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Abstract. Complementing the Proper Motions of Fundamental Stars catalogue by Gontcharov et al. (CDS, I–266) the pho-
tocentric orbits of some FK5/Hipparcos stars are calculated in a direct combination of the Hipparcos data with astrometric
ground-based observational catalogues having epochs later than 1939. Some capabilities and limitations of this method are
discussed in a comparison of our results with known orbits of Sirius, Procyon, Rasalhague, µ Cas and others. We conclude that
this direct combination is an acceptable tool to discover and investigate photocentric orbits with periods from 10 to 55 years
and the semi-major axis of apparent ellipses >0.08 arcsec. It is particularly suitable for pairs with large magnitude difference
as well as for calculation of the preliminary orbits of new astrometric binaries which will be considered in forthcoming papers.
In this paper new photocentric orbits and component masses are calculated for 4 pairs: α UMa, β LMi, δ And and ξ Aqr.
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1. Introduction

The double and multiple stellar systems with non-linear mo-
tion of the photocentre, detectable in series of ground-based
astrometric observations over time intervals of some decades,
are known as astrometric binaries. This motion is due to some
fainter components of star-like masses and it is composed of the
linear motion of the stellar system’s barycentre and the ellipti-
cal motion of the photocentre around the barycentre. The clas-
sical examples of long-investigated astrometric binaries are the
systems with white dwarfs, Sirius and Procyon, that are con-
sidered below. The variations of their proper motions were first
investigated by Bessel (1844).

Astrometric binaries have been difficult to discover and in-
vestigate by classical astrometric observations because tele-
scopes have different systematic errors that are unknown and
variable with time. Therefore, the main problem was to es-
tablish a rather precise common reference frame for the many
ground-based catalogues used. Only a few astrometric binaries
were known before the Hipparcos mission (ESA 1997). The
Hipparcos catalogue (hereafter HIP) gives us at least two ways
to discover and investigate astrometric binaries:

– Hipparcos found thousands of stellar systems with non-
linear motion of their photocentre. Many of those sys-
tems are collected in parts G (acceleration solution) and
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X (stochastic solution) of the Double and Multiple Systems
Annex (DMSA) of the HIP. Part V (variability-induced
movers) of the DMSA also contains some stellar systems
with a non-linear motion of the photocentre, but which are
generally non-elliptical, caused by the variable magnitude
of a component. Some of the suspected non-single stars in
the HIP (“S” in the field H61, solution quality) may also
show non-linear motions of their photocentres;

– In order to discover and investigate astrometric binaries,
ground-based catalogues can be compared and combined
with the precise HIP by different methods. First, several
hundred stars with considerable discrepancy between the
HIP and ground-based proper motions were identified by
many authors (e.g. Wielen 1997; Gontcharov & Kornilov
1997) and might show non-linear motions of their photo-
centres. Second, the possible non-linear motion of a star
can be taken into account statistically, as was done in the
construction of the FK6 by Wielen et al. (1999). FK6 is a
combination of the HIP with the best ground-based com-
pilation, the FK5 (Fricke et al. 1988; Fricke et al. 1991).
Third, many past observational ground-based catalogues
can be combined directly with the HIP by forming series
of positions of stars over decades of observations. Such se-
ries can reveal non-linearly moving stars.

The direct combination of the HIP with 57 observational
ground-based catalogues having epochs between 1939 and
1995 has been realized for the 1535 stars of the Basic FK5 by
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Gontcharov et al. (2001). Preliminary results for five very inter-
esting astrometric binaries have been presented by Gontcharov
et al. (2000). The main task of the direct combination is a re-
duction of observational ground-based catalogues into a com-
mon reference frame close to the ICRS/Hipparcos. The paral-
laxes from the HIP, radial velocities from the Hipparcos input
catalogue by Turon et al. (1993) as well as positions from the
HIP and observational ground-based catalogues were used in
the reduction. The proper motions from the HIP and several
ground-based compilation catalogues were used as initial val-
ues for iterations. The results of these iterations are uniform se-
ries of star positions over several decades (including the photo-
centric positions from the HIP) and improved individual proper
motions of the stars. These proper motions were published as
The Proper Motions of Fundamental Stars catalogue (PMFS),
Part I (Gontcharov et al. 2001) deposited as I–266 at the CDS.

A possible non-linear motion of several hundred photocen-
tres was detected from the obtained series of positions. These
stellar systems were marked in the PMFS as class “A” (astro-
metric binaries). The non-linear motion was separated into the
linear motion of the barycentre of the stellar system (classical
proper motion presented in the PMFS) and elliptical motion of
the photocentre around the barycentre. The latter will be ana-
lyzed here and in subsequent papers with the aim to calculate
new photocentric orbits and masses of components.

