM m+ 33 17.5
LHS 2067° 08:51:43 —24:35.6 0.630 78 1991 May 07 MMT 600 sdM m+ 2.7 17.7
LHS 2068* 08:51:44 —24:35.6 0.630 78 1991 May 07 MMT 600 <K5 gk 09 17.9
LHS 5142 08:59:34 +00:45.2 0.496 261 1990 Jan 21 MMT 900 M6 V m+ 38 17.2
LP 427-38 09:22:50 +17:17.7 0.225 273 1993 Mar 15 McD 4800 M6V m+ 35 17.2
LP 608-54 09:52:34 —00:26.5 0.298 144 1993 Mar 17 McD 3600 M4V m+ 3.5 17.1
LP 315-11 09:54:35 +26:47.2 0.374 261 1993 Mar 16 McD 3600 M45V m+ 35 17.3
LP 166-56 09:58:56 +45:59.4 0.191 276 1993 Mar 14 McD 2400 M5V m+ 3.2 17.5
LHS 2238 10:11:33 +44:09.8 0.976 230 1992 Feb 256 MMT 300 sdM m 2.0 12.2
LHS 22432 10:13:46 +28:07.2 0.510 190 1992 Feb 25 MMT 2386 M8V m 34 174
LHS 2352 11:04:04 +33:53.5 0.636 181 1992 Feb 25 MMT 2387 sdM m+ 3.0 17.8
LP 672-19 11:14:53 —09:20.5 0.269 163 1993 Mar 17 McD 3600 M2V m+ 3.6 17.2
LP 792-32 11:29:41 —-19:46.2 0.286 282 1993 Mar 14 McD 3600 M35V m+ 33 17.2
LHS 2487 11:56:25 —-27:26.6 0.510 303 1993 Mar 16 McD 3600 M4V m+ 3.5 16.7
LP 434-36 12:01:37 +15:06.3 0.294 155 1993 Mar 15 McD 3600 M45V  m+ 34 17.3
LHS 2632¢ 12:44:29 +32:04.5 0.794 274 1992 Feb 25 MMT 2390 M75V m 3.1 17.6
LHS 2645 12:50:51 +40:50.8 0.689 160 1992 Feb 25 MMT 2385 M75V m+ 3.0 17.5
LP 796-36¢ 13:01:25 —21:26.7 0.348 258 1993 Mar 14 McD 1200 M3: V m+ 2.3 17.1
LP 497-97 13:26:43 +09:33.6 0.269 263 1993 Mar 14 McD 3600 M45V m 3.8 17.0
BD +10°2550¢ 13:26:48 +09:33.5 0.269 263 1993 Mar 14 McD 120 <K5 g 0.6 9.0
LP 855-41 13:34:57 -22:17.2 0.345 137 1993 Mar 16 McD 3600 M5V m+ 3.4 17.0
LHS 2826 13:53:32 —27:49.1 0.509 260 1992 Feb 25 MMT 888 M45V  m+ 2.7 14.3
LP 912-63 14:09:18 -31:44.3 0.268 200 1993 Mar 15 McD 1680 M45V m+ 3.5 16.5
LP 912-62/ 14:09:18 -31:44.3 0.268 204 1993 Mar 15 McD 1680 M3V m+ 2.4 14.1
LHS 2887¢ 14:14:55 +31:56.7 0.606 257 1992 Feb 25 MMT 354 M45Vp m 2.3 12.2
LHS 2980 14:45:44 +16:06.6 0.549 282 1992 Feb 25 MMT 2388 M65V m+ 3.1 17.6
LP 803-33 15:45:30 -19:43.5 0.273 228 1993 Mar 15 McD 3000 M5V m+ 4.0 17.0
LP 759-259 22:02:57 -11:18.9 0.339 242 1992 Sep 04 MMT 977 M55V m+ 33 16.7
LHS 3768 22:08:22 —19:54.6 0.597 226 1992 Sep 03 MMT 1500 sdM m+ 3.6 17.1
LP 400-63 22:47:23 +25:31.0 0.238 221 1992 Sep 03 McD 1500 M55V m+ 34 17.6
G 156-67% 22:53:43 -10:57.3 0.384 221 1993 Nov 01 McD 300 sdM m+ 2.3 13.5
LHS 3933 23:17:34 +11:34.1 0.628 134 1993 Nov 01 McD 4500 M6V m 3.0 18.0

Notes to TABLE 2

% Also in Table 1.

