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ABSTRACT
We present new measurements of the relative positions of the components of the low-mass visual

binary Wolf 424 (M5.5 Ve) made with the Fine Guidance Sensors on the Hubble Space Telescope. Pre-
vious analyses of the astrometric orbit of this system indicated that the components have substellar
masses (Heintz ; Schultz et al.), raising considerable interest as the Ðrst candidate brown dwarfs to have
their masses measured dynamically. These studies relied partly on visual and photographic measure-
ments, which are a†ected by systematic errors in the angular separation and have thus biased those
solutions. Our new orbital solution using only the position angles of the early measurements together
with all available modern high-resolution observations including our own shows that the component
masses are clearly above the substellar limit and(MA \ 0.143^ 0.011 M

_
, MB \ 0.131 ^ 0.010 M

_
),

thus they are not brown dwarfs. Recent evolutionary models for low-mass stars show good agreement
with the location of Wolf 424A and B in the mass-luminosity diagram in the K band. In addition, we
show that while the secondary appears to have normal colors compared to similar M dwarfs, the
primary star is fainter than expected at optical wavelengths (B, V ), possibly owing to signiÐcant spot
coverage. This is consistent with the strong Ñaring activity displayed by the system.
Key words : binaries : visual È stars : fundamental parameters È stars : individual (Wolf 424) È

stars : low-mass, brown dwarfs

1. INTRODUCTION

The nearby visual binary Wolf 424 (also known as Gliese
473, FL Vir, and LHS 333, among other designations ; a \

d \ ]9¡01@16@@, epoch and equinox J2000) has12h33m17s.4,
attracted considerable attention over the past several years
in connection with claims that both of its components have
masses below the substellar limit (M B 0.08 TheM

_
).

published estimates range from M D 0.05 to 0.07M
_

M
_(Heintz 1972, 1989 ; Schultz et al. 1998). This places them in

the brown dwarf regime, where the central temperature is
too low to ignite hydrogen fusion, and the objects therefore
never reach the main sequence. A great deal of modeling
e†ort over the past few years has resulted in a much better
theoretical understanding of these objects (see, e.g.,
Saumon, Chabrier, & van Horn 1995 ; Marley et al. 1996 ;
Allard et al. 1997 ; Burrows et al. 1997). The discovery of
examples with directly measured masses in this range would
be very important for a comparison with detailed evolution-
ary calculations.

Wolf 424 is composed of two late-type M dwarfs of nearly
equal brightness (combined spectral type M5.5 Ve), with a
maximum angular separation of about 1A. It is also a Ñare
star (see, e.g., Mo†et 1973). Its binary nature was discovered
from the elongation of the blended photographic images
(Reuyl 1938, 1941), and the importance of the object for the
extension of the stellar mass-luminosity relation (MLR)
toward lower masses was recognized immediately (Kuiper
1938). The Ðrst orbital solution was published by Heintz

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Based in part on observations with the NASA/ESA Hubble Space

Telescope, obtained at the Space Telescope Science Institute, which is oper-
ated by the Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS 5-26555.

(1972), giving a period of 16.2 yr and a semimajor axis of
and was based partly on difficult measurements of0A.76,

elongated photographic images and also on a few visual
measurements. Subsequent revisions of these elements
(Heintz 1989, 1993) changed only the semimajor axis and
the period slightly.

With the advent of the speckle technique, the system was
followed by several groups with considerably higher preci-
sion, both in the visual band and at infrared wavelengths.
These measurements seem to disagree with the predicted
positions (Henry et al. 1992), which suggests that the semi-
major axis may need revision, although this conclusion has
not been universally accepted (Heintz 1993, 1994). In the
meantime, claims have appeared that the apparent discrep-
ancies might be resolved if the orbital period were consider-
ably shorter than 16 yr (Perrier et al. 1992), possibly as short
as 8 yr. With this, the masses would be substantially larger,
and the components would no longer be brown dwarfs.

More recently, Schultz et al. (1998) carried out a rea-
nalysis of the existing positional information along with
their new measurement of Wolf 424 made with the imaging
mode of the Hubble Space Telescope Faint Object Spectro-
graph (HST /FOS). Their preferred orbital solution, with a
period of 15.2 yr and a semimajor axis leads to aa \ 0A.747,
total mass of 0.143 using the known parallax of theM

_system, and yielded component masses of D0.07 justM
_
,

under the theoretical limit for a brown dwarf. As with prior
solutions, the semimajor axis of their orbit is determined to
some extent by the visual and photographic measures, as a
result of the adopted weighting scheme. An alternate solu-
tion using only the speckle and HST observations gave a
signiÐcantly larger semimajor axis and a total(a \ 0A.907)
mass of 0.232 but was considered less satisfactory.M

_Thus, the components of Wolf 424 are currently still
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regarded as promising brown dwarf candidates, the Ðrst to
have their masses measured dynamically.

Such small masses, however, are difficult to reconcile with
other photometric and spectroscopic evidence. Based on his
own mass determinations (0.059 and 0.051 for Wolf 424M

_A and B, respectively), Heintz (1989) pointed out that the
components appear to be more than a magnitude above the
extrapolated MLR for red dwarfs. This was shown also by
Henry et al. (1992) (their Fig. 4), who inferred considerably
larger photometric masses of 0.13 and 0.12 for the twoM

_stars using an updated empirical MLR. Davidge & Boe-
shaar (1991) examined various gravity-sensitive absorption
features in a near-infrared (2 km) spectrum of Wolf 424 and
compared them with the same features in Gliese 65AB and
Gliese 866AB, two very similar M dwarf systems. They con-
cluded that the masses of the components of Wolf 424 are
unlikely to be under D0.06 although they could notM

_
,

rule this out conclusively. Similarly, Henry et al. (1992)
showed that the red spectrum of Wolf 424 is virtually indis-
tinguishable from that of Gliese 65A, which is known to
have a mass that is clearly above the hydrogen-burning
limit (M \ 0.102^ 0.010 using data in Henry &M

_McCarthy 1993 and the best available parallax of ntrig \
by van Altena, Lee, & Hoffleit 1995).0A.3732 ^ 0A.0027

If substellar masses are assumed, the photometric and
spectroscopic properties of Wolf 424A and B can be under-
stood only if the system is extremely young (\0.1 Gyr), so
that the components have not yet cooled. Although not
impossible, Davidge & Boeshaar (1991) considered this
possibility rather unlikely. In addition, if the masses are
truly substellar (and smaller than 0.06 the objectsM

_
),

should have preserved their initial lithium content because
their central temperature would be too low to deplete this
element. & Rebolo (1993) Ðnd, however,Magazzù, Mart•� n,
that the present Li abundance in Wolf 424 is at least 4
orders of magnitude below the cosmic level and is similar to
that determined for Gliese 65A. The implication, again, is
that the masses must be above D0.06 M

_
.