The procedure of separation of the non-linear motion into a
linear and an elliptic one includes:

1. Elimination of the obtained proper motion from the series
of positions and calculation of 6 orbital elements (a, T , Ω,
ω, e i) by the method described by Kiyaeva & Kalinichenko
(1998). The orbital period was taken from external data or
calculated from the series with a precision of 1–3 years.
For some well-known pairs we used known values of some
other elements marked in italics in the following tables;

2. Elimination of obtained orbital motion from the series of
positions and calculation of the proper motion by the least-
square method;

3. Steps 1–2 were repeated in iterations until the obtained im-
provements became insignificant.

The Basic FK5 contains several well-known orbital pairs with
an appropriate period and semi-major axis of the apparent el-
lipse of the photocentric orbit. The comparison of our reduced
astrometric observations and the derived orbital elements with
the known orbits could help us to estimate capabilities and lim-
itations of our observational material and method.

Most of the considered pairs are in the Sixth Catalog of
Orbits of Visual Binary Stars by Hartkopf & Mason (2001)
(hereafter the Sixth catalogue). The speckle-interferometric ob-
servations of the pairs are taken from the Fourth Catalog of
Interferometric Measurements of Binary Stars by Hartkopf
et al. (2001) (hereafter the Fourth catalog), unless otherwise
specified. However, several well-known orbital pairs have been
eliminated from the observational lists of meridian telescopes
and astrolabes a long time ago. For example, we did not get
enough observations for the detection of the orbital motion
of HIP 71681 (α Cen A–B) and HIP 104214 (61 Cyg A–B).
Some other well-known orbital pairs are members of multiple

stellar systems with several components observable by merid-
ian telescopes and astrolabes. These and some other more com-
plicated cases will be considered in forthcoming papers.

2. Comparison with known orbits

Some known orbital pairs are compiled in Table 1. Table 2
gives the components µα·cos δ and µδ of the proper motion of
the considered stellar pairs taken from the PMFS, HIP and
FK5 with the precision of 0.001 arcsec/year. The PMFS cat-
alogue gives the barycentric proper motions (that of µ Cas has
been corrected, see below). The FK5 gives the photocentric
proper motions based on more than a century of observations,
these motions are close to the barycentric ones for many stars.
The proper motions of known pairs in the HIP are reduced
to the photocentre, barycentre or components separately, de-
pending on the results of the mission. In Table 2 the barycentric
proper motion taken or calculated from the HIP is marked as m
whereas the photocentric one is marked as p. The Hipparcos
proper motion of Procyon was recalculated by Girard et al.
(2000) in a combination of Hipparcos and ground-based data.

The capabilities of our method can be inferred from Table 3
where we show the standard deviation of the residuals between
the astrometric observations after their reduction to the ICRS
and the orbits, and the “signal-noise ratio” (S/N) between the
semi-major axis of apparent ellipse aapp and the standard devia-
tionσα+δ along the celestial great circle. The standard deviation
σα+δ together with those on the both coordinates, σα and σδ,
give an estimate of the accuracy of the catalogues used after
their reduction to the ICRS (i.e. the accuracy of the formed se-
ries of the observations). Sirius and Procyon show rather large
standard deviation probably because of their brightness. For the
rest of the pairs the standard deviation is about of 0.′′05 for both
α and δ.

The precision of the calculated orbital elements a, T , Ω, ω,
e and i is affected by 1) the orientation and other features of the
orbit, 2) the accuracy of the formed series of the observations,
3) the number of catalogues in the formed series and 4) the dis-
tribution of the series along orbit. The latter appears rather im-
portant because the considered temporal interval of ≤56 years
usually includes only one or two periods and the distribution
is uneven. To estimate the precision of the orbital elements we
simulated the series of observations for the real observational
epochs but randomly distributed around real series with a dis-
persion of 0.′′05 for both α and δ. The dispersion of the sets of
the orbital elements derived from the simulated series is taken
as the precision of the orbital elements. The number of the sim-
ulated series slightly affects the dispersion. We simulated 20 se-
ries for each pair.

The orbital elements were derived from our observational
material for all the considered pairs. However, for the first
5 pairs in Table 3 some rather precise photocentric orbits
have been derived from more extensive observational mate-
rial (mainly photographic observations with large refractors).
Therefore, as expected, the precision of our orbit for these pairs
is less than that of a known orbit, and these orbits practically
coincide in the apparent plane. Thus, for these 5 pairs we only
compare our observational material with the known orbits and
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Table 1. Stellar systems under consideration: numbers from various catalogues, spectrum of primary, visual magnitude of primary, parallax
from HIP, accepted parallax and orbit grade taken from the Sixth catalogue: from definitive (1) to indeterminate (5), 9 is for photocentric orbit.

