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ABSTRACT

We report submilliarcsecond-precise astrometric measurements for the late-type star AB Doradus via
a combination of VLBI (very long baseline interferometry) and HIPPARCOS data. Our astrometric
analysis results in the precise determination of the kinematics of this star, which reveals an orbital
motion readily explained as caused by gravitational interaction with a low-mass companion. From the
portion of the reflex orbit covered by our data and using a revised mass of the primary star (0.76 M)
derived from our new value of the parallax (66.3 mas < 7 < 67.2 mas), we find the dynamical mass of the
newly discovered companion to be between 0.08 and 0.11 M. If accurate photometric information can
be obtained for the low-mass companion, our precise mass estimate could serve as an accurate cali-
bration point for different theoretical evolutionary models of low-mass objects. This represents the first
detection of a low-mass stellar companion using VLBI, a technique that will become an important tool
in future searches for planets and brown dwarfs orbiting other stars.

Subject headings: astrometry — stars: individual (AB Doradus) — stars: kinematics —
stars: low-mass, brown dwarfs — techniques: interferometric

1. INTRODUCTION

The recent discoveries of several possible planetary or
brown dwarf candidates using pulsar timing (Wolszczan &
Frail 1992) or optical spectroscopy (Mayor & Queloz 1995;
Marcy & Butler 1996) have yielded a spectacular advance in
the search for low-mass stellar companions. However,
pulsar timing and optical spectroscopy do not yield unam-
biguous estimates of companion masses, because of the
undetermined orbital inclination. Moreover, alternate
explanations may exist for the radial velocity variations
(Gray 1997). Companion masses can be uniquely deter-
mined by astrometric measurements of the motions of stars
in the plane of the sky, which provide a full set of orbital
elements. Submilliarcsecond VLBI (very long baseline
interferometry) astrometry, using phase-referencing tech-
niques (Lestrade et al. 1990), of weakly emitting radio stars
has reached precisions better than 1 mas and should be a
powerful tool for searching for very low mass objects.

Since 1992, we have been monitoring, with milliarcsecond
precision, the radio positions of several Southern Hemi-
sphere radio stars with VLBI (Guirado et al. 1996). The
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main purpose of these astrometric observations is to con-
tribute to the determination of the link between the celestial
radio reference frame, defined by the VLBI positions of
extragalactic radio sources, and the optical reference frame,
defined by the positions of the stars observed by the Euro-
pean Space Agency’s astrometric satellite HIPPARCOS
(Lindegren & Kovalevsky 1995; Lestrade et al. 1995). One
of the stars of this program is AB Doradus (=HD
36705 = HIP 25647), an active KO star. Based on its high
rotation rate (P,,, = 0.514 days, v sin i ~ 100 + 5 km s 1),
lithium abundance (Rucinski 1985; Vilhu, Gustafsson, &
Edvardsson 1987), and membership in the Pleiades moving
group (Innis et al. 1985), AB Dor is commonly accepted as a
young pre-main-sequence star coeval with the stars of the
Pleiades (~70 Myr). AB Dor has an apparent physical
companion, Rossiter 137B, a dM4e star that is also a rapid
rotator (P, < 0.38 days), separated by only 10” on the sky
from AB Dor (Lim 1993). The two stars are believed to be
associated based on their common proper motions and
common radial velocities (Innis et al. 1985; Innis, Thomp-
son, & Coates 1986).

In this paper, we describe the results of our astrometric
analysis, which reveals an acceleration in the position of AB
Dor that can be readily explained as caused by gravita-
tional interaction with a low-mass companion.