The confusing state of a†airs regarding the true nature of
Wolf 424 has motivated us to obtain new and more precise
measurements of the relative positions of the binary com-
ponents using the Fine Guidance Sensors (FGS) on HST ,
which can measure angular separations accurate to a few
milliarcseconds. We now have four observations of the sec-
ondary as it approaches apastron that complement the
speckle measurements taken half an orbit earlier. When
combined, these data strongly constrain the semimajor axis,
the key element for determining the masses.

With these new measurements we carry out a new deter-
mination of the orbital elements incorporating all available
observations of the pair. The visual and photographic data
that have played a crucial role in previous analyses are
examined carefully for systematic errors and are included
selectively to provide a more balanced and unbiased solu-
tion. We show that Wolf 424A and B clearly have stellar
masses, which are consistent with all of the spectroscopic
and photometric data. In addition, we uncover color anom-
alies in the primary star possibly related to the Ñaring activ-

ity.
2. OBSERVATIONS

A variety of astrometric observations of di†erent kinds
and of di†erent quality have been collected for Wolf 424
over the years. A judicious combination of these data into a

balanced orbital solution requires an understanding of the
uncertainties and possible biases of each type of obser-
vation, since the result in this particular case depends to a
large degree on how they are weighted. Clear evidence of
this is seen in the work by Schultz et al. (1998), especially
regarding the size of the orbit. For this reason we believe a
few comments on these data are in order.

2.1. Photographic, V isual, and Speckle Measurements from
the L iterature

Because of its large parallax and proper(ntrig^ 0A.23)
motion yr~1), Wolf 424 was recognized as an(k ^ 1A.8
important target by the 1930s and was followed photogra-
phically for several decades in an e†ort to reÐne those quan-
tities, principally at the Van Vleck, Sproul, and Leander
McCormick observatories. The components of the pair are
of similar brightness, and the images on the plates are in
many cases elongated, which is how the binary nature was
discovered. The elongations on the Sproul and McCormick
plates were subsequently measured and converted to
angular separations (o) and position angles (h) (see Reuyl
1938 ; Heintz 1972). Empirical corrections were applied to
the separations in an to attempt to compensate for guiding
errors, as described by Heintz (1972). These difficult mea-
surements are at the limit of what is possible with the pho-
tographic technique and are published as ““ normal ÏÏ places
by averaging together up to a dozen or more plates typi-
cally with several exposures each. The plate series cover an
interval of about 50 yr and are thus valuable especially for
determining the orbital period of the system. Occasionally
the photographic images show no measurable elongation,
yet even those instances are useful as checks on the orbital
solution (see ° 3) and in fact were crucial for the early esti-
mates of the period.

Visual measurements with a Ðlar micrometer have also
been made sporadically by several observers, although
because of the faintness of the components (V B 13.2), they
are also very difficult and often discordant.

Speckle measurements of the pair in the infrared started
in 1983 (Henry et al. 1992) and have continued since by
several groups both in the visual (Blazit, Bonneau, & Foy
1987 ; Balega et al. 1994) and in the infrared (Perrier et al.
1992). Four of the early measurements by Henry et al. are
one-dimensional (made in the north-south direction only)
but are useful for the information they contain on the semi-
major axis because they were made near apastron.
Although they have not been included explicitly in previous
orbital solutions, we will do so in ° 3. Finally, an infrared
speckle measurement recently published by Carbillet et al.
(1996) is apparently a rereduction of one of the observations
by Perrier et al. (1992) with a di†erent technique, and we
will assume that it supersedes the original measurement.

A listing including most of the photographic, visual, and
speckle measurements of Wolf 424 from the Washington
Double Star Catalog2 (Worley & Douglass 1996) was
kindly provided to us by Charles E. Worley. Additional
measurements were added from the recent literature. The
uncertainties of all these observations are discussed in ° 3,
and the measurements are listed in Table 1.

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
2 Available on-line at http ://aries.usno.navy.mil :80/ad–home/wds/.



TABLE 1

ASTROMETRIC OBSERVATIONS OF WOLF 424

h o (O[C)h (O[C)o (O[C)h (O[C)o
Date (deg) (arcsec) Typeb References (deg) (arcsec) (ph) (po) Orbital Phased