Name Other name HIP FK5 HD GL ADS Sp of A Vm
A πHIP π accepted Orbit grade

α CMa Sirius 32349 257 48915 244A 5423 A0V −1.4 0.379 0.379 3
α CMi Procyon 37279 291 61421 280A 6251 F5IV-V 0.4 0.286 0.283 3
µ Cas 5336 1030 6582 53A G5VI 5.2 0.132 0.132 5
α Oph Rasalhague 86032 656 159561 681 A5IV 2.1 0.070 0.070 9
10 UMa 44248 339 76943 332A F5V 4.1 0.061 0.061 1
δ And 3092 20 3627 548 K3III 3.3 0.032 0.032
α UMa Dubhe 54061 417 95689 8035 K0III 2.0 0.026 0.026 3
β LMi 51233 390 90537 7780 G8III-IV 4.6 0.022 0.022 2
ξ Aqr 106786 1569 205767 A7V 4.7 0.018 0.022

Table 2. The proper motion of the systems (in arcsec): from the PMFS (barycentric), HIP (m – barycentric, p – photocentric) and FK5 (long-
term photocentric).

Name PMFS HIP FK5

µα·cos δ µδ µα·cos δ µδ µα·cos δ µδ

α CMa −0.551 − 1.218 −0.546 − 1.223 m −0.553 − 1.205
α CMi −0.704 − 1.028 −0.711 − 1.021 m −0.710 − 1.023
µ Cas +3.425 − 1.597 +3.421 − 1.599 m +3.424 − 1.596
α Oph +0.120 − 0.232 +0.110 − 0.223 p +0.120 − 0.226
10 UMa −0.435 − 0.239 −0.435 − 0.245 m −0.440 − 0.246
δ And +0.138 − 0.088 +0.115 − 0.083 p +0.136 − 0.091
α UMa −0.115 − 0.060 −0.126 − 0.068 m −0.119 − 0.066
β LMi −0.121 − 0.104 −0.119 − 0.104 m −0.118 − 0.101
ξ Aqr +0.114 − 0.021 +0.114 − 0.024 p +0.116 − 0.025

Table 3. Standard deviation (in arcsec) of the astrometric observations from orbits, and the “signal-noise ratio” (S/N) of the semi-major axis
of apparent ellipse aapp to the standard deviation σα+δ along celestial great circle.

Name aapp σα+δ σα σδ S/N Orbit from
α CMa 2.400 0.201 0.084 0.183 11.9 Benest & Duvent (1995)
α CMi 1.100 0.161 0.096 0.130 6.8 Girard et al. (2000)
µ Cas 0.190 0.076 0.057 0.048 2.5 Drumond et al. (1995)
α Oph 0.070 0.050 0.034 0.037 1.4 Augensen & Heintz (1992)
10 UMa 0.175 0.070 0.046 0.059 2.5 Heintz (1997)
δ And 0.280 0.071 0.062 0.042 3.9 this paper
α UMa 0.200 0.044 0.032 0.029 4.5 this paper
β LMi 0.110 0.058 0.050 0.035 1.9 this paper
ξ Aqr 0.080 0.053 0.029 0.045 1.5 this paper

disregard some unreliable orbits of Procyon and µ Cas because
of their large deviation from our observational material.

For δ And, α UMa, β LMi and ξ Aqr our observational
material has allowed us to derive new photocentric orbits and
component masses. For these pairs the self-consistent sets of
orbital elements and other parameters are presented pair-by-
pair in Tables 6, 7, 9 and 10. To obtain the sets we used the
following common relations. The elements P, T , i, e and Ω are
the same for the relative (fainter (B) with respect to brighter
(A) component) and photocentric (photocentre with respect to
barycentre) orbits; ω differs by 180◦. The ratio of the relative
(aBA) and photocentric (apm) semi-major axes (both in arcsec
hereafter) depends on the mass ratio and the magnitude dif-
ference of the components. Both components, barycentre and

photocentre, are on a line; the ratio of the distance “barycentre–
A” to “B–A” is B = MB/(MA+MB), where MA and MB are the
component masses; the ratio of the distance “photocentre–A”
to “B–A” is β = 1/(1 + 100.4∆m), where ∆m is the magnitude
difference. Thus, apm = aBA · (B− β). For every pair the system
of 2 equations