2. VLBI OBSERVATIONS AND DATA REDUCTION

We performed VLBI measurements of AB Dor at 8.4
GHz at multiple epochs with an Australian array of radio
telescopes (see Table 1). For each experiment, we inter-
leaved observations of the strong background radio source
PKS 0516 —621 using, typically, a 250 s duty cycle that
consisted of 140 s on AB Dor, 70 s on 0516—621,and a 20 s
slew time between each source. The data were correlated at
the Mark IITA correlator of the US Naval Observatory in
Washington, DC.
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TABLE 1
PHASE-REFERENCED VLBI OBSERVATIONS OF AB DORADUS

Integration Time*®

Epoch Antennas®  Recording Mode® (hr) SNR¢
1992 Apr 25 (1992.23) ...... T, H, P MKIII A 27 13
1992 Sep 6 (1992.68) ........ T,H, P MKIIT A 29 25
1993 Feb 14 (1993.12) ...... T,H MKIII B 2.7 10
1994 Oct 24 (1994.81)....... T,H, P MKIII B 7.7 15
1995 Feb 21 (1995.14) ...... T, H MKIII B 1.7 8
1996 Feb 24 (1996.15) ...... T,H MKIIT A 3.8 90
1996 May 15 (1996.37)...... T, H MKIIT A 2.1 25

* The symbols correspond to the following Australian antennas: (T) 70 m NASA Deep Space
Network antenna at Tidbinbilla; (H) 26 m antenna of Mount Pleasant Observatory at Hobart; (P) 64

m ATNF antenna at Parkes.

® We used the Mark III system (Rogers et al. 1983) to record 28 adjacent 2 MHz channels covering
8402.99-8458.99 MHz (mode A) or 14 adjacent 2 MHz channels covering 8402.99-8430.99 MHz
(mode B). Right-circular polarization (IEEE convention) was recorded.

¢ Total integration time resulting from the coherent addition of the VLBI data by using the

phase-reference mapping technique.

4 Signal-to-noise ratio of the AB Dor detections.

For the astrometric analysis, we followed the phase-
referencing VLBI technique described by Lestrade et al.
(1990) and used the software SPRINT, developed by J.-F. L.
We outline briefly this analysis. First, we used the most
accurate parameters to model the geometry of the interfero-
metric array (reference source coordinates, antenna posi-
tions, and Earth orientation parameters were obtained from
the International Earth Rotation Service; Feissel & Essaifi
1996), and the propagation media in order to produce theo-
retical estimates of the visibility phase that were subtracted
from the observed estimates. Second, we interpolated the
residual quasar phases (observed minus theoretical values)
to the times of the star observations and subtracted them
from the star fringe phases to form the differential residual
fringe phase. Third, we carried out a Fourier transform of
the resulting visibilities. This provided us with a phase-
referenced map of the star whose coordinates are referred to
the PKS 0516—621 position. The relative position of the
star is then found by measuring the coordinates of the
brightness peak on the phase-referenced map. Extensive
error analysis at each observational epoch has been carried
out to determine the uncertainties of the relative coordi-
nates due to errors inherent in the propagation media, the
reference source radio structure, and the geometry of the
interferometry array. These uncertainties, ranging from 0.3

to 1.7 mas, were 5—7 times larger than the errors due to the
signal-to-noise ratio of our VLBI data. The resulting posi-
tions and standard deviations are shown in Table 2.

3. ORBIT DETERMINATION

The measured VLBI coordinates of AB Dor (Table 2),
referred to the IERS radio reference frame through the
coordinates of PKS 0516—621, have been used to derive
the star’s proper motion, parallax, and position at a refer-
ence epoch (1993.00) via a weighted least-squares fit. In our
first analysis, the root mean square (rms) of the postfit
residuals was about 5 times greater than that of the other
southern stars included in our program (Guirado et al.
1996), indicating that proper motion and parallax alone did
not suffice to account for the trajectory of AB Dor in the
sky. The systematic signature, both in right ascension and
declination, of the postfit residual positions of AB Dor led
us to consider that the excursions were produced by the
gravitational effect of a companion other than Rst 137B in
orbit around AB Dor.

In order to enlarge our observational time span, we aug-
mented the number of data points by using positions of AB
Dor measured by HIPPARCOS at several epochs over the
mission’s lifetime (1990.2-1993.3), during a time interval not
covered by the VLBI data. In the final HIPPARCOS solu-

TABLE 2

ESTIMATES OF THE PoSITION OF AB DORADUS?