® A common proper motion pair. The spectral type of M10 (III) given for LHS 2067 by Bessell (1991) is erroneous; the wrong objects
are indicated on the finder chart in Luyten & Albers (1979). The correct pair is ~ 55” NE of the pair which is marked (i.e, ~ 4 mm
above and to the left on the chart).

¢ The LHS Catalogue (Luyten 1979b) gives pg — R = 2.5 for LHS 2238 and LHS 2887.

4 Luyten (1977) gives pg — R = 3.5 for LP 796-36.

¢ This star has LP 497-97 as a common proper motion companion, separation 79" at § = 276°.

/ This star has LP 912-63 as a common proper motion companion, separation 3" at § = 78°.

9 Also known as BRI 2202-1119 (Tinney et al. 1993).

A The machine-readable version of the NLTT Catalogue (Warren et al. 1988) gives pg — R = 4.3 for G 156-67.
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TaBLE 3. Update on the spectroscopic follow-up of very red Luyten proper motion objects.

Total No. —— Previous Work — — This Paper (Table 2) — Estimated No.
Source Restriction  Restriction of Such Number Number of Number Number of Number of Remaining
Catalog on g on color Objects Observed >MT7 Dwarfs Observed >MT Dwarfs Remaining >M7 Dwarfs
(1 (2) (3) () (5) (6) () (8) 9 (10)
LHS® >0”48 yr=! pg-R>25 134 43 4 18 3 73 8-12
NLTT® <0”48yr~' pg—R>3.0 543 1 0 29 1 513 ~17(?)
NLTT® <0”48yr~! 25<pg—R<3.0 1845 ~2 0 — — ~1843 inestimable

@ Luyten (1979b).
® Luyten (1979a, 1980).

as Perrier & Mariotti (1987) and Skrutskie ef al. (1987a)
showed that this companion was spurious, and Monet et al.
(1992) also reported that the astrometric perturbation was not
subsequently confirmed. Later infrared speckle interferom-
etry by Henry (1991) found no companion to limits of
M =118, 13.6, and 13.9 at separations of 2, 5, and 10 AU,
respectively.

vB 10, type M8 V—Discovered by van Biesbroeck (1944)
as a common proper motion companion (separation 74”) to
BD +4°4048, this object was the lowest-luminosity dwarf
known until 1983. It was originally thought to have a spec-
tral type of mid M (Herbig 1956) based on an early, very
noisy spectrum at blue wavelengths. More than 20 years
passed before technology was able to deliver a spectrum ex-
tending into the red, shown in Liebert et al. (1978). Astro-
metric observations suggested a companion to vB 10 with a
4.9 yr period (Harrington et al., 1983), but this perturbation
has not been confirmed (Monet et al. 1992). Using infrared
speckle interferometry, Henry (1991) found no companion to
a limit of M =12.1 at separations of 5 to 10 AU.

5.. SPECTROSCOPIC FOLLOW-UP OF LUYTEN OBJECTS

Four of the entries in Table 1—LHS 2065, LHS 2397a,
LHS 2924, and LHS 3003—were recognized through spec-
troscopic follow-up of the brighter, higher motion objects
listed in the LHS Catalogue (Luyten 1979b). Follow-up of
many of the fainter LHS targets and of the smaller motion
objects listed in the NLTT Catalogue (Luyten 1979a, 1980)
has not been done. In an attempt to uncover other late dwarfs
in the solar vicinity, we have begun a spectroscopic cam-
paign to classify some of the reddest, though still unstudied,
objects identified during Luyten’s proper motion surveys.

The LHS and NLTT Catalogues list crude pg and R mag-
nitudes and an estimated “color class” (giving the star’s ex-
pected spectral class) for each object. Both the color class
and the pg—R color can be used as an estimate of the ob-
ject’s redness. Published spectral types, as compiled in Kirk-
patrick (1992), have been reported for 82% of the LHS stars
having #=>1700 yr~'. Figure 4 plots pg— R against spectral
type for this sample. Though the scatter is large due to large
color errors and to heterogeneous classifications, it is clear
that very red candidates (later than M5 V) can be chosen
using the pg—R color as a preliminary criterion for selec-
tion.