MA + MB = a3
BA/(π

3P2), (π = parallax, P = period),
apm = aBA · (MB/(MA + MB) − 1/(1 + 100.4∆m))

was solved 1) accurately for the component masses MA and MB

if the fainter component has been observed and aBA is known
or 2) less accurately for the mass of a component and aBA if
the other mass is approximately estimated from the magni-
tude, spectrum, color index or other external data using the ta-
bles by Allen (1973). The uncertainties of accepted values are
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Fig. 1. The photocentric orbit of Sirius by Benest & Duvent (1995)
and our reduced astrometric observations. The observations from the
Carlsberg meridian catalogues are shown by open circles.

taken into account in estimating the precision of the derived pa-
rameters provided in the following tables pair-by-pair. All the
masses in the tables are given in solar masses.

Our observational material together with the derived and
some known photocentric orbits are shown in the follow-
ing figures which are composed of three subfigures. The first
subfigure (the only one for Sirius and Procyon) shows the ob-
servations together with the derived and known apparent el-
lipses in the form of the ∆α cos δ–∆δ–differences between the
photocentres and the barycentres (i.e. apparent ellipses of
the photocentric orbit). The observations are connected by
straight lines to the appropriate epochs on the derived or best
known orbital ellipses. The second and third subfigures give the
differences ∆α cos δ and ∆δ, respectively, as a function of time.
∆α cos δ and ∆δ are given in arcsec.

2.1. α CMa (Sirius)

Sirius is a well-known pair of a main sequence star and a
white dwarf. The photocentre coincides with the main sequence
star. Orbits by Volet (1932), van den Bos (1960), Gatewood &
Gatewood (1978) and Benest & Duvent (1995) are very sim-
ilar. The latter (with photocentric semi-major axis of 2.′′49) is
shown in Fig. 1 together with our reduced astrometric observa-
tions. The observations were rare because the star was usually
eliminated from observational lists because of its duplicity and
brightness.

Bonnet-Bidaud et al. (2000) argue that no third component
exists in this system. Observations from the Carlsberg meridian
catalogues 1–4 (open circles in Fig. 1) also perfectly fall into
the known orbits providing therefore no indication of a third
component.

2.2. α CMi (Procyon)

Procyon is a well-known pair consisting of an F5IV-V star and
a white dwarf. Photocentric orbits by Strand (1951), Irwin et al.
(1992) and Girard et al. (2000) are shown in Fig. 2 as dashed,

Table 4. Orbital elements and parameters of Procyon.

Strand Irwin et al. Girard et al.
apm 1.′′217 1.′′179 1.′′232
P 40.65 40.38 40.82
T 1968.3 1967.86 1967.97
Ω 104.◦3 104.◦8 97.◦3
ω 89.◦8 88.◦8 92.◦2
e 0.40 0.365 0.407
i 35.◦7 31.◦9 31.◦1
aBA 4.′′548 4.′′496 4.′′296
parallax 0.′′287 0.′′286 0.′′283
∑

M 2.37 2.37 2.10
mass of A 1.74 1.75 1.50
mass of B 0.63 0.62 0.60
σα+δ 0.′′204 0.′′209 0.′′161

Fig. 2. Three photocentric orbits of Procyon, our observational ma-
terial (diamonds) and 3 relative observations with the assumption
B − β = 0.287 (asterisks).

thin and thick ellipses, respectively. These orbits are rather dif-
ferent. The orbit by Girard et al. should be the most precise
one since it is based on photographic astrometric observations
spanning 83 years, Hipparcos observations of the photocen-
tre as well as 2 observations of component B relative to A by
HST and a coronagraph. The latter observations together with a
coronagraphic observation by Walker et al. (1994) are shown in
Fig. 2 as asterisks with the assumption B − β = 0.287 obtained
from the masses provided by Girard et al. Our observational
material is shown in Fig. 2 as filled diamonds.

Orbital elements and other parameters of the orbits are
shown in Table 4 together with the standard deviation σα+δ
of the observations from the orbits along celestial great circles.
The orbit by Girard et al. much better fits our results.

2.3. µ Cas

This is a nearby high velocity population II star and is thus in-
teresting because of the importance of determining the masses,
luminosities, and metal abundances of its components. It is
the only pair for which we had to recalculate the barycentric
proper motion after the publication of the PMFS catalogue due
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Table 5. Orbital elements and parameters of µ Cas.