Epoch Technique o (J2000) 4 (J2000)
1990.3888...... HIPPARCOS 5 28 44.77474 + 0.00026 —65 26 56.2416 + 0.0007
1990.5640...... HIPPARCOS 5 28 44.78652 + 0.00025 —65 26 56.2272 + 0.0007
1991.0490...... HIPPARCOS 5 28 44.77578 + 0.00024 —65 26 56.2615 + 0.0007
1991.5330...... HIPPARCOS 5 28 44.78942 + 0.00025 —65 26 56.0757 + 0.0008
1992.0180...... HIPPARCOS 5 28 44.78202 + 0.00024 —65 26 56.1160 + 0.0009
1992.2329...... VLBI 5 28 44.77687 + 0.00019 —65°26'56.0049 + 0.0007
1992.6849...... VLBI 5 28 44.80124 + 0.00018 —65°26'55.9395 + 0.0006
1993.1233...... VLBI 5 28 44.78492 + 0.00024 —65°26'55.9137 + 0.0008
1994.8137...... VLBI 5 28 44.81768 + 0.00019 —65°26'55.6866 + 0.0005
1995.1425...... VLBI 5 28 44.80247 + 0.00027 —65°26'55.6248 + 0.0011
1996.1507....... VLBI 5 28 44.81137 + 0.00013 —65°26'55.4852 + 0.0003
1996.3607....... VLBI 5 28 44.81776 + 0.00018 —65°26'55.3785 + 0.0010

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are

degrees, arcminutes, and arcseconds.

2 VLBI positions of AB Dor were determined with reference to the IERS coordinates of the
background radio source PKS 0516 — 621 (¢ = 5"16™443926178, § = —62°7'5738930).
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TABLE 3

J2000.0 ASTROMETRIC* AND ORBITAL PARAMETERS
OoF AB DORrRADUS

Parameter Value

Astrometric:

0% 5 28 44.7948-44.7969

8% —65 26 55.933-55.914

P yr ™Y 0.0074-0.0083

Us (arcsec yr~1)...... 0.130-0.145

7 (Arcsec) ............. 0.0663-0.0672
Orbital:

P(r) coeviinieannnns 6.5-27.5

a, (arcsec)............ 0.021-0.075

€ i 0.28-0.78

i(deg) «oovvninninnnnn. 59-71

o(deg) ....ovunnennnn. 77-127

Q(deg) ..ovvvninnnnnt 127-142

Ty eeeneiiineeeenens 1991.5-1992.2

M, (Mg)° .covvnnnn. 0.08-0.11

Note—Units of right ascension are hours,
minutes, and seconds, and units of declination are
degrees, arcminutes, and arcseconds.

2 Astrometric parameters correspond to the mass
center of the system AB Dor/AB Dor C.

b Reference epoch is 1993.00.

¢ Mass range obtained from the period and semi-
major axis of each plausible orbit via Kepler’s third
law. The mass adopted for the central star, AB Dor,
was 0.76 M.

tion (ESA 1997), aligned with the IERS reference frame
(Kovalevsky et al. 1997) as are the VLBI data, the motion of
the photocenter of AB Dor was found to be nonlinear, cor-
roborating the signature apparent in the VLBI residuals
and showing that the star was an astrometric double. There
were 55 individual data points for this star that were com-
bined to obtain independent position estimates at five dif-
ferent epochs during the HIPPARCOS mission (see Table
2). The standard deviations of these estimates are about 1.5
mas in right ascension and 0.8 mas in declination. We note
that the latter standard deviations also account for the
uncertainty of the alignment between the radio and the
optical reference frames.