Classification spectroscopy of some of these previously
uninvestigated Luyten targets has been obtained at the MMT
and McDonald Observatory. The object list and resulting

classifications are given in Table 2. Column (1) gives the
name of the object, and columns (2)—(5) give the position
(equinox and epoch 1950) and proper motion information as
listed in the NLTT Catalogue (Luyten 1979a, 1980). Col-
umns (6)—(8) give the date, telescope, and integration time
for the spectroscopic observations. Column (9) lists our spec-
tral type determination. Columns (10)—(12) give the Luyten
(1979a, 1980) coior class, pg—R color, and R magnitude.

Higher motion objects (u=>0748 yr™, given by their LHS
designations in Table 2) are included in our observing pro-
gram if they have pg—R>=2.5. As shown in Table 3, there
are 134 such LHS stars, 43 of which have been classified by
previous investigators and another 18 of which have first-
time-classifications reported in Table 2. Smaller motion ob-
jects (u<<0748 yr™?, listed by LP and G designations in Table
2) are included in our observing program if pg —R=3.0. As
shown in Table 3, there are 543 of these stars (and an addi-
tional 1845 having 2.5<pg—R<3.0), only 1 of which has
been classified by previous investigators. First-time classifi-
cations for 29 more are given in Table 2. Three objects (LHS
2067, LP 497—97, and LP 912—63) are companions to bluer
stars (LHS 2068, BD +10°2550, and LP 912—62) for which
spectral types are also presented in Table 2. As the predicted
numbers in Table 3 show, there are still many unclassified
M7 and later dwarfs remaining in the Luyten catalogs.

As would be expected from a proper-motion-selected
sample, these red objects comprise two distinct groups—
nearby mid- to late-M dwarfs and more distant subdwarfs of
extreme type. Most of the observed objects are normal M
dwarfs, the latest examples of which are LP 41231, LHS
2243, LHS 2632, and LHS 2645, whose extreme spectral
types have earned inclusion in Table 1. A total of eight ob-
jects have been classified as subdwarfs as judged from the
strength of the 6750—7050 A CaH band, and spectra of each
of these is shown in Fig. 5. These subdwarfs range from mild
examples like LHS 2067 to extreme ones like LHS 3768 and
LHS 2352. In fact, the spectrum of LHS 2352 is as red as
that of LHS 1742a, the benchmark of the end of the sub-
dwarf main sequence, but has even weaker (in fact, almost
absent) TiO bands. Although beyond the scope of this paper,
these intriguing objects are worthy of their own follow-up
investigations.

The results of this spectroscopic survey are shown graphi-
cally in Fig. 6. Solid circles represent 153 objects from
Gliese & Jahreiss (1991) for which we have spectroscopic
observations classified on the standard system of Kirkpatrick
et al. (1991). Open triangles are those dwarfs listed in Table
2. Clearly, our attempt at filling in the upper right corner of
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FiG. 7. Reduced proper motion (H) vs dwarf spectral class for objects
classified on the standard system of Kirkpatrick et al. (1991). The reduced
proper motion at V is defined by Hy=V+5 log u+5 (and similarly for /
and K). The point with the upward arrow is PC 0025+0447, whose ob-
served value of u is an upper limit. The points with the rightward arrows are
BRI 0021—0214 and GD 165 B, whose spectral types may be later than
what is shown. The large majority of late-K through late-M dwarfs falls
between the dashed lines, drawn to have the same slope as the observed
absolute magnitude vs spectral class relation (see Table 3 of Kirkpatrick &
McCarthy 1994). However, later than type M7, the measured values of the
reduced proper motion appear to be smaller on average than what is ex-
pected from the trend defined by earlier dwarfs. See text for discussion.

Fig. 6 has met with limited success because of the faintness
of the entries in Table 2—Luyten’s pg—R colors, which are
only crude estimates anyway, become even more inaccurate
for these objects since most lie near the plate limit in pg. We
are currently exploring alternative means of selecting red ob-
jects from the Luyten sample, including the use of machine-
measured POSS-I magnitudes from the University of Minne-
sota Automated Plate Scanner.