1938.34 . . . . . . . . 321.7 0.72 Phot 1 [2.37 ([0.470) [0.31 ([4.89) 0.551
1938.38 . . . . . . . . 312.a 1.0 Vis 2 [11.95 ([0.189) [2.17 ([1.97) 0.553
1938.42 . . . . . . . . 321.3a 1.10 Vis 3 [2.53 ([0.088) [0.51 ([0.92) 0.556
1939.18 . . . . . . . . 316.1 0.81 Phot 1 [5.39 ([0.340) [0.79 ([3.54) 0.604
1940.16 . . . . . . . . 311.4 0.73 Phot 1 [6.61 ([0.294) [0.88 ([3.06) 0.667
1941.18 . . . . . . . . 300.3 0.29 Phot 1 [12.52 ([0.511) [0.66 ([5.32) 0.732
1941.44 . . . . . . . . 239. 0.4 Vis 4 ([71.94) ([0.330) ([5.23) ([3.43) 0.749
1941.51 . . . . . . . . 260. 0.15 Vis 4 [50.37 ([0.560) [1.37 ([5.83) 0.753
1946.20 . . . . . . . . 126.4 0.45 Phot 1 [11.69 ([0.181) [0.96 ([1.88) 1.053
1950.13 . . . . . . . . 335.6 0.70 Phot 1 [6.32 (]0.064) [0.80 (]0.67) 1.304
1952.29 . . . . . . . . 325.0a 0.80 Vis 4 [4.42 ([0.285) [0.64 ([2.97) 1.443
1952.37 . . . . . . . . 326.3 0.69 Phot 1 [2.84 ([0.406) [0.36 ([4.23) 1.448
1952.53 . . . . . . . . 294.2a 0.51 Vis 5 ([34.38) ([0.604) ([3.19) ([6.30) 1.458
1953.21 . . . . . . . . 323.8 0.68 Phot 1 [2.59 ([0.492) [0.32 ([5.12) 1.501
1954.15 . . . . . . . . 316.7 0.73 Phot 1 [6.85 ([0.457) [0.91 ([4.76) 1.561
1955.38 . . . . . . . . 338.7 0.73 Phot 1 ]19.10 ([0.359) ]2.54 ([3.74) 1.640
1956.17 . . . . . . . . 316.9 0.43 Phot 1 ]0.49 ([0.524) ]0.04 ([5.46) 1.691
1956.33 . . . . . . . . 315.8a 0.44 Vis 4 ]0.17 ([0.480) ]0.01 ([5.00) 1.701
1960.30 . . . . . . . . 169.3 0.8 Vis 6 ]13.70 (]0.301) ]1.99 (]3.13) 1.955
1962.22 . . . . . . . . 140. 1.5 Phot 7 ]6.31 (]0.928) ]0.86 (]9.67) 2.077
1965.176 . . . . . . . 353.1a 0.37 Vis 8 ]2.68 ([0.096) ]0.18 ([1.00) 2.266
1965.40 . . . . . . . . 0. 0.2 Phot 1 ]13.41 ([0.331) ]0.49 ([3.45) 2.281
1966.29 . . . . . . . . 343.5 0.56 Phot 1 ]6.05 ([0.211) ]0.62 ([2.20) 2.337
1967.18 . . . . . . . . 329.2 0.72 Phot 1 [3.24 ([0.245) [0.42 ([2.55) 2.394
1968.20 . . . . . . . . 326.9 0.73 Phot 1 [1.58 ([0.387) [0.21 ([4.04) 2.460
1968.34 . . . . . . . . 336.6a 0.75 Vis 9 ]8.59 ([0.382) ]1.17 ([3.98) 2.469
1969.16 . . . . . . . . 328.6 0.77 Phot 1 ]3.16 ([0.415) ]0.44 ([4.32) 2.521
1970.32 . . . . . . . . 324.5 0.84 Phot 1 ]2.57 ([0.321) ]0.39 ([3.35) 2.595
1970.46 . . . . . . . . 323.1 0.73 Vis 10 ]1.62 ([0.421) ]0.21 ([4.38) 2.604
1971.30 . . . . . . . . 320.2 0.68 Phot 1 ]1.64 ([0.368) ]0.20 ([3.84) 2.658
1979.18 . . . . . . . . 125.8 0.35 Phot 11 ]31.00 (]0.100) ]1.97 (]1.04) 3.161
1983.485 . . . . . . . . . . 0.818c Sp 12 . . . [0.109 . . . [1.33 3.437
1984.356 . . . . . . . . . . 0.902c Sp 12 . . . [0.071 . . . [0.79 3.492
1984.50 . . . . . . . . 324.0 0.87 Phot 11 [2.35 ([0.302) [0.37 ([3.14) 3.502
1985.32 . . . . . . . . 330.8 0.86 Vis 11 ]6.92 ([0.329) ]1.08 ([3.43) 3.554
1986.4499 . . . . . . 322.7a 1.098 Sp 13 ]2.37 [0.018 ]1.18 [0.41 3.626
1987.72 . . . . . . . . 312.8 0.81 Phot 11 [2.28 ([0.087) [0.34 ([0.91) 3.707
1989.219 . . . . . . . . . . 0.196c Sp 12 . . . [0.039 . . . [1.97 3.803
1989.219 . . . . . . . . . . 0.184c Sp 12 . . . [0.051 . . . [2.75 3.803
1989.39 . . . . . . . . 304.9 0.30 Vis 14 ]8.35 ([0.107) ]0.46 ([1.11) 3.814
1990.0400 . . . . . . 278.0 0.220 Sp 15 ]15.11 ]0.010 ]3.03 ]0.88 3.856
1990.181 . . . . . . . 248. 0.179 Sp 12 ]0.52 [0.007 ]0.26 [1.03 3.865
1990.183 . . . . . . . 246. 0.177 Sp 12 [1.23 [0.009 [0.62 [1.29 3.865
1990.359 . . . . . . . 226. 0.177 Sp 12 ]1.75 [0.002 ]0.87 [0.26 3.876
1990.4399 . . . . . . 210.5 0.186 Sp 15 [3.32 ]0.001 [0.67 ]0.12 3.881
1991.17 . . . . . . . . 197.4 0.18 Vis 16 ]32.51 ([0.197) ]1.06 ([2.05) 3.928
1991.237 . . . . . . . 160. 0.430 Sp 17 [2.99 ]0.033 [0.60 ]2.17 3.932
1991.320 . . . . . . . 164. 0.343 Sp 12 ]3.10 ([0.080) ]1.55 ([5.82) 3.938
1991.323 . . . . . . . 164. 0.374 Sp 12 ]3.17 ([0.050) ]1.58 ([3.33) 3.938
1991.422 . . . . . . . 161.6 0.436 Sp 12 ]2.96 [0.017 ]1.48 [0.99 3.944
1993.3514 . . . . . . 135.8 0.602 Sp 18 ]0.23 ]0.002 ]0.11 ]0.10 4.067
1995.5733 . . . . . . 26.04 0.2359 FGS 19 [0.53 ]0.001 [1.28 ]1.09 4.209
1996.2923 . . . . . . 353.2 0.416 FOS 20 [0.90 [0.001 [0.36 [0.04 4.255
1996.4606 . . . . . . 350.53 0.4639 FGS 19 ]0.10 [0.002 ]0.48 [1.64 4.266
1997.4341 . . . . . . 338.44 0.7344 FGS 19 [0.05 [0.001 [0.39 [0.69 4.328
1998.2510 . . . . . . 333.46 0.9245 FGS 19 ]0.03 ]0.001 ]0.24 ]1.23 4.381

a Quadrant reversed from published value.
b Phot\photographic ; Vis\visual ; Sp\one- or two-dimensional speckle ; FGS\HST Fine Guidance Sensors ; FOS\HST Faint

Object Spectrograph (imaging mode).
c North-south separation.
d Integer part counts cycles from periastron passage prior to Ðrst observation.
REFERENCES.È(1) Heintz 1972 ; (2) Reuyl 1938 ; (3) Kuiper 1938 ; (4) Worley & Douglass 1996 ; (5) Wilson 1954 ; (6) Worley 1962 ; (7)

Luyten 1969 ; (8) Worley 1972 ; (9) Couteau 1970 ; (10) van Biesbroeck 1975 ; (11) Heintz 1989 ; (12) Henry et al. 1992 ; (13) Blazit et al. 1987 ;
(14) Heintz 1990 ; (15) Perrier et al. 1992 ; (16) Heintz 1993 ; (17) Carbillet et al. 1996 ; (18) Balega et al. 1994 ; (19) This paper ; (20) Schultz et al.
1998.
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2.2. HST Observations
Four HST FGS3 observations of Wolf 424 have been

made during the last 3 yr under HST observing programs
GO 6047, GO 6566, and GO 7493. HST FGS3, the
““ astrometry ÏÏ Fine Guidance Sensor, was used in transfer
function scan mode (TRANS) to measure the component
separation, position angle, and brightness di†erence
through Ðlter F583W (central wavelength\ 5830 at eachA� )
epoch. Details on observing with FGS3 in TRANS mode
can be found in Franz et al. (1992) and in the FGS Instru-
ment Handbook. The number of TRANS scans in a visit
was decreased from 62 to 26 and the scan length gradually
increased from to along each scan axis as the com-0A.8 3A.0
panion moved farther from the primary. These measure-
ments are included in Table 1.

From each of the observations we obtained an estimate
of the magnitude di†erence *m between the components of
Wolf 424. Those measurements have been published by
Henry et al. (1998). The average of the four determinations
is *m\ [0.01^ 0.02, which formally indicates that the
““ secondary ÏÏ is marginally brighter than the ““ primary ÏÏ at
this wavelength. The two stars are so similar that for all
practical purposes the passband of these observations
(F583W Ðlter) is equivalent to V because the di†erence in
the B[V colors, which drives the conversion from
*F583W to *V , is negligible (see Henry et al. 1999).