To determine the orbital elements of the reflex motion of
AB Dor, we combined both VLBI and HIPPARCOS data
sets to estimate simultaneously the parameters that describe
the system via a weighted least-squares analysis based on
the Thiele-Innes method (Green 1985). These parameters
include five astrometric parameters and seven orbital ele-
ments. The astrometric parameters are the two position
coordinates, the two proper-motion components, and the
parallax of the mass center of the system (central star and
low-mass companion). The orbital elements are the period
(P), semimajor axis [a; = aM (M, + M,)~!, with a the
semimajor axis of the relative orbit, M, the mass of AB Dor,
and M, the mass of the low-mass companion], eccentricity
(e), inclination (i), argument of the periastron (), position
angle of the node (Q2), and epoch of periastron passage (Tp).
This simultaneous fit has the advantage that any sinusoidal
behavior of the data is not absorbed by proper-motion and
parallax effects (Black & Scargle 1982). The result of this fit
demonstrated that our joint VLBI/HIPPARCOS data set
did not cover a full orbit, and that orbits with periods
longer than 7 years fitted the data equally well.

To investigate the possible orbits for AB Dor consistent
with the data, we used the Thiele-Innes method to treat the
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F1G. 1.—Orbit of the reflex motion of AB Dor corresponding to a
companion mass of 0.094 M. (a, b) Right ascension and declination,
respectively, of AB Dor for the observation epochs after subtracting
proper-motion and parallax effects. The five earliest epochs correspond to
HIPPARCOS data. The line corresponds to the least-squares fitted reflex
orbital motion of AB Dor. (c) The apparent orbit, also with proper-motion
and parallax effects subtracted.

nonlinear equations of the elliptic motion. This method has
the advantage that it distinguishes between the three non-
linear orbital parameters (P, e, and T;) and the four linear
Thiele-Innes coefficients that are the combinations of a, i, @,
and Q. Consequently, the dimension of the parametric space
to be searched is reduced from seven to three. Practically,
we made multiple weighted least-squares fits; each fit had
fixed values for the three nonlinear orbital elements while
we solved for the four Thiele-Innes coefficients and the five
astrometric parameters. We sampled a wide range of the
parametric space: 6.5 yr < P < 27.5 yr by steps of 5 days;
1990.0 < T;, < 1990.0 + P by steps of 20 days; 0 < e < 1 by
steps of 0.005 days. We selected as plausible solutions those
whose y? difference with the minimum y? was less than 15%
of the latter value (0.94 mas). The resulting ranges of the
astrometric parameters and orbital elements are given in
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Table 3. For each plausible orbit, we used Kepler’s third law
[M2/(M, + M_)* = a3/P?] to estimate the mass M, of the
unseen companion, AB Dor C. For this analysis, we used
our new, more accurate, value of the parallax (see Table 3)
to scale the mass of the central star AB Dor given by Vilhu
et al. (1987) to 0.76 + 0.02 M. We found that the mass of
AB Dor C was constrained to the range 0.08-0.11 M. This
tight constraint on the mass for AB Dor C could not be
obtained from either the VLBI or HIPPARCOS data sets
alone. An orbit corresponding to a mass of AB Dor C near
the center of the mass interval is displayed in Figure 1. We
are continuing to obtain more VLBI data to narrow the
range of the mass estimate.

We checked the sensitivity of our solution against a dif-
ferent choice of epochs of the HIPPARCOS positions by
repeating the astrometric analysis with HIPPARCOS posi-
tions at epochs other than those shown in Table 2; the new
results do not change significantly the ranges presented in
Table 3. Regarding the astrometric parameters, the proper
motion in right ascension and declination found in our
analysis are consistent with long-term optical values (White
et al. 1988) to within twice the standard deviation of the
optical estimates. Also, our new parallax coincides with pre-
viously reported values at the limit of the quoted uncer-
tainties (Innis et al. 1986). Finally, we note that our
estimates given in Table 3 might be affected by a possible
inconsistency between the two different data types, VLBI
and HIPPARCOS. Since there is no overlapping between
the portions of the orbit sampled by each data type, it is
difficult to estimate the effect of such an inconsistency.
However, this effect is unlikely to be significant, given the
high precision of the alignment between the radio and
optical reference frames (Kovalevsky et al. 1997).