6. DISCUSSION AND FUTURE PLANS

Figure 7 shows the reduced proper motion H (=m
+5 log u+5) for a set of dwarfs classified on the same sys-
tem. The trend of reduced proper motion with spectral class
appears to change around spectral class M7. Specifically, the
observed values of H for cooler dwarfs are smaller than ex-
pected if the trend for earlier dwarfs is extrapolated to later
types. (This is most noticeable at I and K because the late
dwarfs of smaller motion have not been observed at V mag-
nitudes and hence cannot be plotted in the H vs spectral
class diagram.) At first glance, this effect might be ascribed
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to a selection bias. The dwarfs earlier than M7 come mainly
from the nearby (<25 pc) sample and were discovered pri-
marily through proper motion surveys. Cooler dwarfs come
from Table 1 and have been discovered through a combina-
tion of proper motion and photometric surveys. Regardless,
the dwarfs of M7 and later which one would expect to popu-
late the lower half of the dashed envelope in the Hyg vs
spectral class diagram would have proper motions of ~1700
yr~! or greater, yet almost all of the known objects with
motions this large have already been investigated photo-
metrically and spectroscopically (Table 5.1 of Kirkpatrick
1992; Dahn et al. 1983). Apparently, therefore, such objects
do not exist. This fact implies that the reduced proper mo-
tion, which can also be written as H=M +5 logv;—3.38
(where v is the tangential velocity in km/s), may truly be
smaller than expected for the latest dwarfs, meaning that
their tangential velocities are also smaller on average. Statis-
tically, this would imply a smaller overall space motion, in-
dicating that these objects may be younger than early- to
mid-M dwarfs. .

The suggestion that these very late M dwarfs may com-
prise a young population raises the issue of whether such
objects are stellar or substellar. Ten of the objects in Table 1
have now been scrutinized for the presence of the Li1 dou-
blet at 6707 A (Martin et al. 1994; Mould et al. 1994; Basri
& Marcy 1994). The feature has not been detected, implying
that these objects have masses greater than ~0.06 %, . This
does not, however, rule out the possibility that the entries in
Table 1 are brown dwarfs because they could still be sub-
stellar and have masses between ~0.06 and ~0.08 .Z . To
be certain, dynamical mass determinations need to be ob-
tained, and this requires the discovery of close binaries. The
16 field objects listed in Table 1 (where the companions to
known stars—GD 165 B, GL 569 B, vB 8, and vB 10—have
been omitted) are too faint to be imaged by current infrared
speckle techniques, which can probe to M ~8. These ob-
jects should be imaged by the repaired HST and monitored
via radial velocity programs to search for possible compan-
ions. Approximately 42% (Fischer & Marcy 1992) of early-
to mid-M dwarfs have companions, which implies that ~7 of
these field objects should have secondaries if their multiplic-
ity rate is similar. Specifically, ~2 of these are expected to be
very close objects falling within 10 AU of their primaries.
(Of the others, ~1.5 are predicted between 10 and 100 AU,
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with another ~1.5 falling between 100 and 1000 AU. The
~2 remaining ones are expected beyond 1000 AU.)

Our spectroscopic observations, including a proposed ex-
tension into the southern hemisphere, are continuing in an
effort to uncover more of these late dwarfs, and photometric
observations of all the dwarfs in Table 1 are also planned. We
are acquiring spectra of M dwarfs at near-infrared (J,H,K)
wavelengths to extend the spectral sequence across the re-
gion of peak flux. These infrared observations provide a
broader wavelength coverage, enabling bolometric magni-
tudes and, with the use of improved model atmosphere cal-
culations (Allard 1990; Allard et al. 1994), effective tem-
peratures to be estimated. These estimates will allow the
observed late M dwarfs to be placed on the theoretical H-R
diagram and compared to calculations from interior models.

7. SUMMARY

Spectra and finder charts have been presented for 20
dwarfs of type M7 or later, and a quantitative spectral clas-
sification scheme is given for types M7 through M9. Three
of the objects have types later than M9, but quantitative clas-
sifications for these extremely cool dwarfs, whose spectra
appear to be dominated by enhanced VO absorption, must
await the discovery of additional examples.

Using our spectral types together with available photom-
etry, we have estimated distances to those objects lacking
trigonometric parallaxes. 16 of the 20 objects fall within 25
pc, and 9 of these are not included in the most recent edition
of the Catalogue of Nearby Stars (Gliese & Jahreiss 1991).
Our own spectroscopic survey for very late M dwarfs has
uncovered four nearby, previously overlooked objects with
types of M7 or later. With continued follow-up and discovery
of additional examples, we hope to put better constraints on
their number density near the Sun and to determine whether
such objects are stars or brown dwarfs.
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