Another positional measurement with HST was recently
published by Schultz et al. (1998), who observed Wolf 424
with the Faint Object Spectrograph used in imaging mode.
We incorporate this observation into our analysis as well.

3. ORBITAL SOLUTION

As mentioned above, with observations of such diverse
quality, the issue of the weighting in the least-squares solu-
tion becomes very important. Our approach here has been
to set the weights w on the basis of the uncertainties directly
estimated by the observers (w\ 1/p2), to the extent that this
is possible, with careful consideration of possible systematic
errors. However, not always are the published uncertainties

realistic nor do all observers publish uncertainties, so that
some measure of personal judgment is unavoidable.

In Table 2 we list the uncertainties used initially for each
source. The errors in the photographic observations are as
published by Heintz (1972) for an observation of unit
weight, converted from probable errors to mean errors, and
expressed in polar coordinates. All normal places are
weighted equally, since experiments with weights pro-
portional to the plate weights published by Heintz (1972)
indicated no improvement in the solutions discussed below.
The visual observations are rarely given with errors, so we
have tentatively adopted for all of them the same uncer-
tainties as the photographic measurements because they
seem to be of similar quality (see below). For the speckle
measurements made by Balega et al. (1994) and Blazit et al.
(1987), we adopted the uncertainties given by Henry et al.
(1992), which we consider more reasonable.

An orbital solution including all available data was per-
formed using standard nonlinear least-squares techniques
(see, e.g., Press et al. 1992, p. 650), with all position angles
precessed to the equinox 2000, and weights determined
from Table 2. We minimized the quantity

s2\ ;
Ah [ h

c
ph

B2] ;
Ao [ o

c
po

B2] ;
Ar [ r

c
p
r

B2
, (1)

where the three terms correspond to the position angles, the
angular separations, and the one-dimensional speckle mea-
surements by Henry et al. (1992) in the north-south direc-
tion, respectively. The symbols and represent theh

c
, o

c
, r

cpositions calculated from the orbital elements at each iter-
ation.

This initial solution gave a period of 15.9 yr, a semimajor
axis of and an eccentricity of 0.29. However, it also0A.89,
revealed signiÐcant patterns in the residuals of the visual
and photographic observations indicating rather serious
systematic errors, particularly in the angular separations.
For example, the O[C residuals in o for the photographic
measurements came out predominantly negative, deviating
from zero by more than 5 p on average. Similarly, the visual

TABLE 2

UNCERTAINTIES FOR THE ASTROMETRIC OBSERVATIONS OF WOLF 424

References Type ph po
1, 2, 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Photographica 0.048b 0.048d
3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 . . . . . . Visuala 0.048b 0.048d
14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . One-dimensional IR speckle . . . 10e
14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Two-dimensional IR speckle 2c 4e
15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Two-dimensional visual speckle 2c 4e
16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Two-dimensional IR speckle 5c 5e
17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Two-dimensional IR speckle 5c 0.015d
18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Two-dimensional visual speckle 2c 4e
19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . HST /FGS 0.0017b 0.0011d
20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . HST /FOS 2.5c 0.027d

a Errors doubled in the Ðnal solution (see text).
b Units : arcsec o~1.
c Units : degrees.
d Units : arcsec.
e Units : percent.
REFERENCES.È(1) Heintz 1972 ; (2) Luyten 1969 ; (3) Heintz 1989 ; (4) Reuyl 1938 ; (5) Kuiper 1938 ;

(6) Worley & Douglass 1996 ; (7) Wilson 1954 ; (8) Worley 1962 ; (9) Worley 1972 ; (10) Couteau 1970 ;
(11) van Biesbroeck 1975 ; (12) Heintz 1990 ; (13) Heintz 1993 ; (14) Henry et al. 1992 ; (15) Blazit et al.
1987 ; (16) Perrier et al. 1992 ; (17) Carbillet et al. 1996 ; (18) Balega et al. 1994 ; (19) this paper ; (20)
Schultz et al. 1998.
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measurements of the angular separation showed an average
residual exceeding 4 p, also on the negative side. This is seen
clearly in Figure 1a, in which we plot the visual and pho-
tographic residuals in o as a function of orbital phase. For
the visual data (circles) we see no di†erence between obser-
vations made with small and with large telescopes, which
suggests that the e†ect is essentially independent of aper-
ture. The position angles, on the other hand, show no
obvious bias (Fig. 1b), nor do we see any trend in the
speckle or HST residuals.

That the photographic angular separations for Wolf 424
appear to be underestimated was already noted by Heintz
(1972), who attempted to overcome this in his solution by
allowing the visual observations to control the semimajor
axis and leaving the photographic elongations on the small
side. No speckle observations were available at the time.
However, our solution indicates that the visual separations
are signiÐcantly underestimated as well, and Schultz et al.
(1998) reached the same conclusion.

For the photographic measures these systematic errors
are understandable because of the difficulties of the plate
technique in this particular case and its vulnerability to
guiding and seeing conditions. The visual measurements are
also very difficult because of the faintness of the com-
ponents. Inclusion of these data with full weight in the least-
squares solution would clearly bias the results, especially

FIG. 1.È(a) O[C residuals of the visual and photographic obser-
vations in angular separation as a function of orbital phase, from an
orbital Ðt that includes all observations. Open circles are the visual obser-
vations, and open squares are photographic measurements. Systematic
errors are evident in both kinds of observations. (b) Same as (a) for the
position angles. No obvious biases are seen.

the semimajor axis upon which the total mass depends.
Decreasing their weight, as done by Schultz et al. (1998),
would alleviate the problem somewhat but the e†ect would
still remain at a lower level. This is seen clearly by compar-
ing their two solutions, one with the weights of the visual
and photographic data reduced and the other using only
speckle and HST /FOS measurements. Excluding the visual
and photographic observations altogether is another possi-
bility, but this would not take advantage of the long time
coverage of those data, which extend back more than three
orbital cycles from the Ðrst of the speckle observations. The
position angles in particular yield valuable information
about the period that we wish to retain here, especially since
the modern measurements (speckle and HST ) do not quite
cover one orbital cycle. We have therefore chosen to
exclude the photographic and visual separations but to
keep the position angles, which show no serious systematic
e†ects. However, we have increased the uncertainties of the
position angles by a factor of 2 in view of the difficulties
mentioned above.