McCarthy et al. Drummond et al.
apm 0.′′20 0.′′191
P 23.5 21.75
T 1977.6 1975.74
Ω 54.◦3 47.◦3
ω 186.◦1 152.◦7
e 0.46 0.56
i 104.◦8 110.◦0
aBA 0.′′97 1.′′01
parallax 0.′′137 0.′′133
∑

M 0.73 0.92
mass of A 0.58 0.74
mass of B 0.15 0.17
σα+δ 0.′′100 0.′′076

to some new data. Now we use µα·cos δ = +3.420 arcsec/year
instead of +3.425 in the PMFS and µδ = −1.593 arcsec/year
instead of −1.597.

Speckle-interferometric observations we have dating since
1973 as well as spectroscopic ones as mentioned by
Drummond et al. (1995). However, according to the Fourth
catalog this pair has never been resolved at periastron (in
1975 and 1997). There are two series of astrometric obser-
vations of the photocentre (component A): at the Sproul ob-
servatory by Lippincott (1981) and more recently by Heintz
& Cantor (1994), and at the Allegheny observatory by
Russell & Gatewood (1984). These series, either one or both,
were the basis for many orbit determinations, such as those
by Lippincott (1981), Russell & Gatewood (1984), McCarthy
et al. (1993), Heintz & Cantor (1994), Drummond et al. (1995)
or Gudehus (2001). All orbits, except that of McCarthy et al.,
are rather similar. The standard deviation of our reduced as-
trometric observations from the “similar” orbits is about 0.′′08,
and from the orbit by McCarthy et al. it is 0.′′10. The orbits by
McCarthy et al. and Drummond et al. are presented in Table 5
as well as in Fig. 3 by dashed and solid curves, respectively.
All other apparent ellipses practically coincide with the one
by Drummond et al. Our observational material is shown by
diamonds. All successful speckle-interferometric observations
with the assumption B − β = 0.189 are shown by asterisks.

All our reduced astrometric observations with epochs near
periastron passage in 1975 show some systematic deviation
from the known orbits, although within a priori estimated accu-
racy of the ground-based catalogues. It may argue for a slightly
different Ω or an additional long-period non-linear motion of
the photocentre hardly distinguishable from the perspective ac-
celeration dµ/dt of this fast nearby star. Since our data are not
numerous enough to recalculate this acceleration, we have used
the standard values. Lippincott (1981) argues for a value of this
acceleration differing from the standard value. It may be ex-
plained by a third disturbing body of the system.

2.4. α Oph (Rasalhague)

Two rather different photocentric orbits of this pair were de-
rived by Kamper et al. (1989) and Augensen & Heintz (1992),

respectively, based on photographic observations of the pho-
tocentre and some spectroscopic ones. A few interferomet-
ric observations have been analyzed by Kamper et al. and by
Boccaletti et al. (2001). Our reduced astrometric observations
give the same standard deviations from both orbits. The ob-
servations together with the orbit by Augensen and Heintz are
shown in Fig. 4. The Hipparcos results are presented by 3 open
diamonds perfectly falling onto the orbit.

The orbital period is about 8.6 years. Most astrometric cat-
alogues (except Hipparcos and Carlsberg meridian catalogues)
give an average of observations unevenly distributed over sev-
eral years. Therefore, the catalogues give results corresponding
not to a point but rather a long part of the orbit. The corre-
sponding error appears in the case of Rasalhague and limits
our method: apparently no useful results can be obtained for
binaries with shorter periods.

2.5. 10 UMa

A lot of interferometric observations since 1975 cover well
the orbit of this pair in the Lynx constellation. Moreover, the
components of 4.0m and 6.3m have been observed separately
with a large number of telescopes used for astrometric and
astrophysical observations. As a result, this is the best orbit
among the FK5 stars determined by visual observations, and
the photocentric semi-major axis is also known. The authors
of the FK5 (where this star is named as Bradley 1268 Lyncis)
recommended to take into account the orbit by Baize (1955)
in any calculations. Some observers followed this recommen-
dation as seen from the results and descriptions of ground-
based catalogues. However, in most such cases, for example
in the Carlsberg meridian catalogues (1997), the observed co-
ordinates may depend on the FK5 coordinates (and, conse-
quently, the assumed orbit) as well as on the contribution of
the fainter component, depending on many factors. Therefore,
it is difficult to conclude to which point of the pair the observa-
tions actually refer. It is pointed out in the Carlsberg catalogues
that the component A was observed. It must be a mistake be-
cause the component B was always inside the instrument slit to-
gether with the component A. Analyzing the Carlsberg results
we have to assume that the positions in the CMC2 and CMC4
catalogues hold for the barycentre and those in the CMC3 and
CMC5 catalogues for the component A. Then we calculated
the positions of the photocentre using magnitude differences
and component masses given by Soderhjelm (1999). Of course,
some uncertainty and sources of mistakes remain. Therefore,
our results for this pair should be considered with caution.

