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Abstract. We present a review of the current knowledge of Kapteyn’s Star (KS) — a nearby, low-metallicity M-dwarf, with
an eccentric and retrograde Galactic orbit. A brief survey of its spectroscopic properties is provided, together with an analysis
of its Galactic orbit in a Galaxy model that incorporates resonances. We propose that KS may have once belonged to a dwarf
spheroidal galaxy that merged with the Galaxy, and whose present remnant, if it still exists, is a globular cluster similar to w Cen.

Key words. stars: late-type — stars: general

1. Introduction

Kapteyn’s Star (hereafter, KS) is among the most interesting of
the Sun’s nearest neighbours. Superficially, it appears to be a
fairly unexceptional M1 V star, and it was classified as such,
on the basis of its TiO band strengths, by Adams & Joy (1924),
who compared it to Groombridge 34 (LHS 3, GJ 15A). Kuiper
(1940) included KS in his list of the first three M-subdwarfs to
be definitely identified (the others were Ross 578 = LHS 20,
and Wolf 1106 = LHS 64), and commented that all three stars
appeared to be subluminous by at least 2 mag.

Its proper motion is very large, second only to that of
Barnard’s Star. Combined with the star’s large radial veloc-
ity and (precise) parallax, it yields a space motion that is
truly remarkable; KS exhibits one of the relatively few well-
established retrograde Galactic orbits, at least among the
stars that populate the immediate solar neighbourhood. A re-
cent comprehensive study of the spectrum of KS by Woolf
& Wallerstein (2004) yielded a weighted mean metallicity
[M/H] = -0.98 + 0.10, subsequently revised to —0.86. That,
when viewed in the context of a Galactic orbit that is near the
chaotic threshold, makes it possible to address the question of
the star’s origin and history. This paper is organized as follows:
Sect. 2 is a review of some of the literature pertaining to KS,
concluding with our adopted physical parameters. In Sect. 3,
the optical and near-IR spectra are discussed, and compared
with theoretical models. The Galaxy model used to compute
the orbit of KS is described in Sect. 4, and in Sect. 5, possible
Galactic orbits are investigated. Section 6 presents a discussion
and conclusions.
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2. Kapteyn'’s star