We then repeated the orbital solution using the visual
and photographic position angles, the one-dimensional and
two-dimensional speckle measurements, and the HST mea-
surements. A few observations gave residuals larger than 3
p and were rejected. These include two visual measurements
(position angles) and two speckle measurements
(separations). The elements we derive for the orbit are listed
in Table 3, along with the solutions by Heintz (1989) and
Schultz et al. (1998) (Orbit I) for comparison. The residuals
of all observations are shown in Table 1, both in units of
degrees and arcseconds (for h and o) and also normalized by
the corresponding errors and The observations(ph po).excluded from the Ðt have their residuals in parentheses in
Table 1. We note that the standard deviation of the normal-
ized visual and photographic position angle residuals is
very close to unity, which suggests that the uncertainties we
adopted for those measurements (twice the published
estimates) are realistic. Although these position angles show
no strong systematic deviations (see Fig. 1b) at the level
displayed by the visual and photographic angular separa-
tions, we do notice that the h residuals are all negative up to
1955 and mostly positive thereafter. Nevertheless, they are
still well within our 3 p rejection limit. A hint of the same
trend is seen in HeintzÏs (1972) (pre-speckle) residuals and to
some extent also in the solution by Schultz et al. (1998).

The orbit is displayed graphically in Figure 2 together
with the two-dimensional speckle and HST observations,
which are the only ones that contain useful information on
the angular separation and can be displayed in polar coor-
dinates. We show also for comparison the orbits by Heintz
(1989) and Schultz et al. (1998). Neither of these two solu-
tions Ðts the HST observations or some of the speckle mea-
surements very well. The information on the position angles
contributed by the visual and photographic observations is
shown in Figure 3a, in the form of a diagram of h versus
orbital phase. We include the other two-dimensional mea-
surements for completeness. The one-dimensinal speckle
observations in the north-south direction reported by
Henry et al. (1992) are the earliest speckle observations
available that contain useful information on the angular
separation of Wolf 424. In Figure 3b we compare these
one-dimensional observations and also the north-south
separations for the two-dimensional measurements against
the north-south separations predicted by our orbital solu-
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TABLE 3

ORBITAL SOLUTIONS FOR WOLF 424

Element Heintz (1989)a Schultz et al. (1998) This Paper

P (yr) . . . . . . . . . . . . . . . . 16.2 15.2^ 0.1 15.643^ 0.096
a (arcsec) . . . . . . . . . . . . 0.715^ 0.04 0.747 ^ 0.02 0.9257^ 0.0049
a (AU) . . . . . . . . . . . . . . . 3.07b 3.21^ 0.14b,c 4.062^ 0.098
e . . . . . . . . . . . . . . . . . . . . . . 0.28 0.27^ 0.01 0.2950^ 0.0035
i (deg) . . . . . . . . . . . . . . . . 103 105.0^ 1.3 103.00^ 0.15
u

B
(deg) . . . . . . . . . . . . . . 20 3.79^ 8.0 347.2^ 1.5

)2000 (deg) . . . . . . . . . . 151 142.26^ 1.9 143.48^ 0.19
T . . . . . . . . . . . . . . . . . . . . . 1993.8d 1992.9^ 0.7d 1992.297^ 0.056

MA]MB (M
_
) . . . . . . 0.110 0.143^ 0.012b 0.274^ 0.020e

MA (M
_
) . . . . . . . . . . . . 0.059 0.076^ 0.007b,c 0.143^ 0.011e,f

MB (M
_
) . . . . . . . . . . . . 0.051 0.067^ 0.006b,c 0.131^ 0.010e,f

Nh . . . . . . . . . . . . . . . . . . . . 29 25 50
No . . . . . . . . . . . . . . . . . . . . 29 25 14
N1vD . . . . . . . . . . . . . . . . . . 0 0 4
Time span (yr) . . . . . . 53.0 57.9 59.9

a In a subsequent paper (Heintz 1993) a slightly shorter orbital period of 16.0 yr was
proposed.

b Adopted parallax in original paper is ntrig \ 0A.233 ^ 0A.004.
c Uncertainty added here.
d Shifted by an integer number of cycles for comparison purposes.
e Adopted parallax is ntrig \ 0A.2279 ^ 0A.0046.
f Adopted mass fraction is f\ 0.477^ 0.008.

tion. Inclusion of the one-dimensional speckle points allows
us to nearly close the orbit with data from modern tech-
niques.

Our orbital solution represents the best Ðt to all available
data that show no signiÐcant systematic errors. Although
the visual and photographic measurements make some con-

FIG. 2.ÈOrbital solution for Wolf 424 (solid line) together with all
two-dimensional speckle measurements (triangles) and HST observations.
Filled circles represent our own HST /FGS measurements, and the square
is for the Schultz et al. (1998) HST /FOS observation. Residual vectors are
plotted with thin lines but are typically smaller than the symbol size. Also
shown for comparison are the orbits obtained by Heintz (1989) (dotted line)
and Schultz et al. (dashed line).

tribution to the period and other elements, the scale of the
orbit is set entirely by the speckle and HST observations. A
solution with just the modern data (speckle ] HST ) gives
nearly the same orbital elements. Similarly, using only the

FIG. 3.È(a) Position angles as a function of orbital phase for the visual
and photographic observations, which are not displayed in Fig. 2. For
completeness we show also the speckle and HST measurements. Symbols
are as in Figs. 1 and 2. (b) Angular separations for Wolf 424 projected in
the north-south direction to illustrate the orbital Ðt to the one-dimensional
speckle measurements by Henry et al. (1992) (crosses). The error bars for
many of the observations are too small to be seen on this Ðgure.
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one-dimensional and two-dimensional speckle measure-
ments and excluding the HST data also gives similar orbital
elements. In particular, the semimajor axis and therefore the
total mass is the same in all cases, within the errors.

4. INDIVIDUAL MASSES

From the elements listed in Table 3 and the known trigo-
nometric parallax of the system (ntrig\ 0A.2279 ^ 0A.0046 ;
van Altena et al. 1995), the total mass for Wolf 424 is

The precision of the total massMtot\ 0.274^ 0.020 M
_
.

(7%) is limited mostly by the parallax error, which contrib-
utes nearly to the total uncertainty. This is clearly one34area in which there is room for signiÐcant improvement.
The dynamical quantity a3/P2 is determined to consider-
ably better precision (\2%) : 0.003242 ^ 0.000058 arcsec3
yr~2.

In addition to the total mass of a visual binary, know-
ledge of either the mass ratio or the mass(q \ MB/MA)
fraction is required in order to deter-[f\MB/(MA ] MB)]mine individual masses dynamically. Unfortunately, no
radial velocity information is available for the components
of Wolf 424 separately, which would yield a direct measure
of q. However, perturbations in the motion of a photogra-
phically unresolved system such as Wolf 424 revealed by
plates taken over several decades provide useful informa-
tion on the mass fraction of the binary. The photographic
measurements are assumed to refer to the center of light of
the system, which moves around the center of mass. Once
the system is resolved by other techniques and the relative
motion becomes known, as is the case here, the mass frac-
tion may be determined from f\ (a/a)] b, where a is the
semimajor axis of the photocentric orbit (measured
photographically), and a is the semimajor axis of the rela-
tive orbit (see, e.g., van de Kamp 1967, p. 141). The quantity

is the fractional luminosity and also rep-b \ lB/(lA ] lB)resents the fractional distance of the primary to the photo-
center in terms of the separation between the two
components. For small magnitude di†erences (*m), b is
given directly as b \ (1] 100.4*m)~1.