4. ALTERNATIVE EXPLANATIONS

Some alternative explanations for the shifts in positions
of AB Dor, such as stellar pulsation or surface activity, can
be ruled out, because the smallest semimajor axis for the
possible orbits investigated is ~ 20 mas, equivalent to about
60 stellar radii. The gravitational interaction of AB Dor
with Rst 137B can be also ruled out, as we calculate the
wobble produced by Rst 137B on AB Dor to have an ampli-
tude of ~3” and a ~2000 yr period, given the common
parallax and the mass for both stars (for this estimate, we
scaled the mass of Rst 137B given by Vilhu et al. 1987 to
0.21 M). Most of this orbital motion appears as a linear
position drift during the short (compared with the 2000 yr
period) time span of our observations, and it is absorbed by
the proper-motion estimate. The corresponding acceler-
ation, about 0.03 mas yr~ 2, produces a shift of less than 0.5
mas in our 6 yr data span and, therefore, is not detectable in
our present measurements. However, the gravitational
interaction with Rst 137B will become significant after a few
more years of observation, and we plan to include this effect
in future astrometric analyses.

5. DISCUSSION

With a mass between 0.08 and 0.11 M, AB Dor Cis one
of the few low-mass objects near the hydrogen-burning limit

Vol. 490

whose mass has been determined dynamically (Henry &
McCarthy 1993). AB Dor C offers a rare opportunity to
combine a precise mass determination with photometric
and/or spectral information for a young low-mass object. In
particular, a suitable photometric calibration would locate
this object in a mass-luminosity diagram and would add a
new, precise point to the data given by Henry & McCarthy
(1993) for calibration of the low end of the main sequence
(D’Antona & Mazitelli 1985; Burrows et al. 1993; Baraffe et
al. 1996).

An approximate expected magnitude for AB Dor C can
be calculated from our mass estimate and assumed age
(~70 Myr, assuming that AB Dor and AB Dor C are
coeval) by using theoretical evolutionary tracks for very low
mass stars and brown dwarfs. Model X of Burrows et al.
(1993) yields a luminosity for AB Dor C of log (L/Lg) ~
—2.5 and an effective temperature of ~ 3000 K. Taking the
bolometric corrections derived for other very low mass stars
in the Pleiades (Hamilton & Stauffer 1993), and using our
parallax determination, we can estimate the expected
apparent magnitudes of AB Dor C to be m, ~ 16 and
mg ~ 9. The magnitude difference between AB Dor (m,, =
6.95) and its dark companion, along with their separation,
ranging from 072 to 077, makes the direct detection of AB
Dor C unlikely with ground-based telescopes and very near
the limits of the capabilities of the Hubble Space Telescope
(HST) Wide Field Planetary Camera 2 (Schroeder & Goli-
mowski 1996). The contrast of the sources is more favorable
for detection at near-infrared wavelengths (m; = 6 and 9 for
AB Dor and AB Dor C, respectively), but the spatial
resolution of ground-based Southern Hemisphere infrared
devices is still too coarse. The Near-Infrared Camera and
Multiobject Spectrometer, deployed on HST in 1997,
appears to be the optimal method to obtain photometric
information of AB Dor C.

We have shown that VLBI phase referencing, enhanced
in this case with HIPPARCOS positions, is one of the most
powerful techniques for searching for very low mass com-
panions of orbiting stars. Significant improvement in the
precision of this technique is potentially possible. Even with
a similar precision to that achieved for AB Dor, the applica-
tion of this technique to nearby (<5 pc) M dwarfs could be
extraordinary effective for detecting substellar companions
with masses as low as 1 Jovian mass and orbital periods less
than 5 years (Lestrade et al. 1996).

The research described herein was performed in part
while J. C. G. held a National Research Council-NASA
Resident Research Associateship award at the Jet Propul-
sion Laboratory, California Institute of Technology.
Research at JPL is carried out under contract with the
National Aeronautics and Space Administration. J. E. J. L.
is supported by an Australian Postgraduate research award.
The Australia Telescope is funded by the Commonwealth
government for operation as a national facility managed by
CSIRO. The optical contribution to this research is based
on observations made with the European Space Agency
HIPPARCOS satellite.
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