Kapteyn’s Star (GJ 191, LHS 29) is a nearby M-dwarf whose
high proper motion (until 1916, the largest known) was dis-
covered by J. C. Kapteyn (1897) as a byproduct of his work
on the Cape Photographic Durchmusterung. Since then, it has
attracted considerable attention, partly because its high space
velocity (first reported by Curtis 1909) relative to the Sun has
been taken as an indication of halo membership; it is proba-
bly the nearest known halo object. Wing et al. (1976) carried
out a study of its spectrum, commenting on the strength of the
CaH and MgH bands, and the weakness of the TiO bands; they
estimated its effective temperature to be 3800 K. While they
were unable to arrive at a definite value for the star’s metal-
licity, they suggested that Kapteyn’s Star might be metal-poor,
and that the spectral type might not be a reliable temperature in-
dicator. Mould (1976) carried out the first spectroscopic abun-
dance analysis of KS. He estimated [Fe/H] = —0.50 + 0.30,
and [Ti/H] = -0.20 + 0.30 from the neutral metal lines;
[M/H] = -0.50 + 0.30 from the TiO bands; and [Ca/H] =
—1.20 = 0.50 from the Ca II infrared triplet. Then, assuming
scaled solar abundance patterns, he arrived at a weighted mean
[M/H] = —0.55 £ 0.15 (p. e.), with feg = 5040 K/Tegr = 1.43.
Proust & Foy (1988) analyzed two supposed members of the
Kapteyn’s Star moving group, HD 44007 and HD 103036, and
derived [Fe/H] = —0.65 and [Fe/H] = —1.20, respectively.
The difference between these values, considered in the light of
Eggen’s (1977) own estimate of the group’s metal abundance,
namely, [Fe/H] = —1.80, led them to doubt the reality of the
group. Eggen (1978) drew attention to a similarity, evident in
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the My, R — I and M;, R — I planes, between members of the
KS moving group and members of the globular cluster w Cen —
this will be of interest in the context of the discussion in Sect. 6.
Gizis (1997) classified KS as sdM 1.0, and estimated [M/H] =
—1.50, together with T = 3700 K. Krawchuk et al. (2000) at-
tempted to arrive at a temperature and metallicity by matching
the observed colours of KS with those computed from synthetic
spectra based on the NextGen models (Hauschildt et al. 1999).
They found Tt near 3500 K, and [M/H] close to —1.80, de-
pending on the choice of the colour—colour diagram. This was
consistent with Eggen’s (1997) revision of the mean metallic-
ity of the KS moving group to P[Fe/H] = —1.65 + 0.12 (s.e.).
Jones et al. (2002) observed the spectrum of KS and three
other dM stars between 2.5 and 3 um, using the ISO short-
wavelength spectrometer. The observed spectral energy dis-
tributions (SEDs) were then compared with synthetic spectra
based on data from the Partridge & Schwenke (1997) line lists
for water vapour. In the case of KS, they found the best match
between observed and synthetic spectra for 7. = 3700+ 100 K
and [Fe/H] = —-1.00 £ 0.30. They speculated that the rel-
atively high temperature deduced for KS (and for the other
dM stars in their sample) might be the result of problems in the
Partridge and Schwenke line lists — problems resulting in over-
estimates of water vapour band strengths at any given temper-
ature. More recently, the spectrum of KS has been analyzed by
Woolf & Wallerstein (2004), who arrived at a weighted mean
[M/H] = -0.98 + 0.10, for Tex = 3570 K, the latter derived
from a recent angular diameter measurement by Ségransan
et al. (2003). In a later paper, Woolf & Wallerstein (2005) re-
vised the metallicity upward slightly to [M/H] = —0.86, with
[Fe/H] = —0.99+0.04 and [Ti/Fe] = +0.18. Using photometry
from Leggett (1996), Dawson & De Robertis (2004) estimated
the bolometric flux to be 2.52 x 1011 W m™2; that, combined
with an angular diameter of 0.696 mas obtained by applica-
tion of the infrared flux method, led to Teg = 3535 K. (An
advantage of this approach is that it obviates the need for limb-
darkening corrections, some of which appear to be dubious, at
least in giant stars, as demonstrated by the analysis by Fields
et al. (2003) of the EROS BLG-2000-5 microlensing event.)
The corresponding stellar radius is 0.293 R, based on the large
Hipparcos parallax of 255.26+0.86 mas (Perryman et al. 1997).
The mass is found from the Delfosse et al. (2000) relation be-
tween mass and K-band luminosity to be 0.274 M., so that
log g = 4.94. Woolf and Wallerstein adopted very similar val-
ues of T.s and log g; namely, 3570 K and 4.96. Because it is
based on reliable stellar parameters and the use of up-to-date
materials and methods, the metal abundance found by Woolf &
Wallerstein (2005) is adopted here.

3. The spectrum of Kapteyn’s Star

An optical spectrum of KS, covering the range 0.3425 ym <
A < 0.7430 pum, was taken at the Siding Spring obser-
vatory on October 30, 2002 by M.S. Bessell, using the
2.3 m Advanced Technology Telescope and the Dual-Beam
Spectrograph (DBS). The DBS is described by Rodgers et al.
(1988). Briefly, the visible band, from 3200-9000 A is divided
by a dichroic beamsplitter which switches from transmission to
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Fig.1. A portion of the red spectrum of Kapteyn’s Star(solid line).
Certain conspicuous features have been labelled. The “free” boundary
of the shaded region is defined by the synthetic spectrum described in
the text; the shaded region shows the difference between the two. The
spectra are scaled so that the total fluxes in each are the same over this
wavelength interval.

reflection near a wavelength of 6000 A the beams feed simi-
lar spectrographs equipped with blue- and red-optimized detec-
tors. The IR spectrum was taken on October 14, 2003 with the
same telescope and the Cryogenic Array Spectrometer/Imager
(CASPIR). The wavelength coverage in this case was be-
tween 1 and 2.5 um. The IJ, JH, and HK cross-dispersed
grisms were used, giving a spectral resolution of 1100. The
blue and red optical spectra were bias-subtracted and flat-field
corrected and then divided by the spectrum of a hot star to re-
move to first order the response curve of the system. The data
were then scaled so that the B, V, and R apparent magnitudes
computed from the spectrum were consistent with the observed
magnitudes given by Leggett (1992), within a few hundredths
of a magnitude. After the basic reductions, telluric features
were removed from the IR spectra by division by the spec-
trum of HR 721 (B51V); the hydrogen lines were first removed
from the spectrum of the hot star after fitting their line shapes
with Voigt profiles. The orders were then pieced together to
produce a single spectrum which was flux-calibrated by multi-
plying by the continuum of a B5 IV star. The result was then
scaled so that the computed J magnitude agrees with that given
by Leggett (1992).