Few independent estimates of semimajor axis of the
photocentric orbit of Wolf 424 have been published.
Upgren & Mesrobian (1971) reported that the residuals
from the plate solutions for parallax and proper motion at
the Van Vleck Observatory indicated a peak-to-peak
amplitude of the displacement of the photocenter of about

in the x coordinate (R.A.), and a smaller (unspeciÐed)0A.032
amplitude in y (decl.). From this we infer a semiamplitude of
at least The negative sign we have addeda \ [0A.016.
simply reÑects the convention that a is taken to be positive
when the photocenter and the secondary are on opposite
sides of the barycenter.

An independent estimate of the photocentric semimajor
axis from the Sproul plate material was published by Heintz
(1972), who obtained Heintz thena \ [0A.007 ^ 0A.005.
used his relative semimajor axis and a magnitude(a \ 0A.76)
di†erence of *m\ 0.0 to derive f\ 0.49^ 0.01. Additional
plate measurements at Sproul led to a revised estimate of a,
published only in the form of the photocentric factor

(Heintz 1989). Since this implicitlyf[ b \ [0A.033 ^ 0A.008
makes use of HeintzÏs revised semimajor axis (a \ 0A.715

and since the value of a we derive here is somewhat^ 0A.04),
di†erent (see Table 3), we Ðrst reconstructed a using
HeintzÏs value of a, obtaining a \[0A.0236 ^ 0A.0059.

The mass fraction then follows from our own determi-
nation of a and our magnitude di†erence provided by the
new HST /FGS measurements. As mentioned earlier, these
measurements are in a passband near V , which is sufficient-
ly close for our purposes to the e†ective wavelength of the
photographic observations. The average magnitude di†er-
ence from our four HST /FGS measurements is
*m\ [0.01^ 0.02. We then Ðnd b \ 0.502^ 0.005 and
derive the mass fraction f \ 0.477^ 0.008, which is close to
HeintzÏs most recent determination ( f \ 0.467^ 0.01 ;
Heintz 1990). Finally, the mass fraction and total mass lead
to individual masses for Wolf 424A and B of MA \ 0.143
^ 0.011 and respectively.M

_
MB\ 0.131^ 0.010 M

_
,

The relative errors are approximately 8%.

5. LUMINOSITIES AND COLORS

The di†erence in brightness between the components of
Wolf 424 has been measured on several occasions in di†er-
ent passbands. Henry et al. (1992) obtained magnitude dif-
ferences at J, H, and K from their speckle observations.
Another estimate in the K band was published by Perrier et
al. (1992). At shorter wavelengths the brightness di†erence is
known to be small. Our own measurements with HST /FGS
indicate a mean consistent with zero. Schultz et al. (1998)
gave an estimate also close to zero from their observation
with HST /FOS, which has a bandpass approximately B.
We have taken the average of all measurements in each
Ðlter and have collected the results in the Ðrst column of
Table 4.

The trend of these average magnitude di†erences is not at
all what one would expect for normal stars in a binary,
where the secondary should become comparatively brighter
(smaller *m) toward longer wavelengths. In Wolf 424 the
brightness di†erence increases redward. This suggests
perhaps some color anomaly in one or both stars.

Photometric measurements of the combined light of the
binary have been made by a number of authors over a
broad wavelength range, from the U band (0.36 km) to the
M band (5 km). It has also been detected by the IRAS
satellite at 12 km. In Table 4 we present the averages of
independent measurements from the literature in the bands
in which the magnitude di†erence between the stars has also
been determined (B, V , J, H, K). From these we have
inferred the brightness of each component separately to
examine their photometric properties more closely.

We Ðrst compare the observed colors of Wolf 424A and B
to those of normal M dwarfs, as represented by the empiri-
cal relations derived by Henry & McCarthy (1993). These
are published in the form of polynomial Ðts to the V [ x
indices as a function of the absolute magnitudes whereM

x
,

x is J, H, or K. We have added to these Ðts a similar relation
for B[V versus derived here from the nearby sampleM

B
,

used by Henry & McCarthy and using similar sources for
the photometry (Leggett 1992 ; Weis 1996). In addition, we
make use of the known parallax of the system to compute
M

x
.

The comparison is shown in Figure 4 in the form of
di†erences between the measured V [ x indices and those
derived from the empirical relations. The error bars include
the contributions from the uncertainties in the observed
magnitude di†erences, the combined magnitudes, and in the
trigonometric parallax. This purely photometric test reveals
that component B has more or less normal colors. The
primary component, on the other hand, shows a marked
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TABLE 4

MAGNITUDE DIFFERENCES, COMBINED MAGNITUDES, AND INDIVIDUAL APPARENT MAGNITUDES FOR THE COMPONENTS OF WOLF 424

Passband *m N*m References Combined Magnitude Ntot References Component A Component B

B (0.45 km) . . . . . . 0.05 1 1 14.31^ 0.02 29 5, 6, 7, 8, 9, 10 15.04^ 0.03 15.09^ 0.03
V (0.55 km) . . . . . . [0.01^ 0.02 4 2 12.46^ 0.01 63 5, 6, 7, 8, 9, 10, 11, 12 13.22^ 0.01 13.21^ 0.01
J (1.25 km) . . . . . . 0.13^ 0.04 2 3 6.99^ 0.02 8 6, 9, 13, 14, 15 7.68^ 0.03 7.81^ 0.03
H (1.65 km) . . . . . . 0.20^ 0.07 3 3 6.39^ 0.01 8 6, 9, 13, 14, 15 7.05^ 0.03 7.25^ 0.04
K (2.20 km) . . . . . . 0.44^ 0.09 6 3, 4 6.04^ 0.02 8 6, 9, 13, 14, 15 6.60^ 0.04 7.04^ 0.06

REFERENCES.È(1) Schultz et al. 1998 ; (2) Henry et al. 1998 ; (3) Henry et al. 1992 ; (4) Perrier et al. 1992 ; (5) Rucinski 1981 ; (6) Stau†er & Hartmann 1986 ;
(7) Sandage & Kowal 1986 ; (8) Bessell 1990 ; (9) Doyle & Butler 1990 ; (10) Landolt 1992 ; (11) Kunkel & Rydgren 1979 ; (12) Weis 1994 ; (13) Glass 1975 ; (14)
Probst 1981 ; (15) Simons, Henry, & Kirkpatrick 1996.

departure from mean colors of similar stars, and the dis-
crepancy increases toward longer wavelengths. Wolf 424A
appears too red by almost a magnitude at V [K, but
without further information we cannot distinguish from this
diagram alone whether this is caused by infrared excess, or
whether the star is too faint at the shorter wavelengths for
some reason.