The best 3 orbits by Martin et al. (1998), Heintz (1997) and
Soderhjelm (1999) practically coincide in the apparent plane.
All 3 orbits are shown as one ellipse with a photocentric semi-
major axis of 0.′′18 in Fig. 5 together with our reduced astro-
metric observations (filled diamonds) and a linear motion of
the photocentre calculated from the HIP (3 open diamonds).
The photocentric semi-major axis remains slightly uncertain:
Martin et al. and Heintz give 0.′′175 whereas Soderhjelm gives
0.′′214. Breakiron et al. (1975) also obtained a photocentric
semi-major axis of 0.′′20 with the Allegheny refractor.
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Fig. 3. The photocentric orbits of µ Cas by McCarthy et al. (1993) (dashed curve) and Drummond et al. (1995) (solid curve) as well as our
observational material (diamonds) and relative observations with the assumption B − β = 0.189 (asterisks).

Fig. 4. The photocentric orbit of Rasalhague by Augensen & Heintz (1992) together with our ground-based (filled diamonds) and Hipparcos
(3 open diamonds) astrometric results.

2.6. δ And

This is a triple or quadruple system with several interesting
features: strong high-velocity wind, infrared excess, dust shell
approximately between the secondary at several AU and the
tertiary at a thousand AU according to Judge et al. (1987).

A dynamical interaction between the companions and the shell
may be expected. [Fe/H] = +0.16 according to Taylor (1999).

Only the secondary can cause the elliptical motion of the
photocentre which coincides with the primary. Judge et al. ar-
gue for the secondary being a white dwarf. It has, however,
never been observed, even in many speckle-interferometric
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Fig. 5. A photocentric orbit of 10 UMa with semi-major axis of 0.′′18 together with our ground-based (filled diamonds) and Hipparcos (3 open
diamonds) astrometric results.

observations since 1976 as pointed out in the Fourth cat-
alog. The HIP gives a linear motion of the photocentre.
Therefore, the epoch 1991.25 should be far from a periastron
passage moment.

The primary–secondary pair is known as a spectroscopic
binary with single lines. It has been concluded from spec-
troscopic observations by R. F. Griffin (2001) that the semi-
amplitude of the radial velocity variations is near 4 km s−1 and
the period is near 53 years (instead of 55.19 years as mentioned
by Tokovinin 1997). Assuming e < 0.6 and i far from 90◦ one
finds a rather large photocentric semi-major axis, namely 6–
12 AU, or 0.′′2–0.′′4 with the parallax 0.′′032 from the HIP. This
is in perfect agreement with the photocentric semi-major axis
0.′′32 obtained by us. Thus, both astrometric and spectroscopic
results of apm involve a rather large mass of the unseen sec-
ondary and a rather low mass of the primary. In order to get an
acceptable mass of the giant primary one has to assume a mass
of the secondary close to the white dwarf mass limit. Assuming
1.3 solar masses for the secondary we obtained the same mass
of the primary and 0.′′62 for the semi-major axis of the relative
orbit. The uncertainty of these two determined parameters is
mainly due to the uncertainty of the photocentric semi-major
axis.

Our astrometric orbit is shown in Fig. 6. The sets of param-
eters of the pair as derived from our results and as given in the
MSC by Tokovinin (1997) are presented in Table 6. The latter
set is based on the spectroscopic orbit and an assumption for
the primary mass. This set should be disregarded. Our results
give the first estimation of the photocentric semi-major axis and
masses of the components from astrometric observations. Most
important is the perfect agreement between the spectroscopic

Table 6. Two sets of parameters for δ And.

MSC our
apm >0.′′03 0.′′32 ± 0.′′03
P 55.19 52.8
T 1901.5 1958.5 ± 1.1
Ω 290◦ ± 7◦

ω 356.◦1 231◦ ± 9◦

e 0.34 0.5 ± 0.1
i 137◦ ± 5◦

aBA 0.′′83 0.′′62 ± 0.′′04
parallax 0.′′034 0.′′032 ± 0.′′001
∑

M >4.8 2.6 ± 0.4
mass of A 4.6 1.3 ± 0.4
mass of B >0.2 1.3
B >0.04 0.5 ± 0.1
β 0 0
Spectrum of A K3III K3III
Spectrum of B white dwarf
MV of A 1.0m 0.9m

MV of B >5m

and astrometric estimates of the photocentric semi-major
axis and, consequently, masses, although the orbital elements
T and e are also similar.