In Fig. 1, part of the KS SED is shown. A number of
atomic and molecular features are labelled. Most of the iden-
tifications are taken from Table 4 of Leggett et al. (1996) and
the exact wavelengths can be found there. A few others are
based on data from the U. S. National Institute of Standards
and Technology (NIST) atomic spectra database'. Knowing
the effective temperature, metal abundance and surface grav-
ity of KS, we can compare its spectral energy distribution with
a synthetic spectrum based on the new GAIA model atmo-
sphere grid, which supersedes the NextGen grid. For simplic-
ity, we adopted log g = 5.00 (the results are not sensitive to
changes of one or two tenths of a dex), [M/H] = —-0.90, and
Te = 3550 K, with @ = +0.20 (based on the [Ti/Fe value cited
above) and interpolated in the GAIA grid to arrive at a repre-
sentative model spectrum. The result was then redshifted to ac-
count for the radial velocity of the star and smoothed using an

! The URL is http://physics.nist.gov/PhysRefData/
contents.html
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Fig. 2. The near-IR SED of Kapteyn’s Star (solid line) compared with
the synthetic spectrum described in the text. As in Fig. 1, the actual
GAIA synthetic spectrum is not directly plotted. The dashed line rep-
resents a NextGen synthetic spectrum corresponding to T = 3550 K,
and [M/H] = —0.90; the superiority of the new models is apparent.
The SEDs have been adjusted so that they have the same flux density
at K.

adjacent averaging scheme to approximate the resolution of the
actual spectra. To avoid clutter in Fig. 1, the synthetic spectrum
is not plotted directly, but it defines the “free” boundary of the
shaded area, which shows the difference between it and the ob-
served SED (solid line). The scaling is such that the total fluxes
(over this wavelength interval) are equal. It is clear that the new
GAIA models represent a very significant improvement over
their NextGen predecessors, not only in the optical part of the
spectrum, but also in the infrared. There, the NextGen models
predicted significantly less flux in the J- and H-bands than is
actually observed; this was a consequence of missing opacity
in the optical part of the spectrum, which allowed radiation to
escape there, rather than at longer wavelengths.

The improvement due to the new models is illustrated
in Fig. 2, which shows the stellar SED (solid line) from 1
to 2.4 um. Two regions of extreme telluric absorption, extend-
ing from about 1.34 to 1.42 um, and from 1.79 to 1.98 um,
have been excised. The stellar and model spectra were scaled
so that the respective flux densities at K (2.179 um) are equal
— see Berriman et al. (1992) for the rationale underlying this
assumption. As in Fig. 1, the GAIA model spectrum is not dis-
played directly. We have, however, plotted as a dashed line a
NextGen-based synthetic spectrum corresponding to [M/H] =
—0.9 and T = 3550 K; it has been scaled in the same way
as the GAIA spectrum. The superiority of the latter over vir-
tually the entire wavelength range depicted is clear, and the
good agreement between theory and observation strengthens
our confidence that the fundamental parameters of the star are
correct.

Structure models of KS, on the other hand, do not agree
very well with the observations. For example, interpolation in
the grid published by Barafte et al. (1997) yields (at age 10 Gyr)
for a mass of 0.274 M, with [M/H] = —1.00 an effective tem-
perature of 3811 K, with My, = +9.30 and a radius of 0.270 R,
— too hot, too luminous (KS has My, = +9.52) and too small.
The persistent problem of theoretical underestimates of the
radii of low-mass stars has been discussed by a number of au-
thors, including Torres & Ribas (2002), who remarked that the
quality of recent observational data makes the shortcomings of
the models more evident.
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Table 1. General Galaxy model parameters.

Mdh Mn Mb Mnh
Mass 6550 400 300 30000
Radial scale, kpc 2.8779/6.0° 03 3.5 33.5

¢ Scale size of the disk.
b Scale size of inner halo.

Table 2. Galaxy model disk parameters.

Component Thin disk Normal disk Thick disk

Relative weight* 0.155 0.600 0.245

z-scale height” 0.125 0.325 1.000
¢ Relative weights sum to unity.

b At Ry, kpc.