Further insight may be gained by using the mass infor-
mation provided by our orbital solution and the empirical
MLRs by Henry & McCarthy (1993). These relations allow
us to predict the absolute magnitudes at various wave-
lengths for a given mass, which is in essence a check on the
spectral energy distribution (SED) of each component. To
complement the MLRs by Henry et al. at V , J, H, and K, we
have constructed one at B using their Ðt in the V band
together with the B[V versus relation derived above.M

B

If we use the individual masses as obtained in ° 4 we Ðnd
that the predicted absolute magnitudes for both stars are
too bright by several tenths of a magnitude and by more
than a magnitude at B and V for the primary, much beyond
the observational errors (see Fig. 5, open circles). There are
several possible reasons for this, including errors in our
orbital solution (a3/P2), in the adopted mass fraction f, or
di†erences in age and/or metallicity between Wolf 424 and
the average star represented by the MLRs (cosmic scatter).
The cosmic scatter can amount to 0.3È0.5 mag (see Henry &
McCarthy 1993), which is about the di†erence found for the
secondary. We cannot rule out some contribution of this
nature, but it seems unlikely it could account for the full
o†set in B and V for the primary. Another explanation
could be errors in the parallax, which a†ect not only our
masses but also the absolute magnitudes. The uncertainty

FIG. 4.ÈDi†erence between the observed color indices of Wolf 424A and B and the colors predicted using the relations by Henry & McCarthy (1993).
While the secondary behaves roughly as expected, the primary shows signiÐcant di†erences compared to a ““ normal ÏÏ M dwarf.
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FIG. 5.ÈDi†erence between the observed absolute magnitudes of Wolf 424A and B and the brightness predicted using the empirical MLRs by Henry &
McCarthy (1993). Open symbols represent the di†erences obtained by using the measured values of the parallax and mass fraction(ntrig \ 0A.2279)
( f\ 0.477). Filled symbols show the result when adjusting those quantities slightly f\ 0.457) to minimize the di†erences for the secondary (see(ntrig \ 0A.235,
text). The primary is seen to be increasingly too faint toward the shorter wavelengths compared to a ““ normal ÏÏ M dwarf.

in the parallax is in fact the main contributor to the errors
in the other derived quantities.

Since the colors of component B appear to be normal
(Fig. 4), we experimented with small changes in the parallax
and mass fraction to see if an adjustment could produce
predicted absolute magnitudes for that star also in agree-
ment with the observations. We Ðrst tried varying and fntrigindependently and found that the corrections required in
each case were quite signiÐcant in terms of the quoted
uncertainties in those quantities, as large as 7 p in the case
of f. Adjusting both quantities simultaneously also allowed
us to obtain good agreement between the empirical MLRs
and the observations for the secondary, for ntrig \ 0A.235
and f\ 0.457, which are only about 1.5 p and 2.5 p di†erent
from the measured values.3 The corresponding masses for
the two stars are andMA \ 0.137 M

_
MB\ 0.116 M

_
,

which are also not far from the values derived in ° 4. Figure
5 ( Ðlled circles) shows the magnitude di†erences we obtain
for Wolf 424A and B using these values, in the sense
Sobserved [ empirical MLRT.

These experiments show that, through slight adjustments
in the parallax and the mass fraction, not only can the

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
3 The published parallax for Wolf 424 (van Altena et al. 1995) is the

weighted average of seven measurements that do not always agree within
their quoted errors. It is interesting to note that if the two most discrepant
values are removed, the weighted parallax becomes nearlyntrig \ 0A.234,
identical to our result here.

predicted SED for the secondary be made consistent with
the observations but also that the K magnitude of the
primary is in agreement with the empirical relations. There-
fore, it is the brightness at shorter wavelengths that is di†er-
ent in this star. We elaborate on possible causes in the next
section.

A small adjustment in the parallax, as found above, will
change Figure 4 slightly, but not the conclusion we derive
from it regarding the anomalous colors of the primary.

6. DISCUSSION

The orbital solution presented in ° 3 and Figure 2, in
which the scale is set by modern measurements of the
angular separation with HST and the speckle technique,
leaves little doubt that the masses of Wolf 424A and B are
well above the substellar limit. Although the systematic
errors in the visual and photographic angular separations
have been recognized before, the inclusion of those obser-
vations in previous analyses (even with reduced weight) has
consistently resulted in a smaller semimajor axis and conse-
quently in masses that appeared to lie in the brown dwarf
regime. It seems clear in light of the new measurements
(particularly our high-precision HST /FGS observations)
that the difficult visual and photographic separations
should not be used in the solution.

Despite this bias, the duplicity of the system is clearly
detected in those observations, and the changes in o can be
followed roughly. In fact, previous orbital analyses for Wolf
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FIG. 6.ÈPredicted angular separation as a function of time from our orbital solution. The crosses and intervals indicated along the dotted line represent
the times at which Wolf 424 was reported to be unresolved on photographic plates. Resolved observations are also shown (open circles for visual
measurements and open squares for photographic measurements).

424 have been inÑuenced to some degree by the need to
reproduce the absence of elongation in the photographic
images in certain years (Heintz 1972 ; Schultz et al. 1998).
Without having imposed this requirement explicitly here,
our solution does remarkably well in this regard, as shown
in Figure 6. All instances reported in the literature in which
the system was unresolved (round images on the plates) are
seen to fall at or near a minimum in the predicted angular
separation.

The individual masses we obtain have formal errors just
under 8% and are thus among the most precisely deter-
mined for low-mass stars. They are currently limited mostly
by the error in the (ground-based) parallax. The Hipparcos
satellite did not observe Wolf 424, but it is likely that the
duplicity of the object would have compromised the accu-
racy of the trigonometric parallax in any case, especially
given the small angular separation at the time of the space
mission. In the absence of radial velocity information, we
have split the total mass into separate components using
the mass fraction determined astrometrically, which hinges
on the semimajor axis of the photocentric orbit derived
from photographic plates. Complete details on the determi-
nations of a have not been published, and we have accepted
this quantity more or less at face value. The two available
estimates of a Heintz 1972 ; and([0A.007 ^ 0A.005,

Heintz 1989 ; see ° 4), which are not[0A.0236 ^ 0A.0059,
completely independent, di†er by slightly more than twice
their internal errors, however, so it is possible that the
uncertainty we have adopted here for f is somewhat under-
estimated.

Wolf 424 is among the handful of systems with reliable
individual masses below 0.2 determined dynamically.M

_In Figure 7 we show the location of the components in the
K-band mass-luminosity diagram. The photometry and
masses for the other stars shown are taken from the work of
Henry & McCarthy (1993) and Henry et al. (1999). This
Ðgure represents an update of the diagram presented by
Henry et al. (1992), which showed Wolf 424A and B devi-
ating considerably from the trend deÐned by other low-
mass dwarfs because of the lower masses they were thought

to have. With the masses we derive here, the apparent dis-
crepancy is resolved : the components are clearly not brown
dwarfs. The dotted line in the Ðgure represents the Ðt by
Henry & McCarthy (1993), which is still a very good repre-
sentation of the empirical M-L relation.