2.7. α UMa (Dubhe)

This is a well-known visual and spectroscopic pair with sev-
eral speckle-interferometric observations in the Fourth cata-
log. There are 2 orbits: one by Heintz (1963) supplemented
by Tokovinin (1997) (hereafter “H–T”) and another one by
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Fig. 6. Our photocentric orbit of δ And together with ground-based (filled diamonds) and Hipparcos (3 open diamonds) astrometric results.

Soderhjelm (1999) as mentioned in the Sixth catalog. However,
the photocentric semi-major axis and, consequently, the masses
of the components were never determined from observations
before our research (H–T assume MA). Moreover, the orbital
inclination is low and there are only a few observations near
periastron. As a result, Ω, ω and i were poorly known: H–T
assume ω = 180◦, Soderhjelm assumes Ω = 0◦, i = 180◦.
A periastron passage is expected in 2002.

Three photocentric orbits are presented in Table 7 and
Fig. 7 (apm = 0.′′21 for all orbits in the figure): H–T (dashed
curves), Soderhjelm (1999) (thin curves) and our orbit (thick
curves). With the observations fixed, the barycentres are shown
by a cross, a bold point and an oblique cross, correspond-
ingly. The results of the relative observations with assumed
B − β = 0.34 are shown by asterisks. They are in good agree-
ment with our reduced astrometric observations and orbit. The
orbits are compared with these observations in Table 8.
The orbit by H–T should be denied because of the large de-
viation, although in fact it is due to a different T only.

The uncertainty of the obtained component masses is
mainly due to the uncertainty of the parallax. The obtained
mass of the component A is in good agreement with its spec-
trum K0III. However, there is a disagreement between the
known spectrum and absolute magnitude of the component A.
Perhaps it relates to [Fe/H] = −0.13 according to Taylor
(1999). The spectrum of the component B can be estimated
from its absolute magnitude and the obtained mass as about
A3V. It is not so far from A8V which was estimated by Kondo
et al. (1977) from the joint spectrum of the pair.

Table 7. Three sets of parameters of Dubhe.

H − T Soderhjelm our
apm 0.′′14 0.′′21 ± 0.′′02
P 44.4 44.5 44.5
T 1956.8 1958 1958
Ω 320.◦3 0◦ 318◦ ± 24◦

ω 180◦ 222◦ 174◦ ± 23◦

e 0.4 0.39 0.4
i 152◦ 180◦ 158◦ ± 14◦

aAB 0.′′60 0.′′59 0.′′60
parallax 0.′′027 0.′′026 0.′′026 ± 0.′′001
∑

M 5.7 5.94 6.2
mass of A 4.0 3.7 ± 0.4
mass of B 1.7 2.5 ± 0.4
B 0.30 0.40 ± 0.04
∆m 2.94m 2.98m 3m

β 0.063 0.060 0.06
Spectrum of A K0III K0III
Spectrum of B F0V about A3V
MV of A −0.9m −0.9m

MV of B 2.0m 2.1m

Table 8. Standard deviation of our reduced astrometric observations
from orbits.

σα σδ σα+δ
H − T (apm = 0.′′14) 0.′′081 0.′′053 0.′′096
H − T (apm = 0.′′21) 0.′′039 0.′′036 0.′′054
Soderhjelm (apm = 0.′′21) 0.′′033 0.′′032 0.′′046
our orbit 0.′′032 0.′′029 0.′′044
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Table 9. Three sets of parameters of β LMi.

Soderhjelm 6th catalog our
apm 0.′′13 ± 0.′′04
P 39 38.62 38.35
T 1998 1999.15 1999.33
Ω 42◦ 41.5◦ 40◦ ± 15◦

ω 24◦ 29.8◦ 41◦ ± 12◦

e 0.69 0.668 0.7 ± 0.3
i 79◦ 79.1◦ 81◦ ± 11◦

aAB 0.′′3 0.′′363 0.′′36
parallax 0.′′022 0.′′022 0.′′022 ± 0.′′001
∑

M 2.63 3.01 3.0
mass of A 1.3 ± 0.4
mass of B 1.7 ± 0.4
B 0.57 ± 0.07
∆m 1.32m 1.43m 1.43m

β 0.23 0.21 0.21
Spectrum of A G8III − IV G8III − IV G8III − IV
Spectrum of B ∼F subgiant
MV of A 0.9m 0.9m

MV of B 2.3m 2.3m

2.8. β LMi

There are spectroscopic, relative (component B w.r.t. A) and
speckle-interferometric (in 1975–1995) observations of this
pair. However, there are too few observations at periastron. The
photocentric semi-major axis and masses of the components
were never determined from observations before our research.
The orbit by Soderhjelm (1999) and that in the Sixth catalog
as well as our orbit (see Table 9) practically coincide in the ap-
parent plane and look as one ellipse with apm = 0.′′13 in Fig. 8.
The results of the speckle-interferometric observations with the
assumption B − β = 0.36 are shown in Fig. 8 by a “cloud” of
asterisks at one side of the apparent ellipse. They are also in
good agreement with all orbits.