4. The Galaxy model parameters

The Galaxy potential presented here is of the same family used
in Carlberg & Innanen (1987) and in Caranicolas & Innanen
(1991). In those papers, it was shown that several nearby stars
with retrograde Galactic orbits are very close to the chaotic
threshold. One of these is KS. The primary cause of the chaos
is the supposed concentration of mass (=10'© M) near the
Galactic centre. Thus a galaxy model was constructed by one
of us (KI) based on recent estimates of the relevant parameters,
and which incorporates certain resonances (described below)
that should test the nature of the chaotic threshold. With such
resonances in the model, it is then possible to introduce peri-
odic perturbations so as to induce the possibility of chaos, in
the usual way. Unless otherwise noted, lengths are expressed
in kpc, velocities in km s~!, masses in units of 2.316 x 107 M,
and densities in My, pc™>. The basic adopted parameters of the
model are: Ry = 8.0, Vo = 220, and p, = 0.118. The last num-
ber is taken from the analysis by Holmberg & Flynn (2000).
The first two values retain their well-known uncertainties, and
can readily be varied to maintain the resonances described be-
low. If, in addition, Q, ko, Q, are the respective angular fre-
quencies of the local standard of rest, the classical Galactic
local epicycle and the vertical oscillation, then our adopted
model is designed to produce the resonances kp:Qy = 3:2,
and Q;:xp = 2:1. In order to produce these resonances in the
model, the rotation curve at R, must rise slowly at the rate
of 3.5 kms~! kpc™!. The resulting Oort rotation constants at R,
are (A, B) = (12.0, —15.5) kms~! kpc™'. The possibility of a
locally rising rotation curve has been noted among others by
Caldwell & Ostriker (1981), although in an unrelated context.
With these choices, a non-linear, partly trial-and-error process
is used to construct the model galaxy. The results are sum-
marised in Tables 1 and 2. The subscripts “dh, n, b, oh” refer to
the composite disk-halo, nucleus, bulge, outer and inner halo.
The inner halo is part of the composite disk halo. All of these,
except the disk, are taken to be spherical. The model rotation
curve is shown in Fig. 3. Co-rotation occurs near R = 3.23 kpc.

Next, we introduce a purely empirical bar/axisymmetric
distortion (BAD), rotating in the inner Galaxy at a fixed
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Fig. 3. The rotation curve of the model galaxy.

angular rate Q, of 1/2 of the angular speed of the local stan-
dard of rest Qg, i.e. Q) = Qy/2. Some sort of BAD is now
generally believed to exist in the inner Galaxy and this choice
will ensure that some pumping of resonances can take place.
The amplitude of this empirical BAD can be taken to be less
than a few percent of the usual axisymmetric velocity com-
ponents. Although this is clearly not self-consistent, it should
provide a first approximation to any chaotic activity during 1,
2 or 3 Galactic years near the Sun. This choice of the pe-
riod of the BAD, together with the other resonances, makes
the index m = +3/2 (following the nomenclature of Binney
& Tremaine 1987). It also has the interesting effect of mov-
ing the inner Lindblad Resonance (ILR) to the position Rg.
The value m = 3/2 indicates that the BAD is not the “stan-
dard” value m = 2 expected for a simple bar. This BAD will
also affect all of the local stars (i.e. the local standard of rest,
LSR) in the same way. A small, periodic oscillation of the LSR,
mainly radial, results. This situation is not new in the study
of the dynamics of the Galaxy. An outward movement of the
LSR of about 7 km s~ was proposed by Kerr (1963) to explain
the observed asymmetry in the 21 cm rotation curves derived
from the northern and southern neutral hydrogen surveys. That
asymmetry still exists. Kerr proposed radial outward motion to
reconcile the asymmetry. This sort of oscillation is not part of
classical Galactic dynamics, and its implications, as well as the
implications of the ILR location at R, are beyond the scope of
this paper. The above choices of the resonant BAD make our
galaxy model non-standard, but not truly radical. The analysis
will provide results with the BAD turned both on and off, for
comparison. The extent of chaos will be measured in the usual
way, using the orbit’s surface-of-section.

5. The Galactic orbit of Kapteyn’s star

The starting conditions for all of the computed orbits as-
sume the standard velocity components of the solar motion
to be 10.0 toward the Galactic centre, 7.2 in the direction of
Galactic rotation and 5.2 toward the north Galactic pole, all in
kms~!. With the Hipparcos astrometry (Perryman et al. 1997)
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Fig.4. The KS orbit in the meridional coordinate system with no
perturbation.

and the radial velocity of 245.2 + 0.4 kms~' (Nidever et al.
2002), the components (U, V, W) of the space velocity of KS
are (21.1 £ 0.3, —287.8 £ 0.3, —=52.6 + 0.3) kms™! along the
same axes.