FIG. 7.ÈMass-luminosity relation in the K band for low-mass stars (see
text). Wolf 424A and B are represented by the Ðlled circles. The dotted line
represents the empirical Ðt by Henry & McCarthy (1993) ; the solid lines
are from theoretical models by Bara†e et al. (1998) for solar metallicity and
ages of 10 Gyr and 0.1 Gyr. Also shown is an isochrone for 10 Gyr and
[m/H]\ [2.0 (dashed line) from models by Bara†e et al. (1997), to illus-
trate the e†ect of metallicity.
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Theoretical evolutionary models for low-mass stars have
advanced considerably in recent years (Chabrier, Bara†e, &
Plez 1996 ; Bara†e et al. 1997, 1998). To illustrate the Ðt
between recent models and the observations at the low-
mass end of the MLR, we show in Figure 7 two isochrones
by Bara†e et al. (1998) for solar metallicity and ages of 10
Gyr and 0.1 Gyr (solid lines). The 10 Gyr curve is consistent
with our determinations for Wolf 424. Metal abundance has
a relatively small e†ect in this mass range, as illustrated in
the Ðgure by a 10 Gyr isochrone with [m/H]\ [2.0
(Bara†e et al. 1997), indicated by the dashed line.

The photometric anomalies detected in Wolf 424A may
preclude the primary from being used in future empirical Ðts
of optical MLRs, such as that of Henry et al. (1999). The V
magnitude of that star appears to be roughly 1.0 mag too
faint compared to normal M dwarfs (Fig. 5). A plausible
explanation for this is the presence of surface features
(spots), which are known to a†ect the luminosity of a star at
optical wavelengths but are much less noticeable toward the
infrared. Indeed, Figure 5 indicates essentially no e†ect in
the K band. Given the large e†ect observed in V , it would
appear that the spot coverage is quite signiÐcant. Wolf 424
is a very active Ñare star, with an estimated Ñare rate in the
optical of about Ðve events per hour (Mo†et 1973 ; Gersh-
berg & Shakhovskaya 1983 ; Beskin et al. 1988). Spottedness
is a common phenomenon in active M dwarfs, directly
related to the Ñares and other manifestations of chromo-
spheric activity. The observed photometric properties of the
primary in this system are therefore not at all surprising.
They may even suggest that the primary is in fact largely
responsible for the Ñaring activity. Some support for this
was presented by White, Jackson, & Kundu (1989), who
reported the detection of radio emission from Wolf 424 in a
survey of nearby Ñare stars with the VLA, but only from
one component, which they concluded was the primary.

In addition to the observed rapid changes in brightness
from Ñaring (mainly in U and B), one might expect also
photometric variability on longer timescales related to the
spot coverage such as rotational modulation or intrinsic
changes in the spot properties, and even magnetic activity
cycles. Photoelectric monitoring in the V , R, and I bands by
Weis (1994) revealed no signiÐcant changes greater than
0.007 mag in Wolf 424 over a period of 9 yr. Another study
by BondarÏ (1995) was based on photographic plates from
the archives of the Sternberg State Astronomical Institute
(Russia) and the Sonneberg Observatory (Germany) cover-
ing several decades. These measurements clearly reveal
what appear to be periodic changes in the brightness of the
system, with a total amplitude of about 0.2 mag (see Fig.
8a). We have subjected the original data, kindly provided by
N. BondarÏ, to a power spectrum analysis using the
CLEAN algorithm (Roberts, Lehar, & Dreher 1987). The
period we obtain is 15.8 yr (Fig. 8c). Although it is tempting
to ascribe this variation to the magnetic activity cycle (a
complicated interpretation given the binary nature of the
object), we note that the period is suspiciously close to the
orbital period of Wolf 424 (15.6 yr). Furthermore, a com-
parison of Figure 8a and Figure 6 shows that the maximum
brightness as measured photographically coincides in time
with the maximum angular separation and similarly with
the minima. Because the estimates of the photographic
magnitudes were made visually, it appears likely that those
measurements actually refer to the size of the elongated
images, which obviously correlates with orbital motion.

FIG. 8.È(a) Photographic magnitude of Wolf 424AB over the past
three decades as measured by BondarÏ (1995). Measurements are based on
plates from the archives of the Sternberg State Astronomical Institute
(Ðlled circles) and the Sonneberg Observatory (open circles). (b) Compari-
son star on the same vertical scale. (c) Power spectrum of the data in (a)
computed with the CLEAN algorithm (Roberts et al. 1987) showing a peak
corresponding to a period of 15.8 yr.

Thus we believe that these apparent changes in brightness
are simply a reÑection of the D16 yr orbit of Wolf 424.

7. CONCLUSIONS

We have obtained new HST /FGS measurements of Wolf
424 over a period of 3 yr that strongly constrain the astrom-
etric orbit of this late-type binary. Previous analyses have
relied to some extent on the visual and photographic obser-
vations of the system, which are seriously biased in angular
separation (but not in position angle). Our new orbital solu-
tion makes use of all available positional information that is
free from any signiÐcant systematic errors.

With the known parallax and mass fraction and our new
orbital solution, the masses we derive (MA \ 0.143^ 0.011

and place both componentsM
_

MB\ 0.131^ 0.010 M
_
)

clearly above the substellar limit. The orbit is sufficiently
well covered now that further measurements in coming
years are unlikely to change these values signiÐcantly. These
determinations are among the most precise for such low-
mass stars and are thus important for establishing the
empirical mass-luminosity relation near the end of the main
sequence. Further improvement in the precision of these
masses must come from a better determination of the paral-
lax, which is currently contributing most of the error.

Roughly a dozen nearby M dwarfs under 0.2 nowM
_have their masses determined dynamically to moderately
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good precision (Henry et al. 1999). These determinations are
becoming increasingly important to test models of stellar
evolution for low-mass stars, a very active area of research
in recent years. The example of Wolf 424 shows that there is
good agreement in the M-L plane with the latest generation
of models by Bara†e et al. (1998) that incorporate updated
interior physics and realistic boundary conditions set by
nongray model atmospheres. The mass determinations at
the low end of the main sequence will provide even stronger
constraints on theory when accurate metallicity determi-
nations for late-type M dwarfs become available, another
area in which great progress is being made (see, e.g., Jones et
al. 1996 ; Viti et al. 1997 ; Leggett, Allard, & Hauschildt
1998).

The di†erential photometry (from speckle observations
and our new HST /FGS measurements) available for Wolf
424 and measurements of the combined light of the system
in several passbands have revealed that the primary com-
ponent is fainter than normal toward shorter wavelengths
when compared to the average M dwarf with a similar

mass. Spottedness is a likely explanation, consistent with
the level of activity that is characteristic of Ñare stars such as
Wolf 424.

We are grateful to N. I. BondarÏ for providing her orig-
inal measurements of the photographic magnitude of Wolf
424. We also thank the referee for helpful comments.
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