R. F. Griffin (2001) obtained the last periastron passage mo-
ment (1999.33±0.04) from radial-velocity observations. Thus,
38.35 years is the most reliable estimation of the period. We
have accepted this value.

The uncertainty of the derived component masses is mainly
due to the uncertainty of the photocentric semi-major axis. The
mass of the component A is in good agreement with its spec-
trum G8III-IV, absolute magnitude +0.9m and B − V = +0.9.
The low mass of the brighter component relates perhaps to
[Fe/H] = +0.17 according to Taylor (1999). The spectrum of
the component B can be estimated from its absolute magnitude
and the derived mass as about for an F subgiant.

2.9. ξ Aqr

The data from the HIP (B − V = +0.175, A7V spectrum,
parallax of 0.′′18 and absolute magnitude of the component
A = +1.0) disagree with one another. A better consistency can
be obtained with a larger parallax. We accept 0.′′22 for the par-
allax and 1.9 solar masses for the component A.

There are a few speckle-interferometric observations, but
they are inconsistent with each other (the variation of the

Table 10. Two sets of parameters of ξ Aqr.

Abt our
apm about 7 AU 0.′′11 ± 0.′′05
P 21.947 25.5 ± 3
T 1895.2 1970.4 ± 2.5
Ω 300◦ ± 17◦

ω 222.◦1 270◦ ± 36◦

e 0.544 0.6 ± 0.2
i 95◦ ± 12◦

aBA 0.′′28 ± 0.′′03
parallax 0.′′022 ± 0.′′004
∑

M 3.1 ± 0.7
mass of A 1.9
mass of B 1.2 ± 0.6
B 0.39 ± 0.2
β 0
Spectrum of A A7V A7V
Spectrum of B white dwarf white dwarf
MV of A 1.9m

MV of B >6m

distance is larger than 0.′′2 for a few years) as well as with
Hipparcos and other astrometric results.

The photocentric semi-major axis and the component
masses have not been determined from observations.

There are a dozen old spectroscopic observations used for
the orbit determination by Abt (1965). The elements for that
and our orbit are shown in Table 10. Our orbit is shown in
Fig. 9. Abt’s apm was calculated by us with the assumption of
i ≈ 90◦ and the component A being the photocentre. The orbit
by Abt is far from being precise: for example, the used data
allow errors of several years in P and T . Our data (specially
those of Hipparcos) suggest a longer period of about 25.5 years.
Thus, one should not compare our and Abt’s orbits directly.
However, they do not contradict each other.

Our set of parameters of the pair is presented in Table 10.
The unseen component could be a white dwarf. The precision
of the aBA and mass of B shown in Table 10 includes the uncer-
tainties of the photocentric orbit and of the accepted mass of the
component A, but without the uncertainty of the accepted par-
allax. Taking into account also the uncertainty 0.′′004 of the
parallax, this effect would dominate the resulting uncertainty.

Our results for this pair are less accurate than for others.
Nevertheless, we provide the orbital inclination which could
not be obtained by other means. It can help to search for the
unseen component.

3. Conclusions

The proposed astrometric material and method seem to be ac-
ceptable to calculate photocentric orbits with periods from 10
to 55 years and semi-major axis of apparent ellipses greater
than 0.′′08 as well as to predict masses and relative positions of
unseen components. New photocentric orbits and component
masses are calculated for 4 pairs: α UMa, β LMi, δ And and
ξ Aqr.



656 G. A. Gontcharov and O. V. Kiyaeva: Photocentric orbits from astrometry

Fig. 7. The photocentric orbits of Dubhe by H–T (dashed curves), Soderhjelm (1999) (thin curves) and our (thick curves) (apm = 0.′′21 for all)
together with our ground-based (filled diamonds) and Hipparcos (3 open diamonds) results as well as the results of relative observations with
the assumption B − β = 0.34 (asterisks).

Fig. 8. A photocentric orbit of β LMi with apm = 0.′′13 together with our ground-based (filled diamonds) and Hipparcos (3 open diamonds)
results as well as the results of speckle-interferometric observations with the assumption B − β = 0.36 (light asterisks).
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Fig. 9. Our photocentric orbit of ξ Aqr together with ground-based (filled diamonds) and Hipparcos (3 open diamonds) results.
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