Figure 4 illustrates the motion of KS in the rotating (merid-
ional) coordinate system of our Galaxy model, with no per-
turbation. This orbit is mainly one with a quasi-third integral
producing the usual near box-like configuration. Figure 5 is the
Poincaré surface of the section corresponding to Fig. 4. The
onset of chaos is evident. Figure 6 illustrates the same motion
in the same model, but with an empirical, periodic perturba-
tion applied to its motion, through the action of the BAD de-
scribed above, with an amplitude of 1% of the non-perturbed
z-velocity. The chaotic behaviour is now readily apparent.
Figure 7 is the Poincaré surface of the section corresponding
to the orbit of Fig. 6. In Fig. 8, the effect of a 0.5% perturba-
tion to the radial velocity dR/dt of KS is shown. The results
illustrate that radial motions in the Galaxy are, in fact, some-
what more sensitive to perturbations than are vertical motions.
Figure 9 shows the corresponding surface of the section. The
chaotic behavior is evident.

5.1. The origin of Kapteyn'’s star

Since the kinematics and the dynamics of KS stand out among
those of its neighbours, it is natural to look for the under-
lying causes; some work along these lines has already been
done, e.g., Carlberg & Innanen (1987); Caranicolas & Innanen
(1991). The orbit of KS is unique among the Sun’s nearest
neighbours; clearly, the star formed elsewhere in the Galaxy,
and happens now to be in transit through the solar neighbour-
hood. There have been many studies of the dynamics, orbits
and metallicties of globular clusters (e.g., Tsuchiya et al. 2003;
Dinescu et al. 1999; Odenkirchen et al. 1997). We searched
for the origin of KS by seeking a globular cluster whose metal
abundance and kinematics correspond to those of the star. To
do this, the most recently updated version of the catalogue
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Fig. 6. Same orbit as Fig. 4, but with a 1% perturbation applied to the
non-perturbed z-velocity.

of globular clusters by Harris (1996) was used?. For a first
pass, we set metallicity limits of —1.50 < [M/H] < -0.50,
narrowing the sample to 72 clusters out of 150, From among
these, we identified 38 within 8.5 kpc of the Galactic centre,
selecting, where possible, those that move on retrograde orbits.
However, it soon became clear that the most plausible source
of KS is w Cen (NGC 5139), even though it failed initially
to qualify in terms of metallicity. This giant cluster is anoma-
lous in many ways, especially in its chemical inhomegeneity;
Norris et al. (1996) showed that its metallicity distribution is at
least bimodal, with one peak at [Fe/H] ~ —1.60, and a smaller
peak at [Fe/H] ~ —1.20. Moreover, there is a long tail that
extends to [Fe/H] ~ —0.5, a range that comfortably includes
the metallicity of KS. Tsuchiya et al. (2003) explored an ac-
cretion model for the origin of w Cen, simulating the evolution
of a dwarf galaxy captured by the Milky Way. They showed
that a dwarf satellite whose initial mass was 8 x 10° Mg, with

2 The URL is
http://www.physics.mcmaster.ca/Globular.html
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Fig. 8. Same orbit as Fig. 4, but with a 0.50% perturbation applied to
the non-perturbed R-velocity.

a Hernquist density profile of 1, = 1.414 kpc, and a nuclear
mass of 107 My can be dragged into an orbit very like that
of w Cen; what remains is a central nucleus whose mass is of
the same order of magnitude as that of the cluster. In this sce-
nario, KS would be among the stars stripped from the dwarf
satellite during its approach to its final orbit. Although it would
be very difficult to prove conclusively that w Cen is the birth-
place of KS, we suggest that it is a reasonable possibility, and
that it is not surprising that we should see one of its primordial
members near the Sun at this epoch. There is one other, rather
primitive, statistical point that can be made: if KS-like stars
are uniformly distributed throughout the inner, spherical 10 kpc
volume of the Galaxy, with a space density ~1 in each volume
of radius 10 pc, then there should be about a million such stars
in the larger volume of space. That constitutes the mass of one
large globular cluster, but it will not contribute significantly to
the total mass of the Galaxy.
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6. Discussion and conclusions

The basic properties of KS, i.e., its mass, its radius, and
its metallicity seem now to be well established. Woolf &
Wallerstein (2004) showed that it is possible to locate regions
of the SED that are largely or entirely free from molecular ab-
sorption, and used the equivalent widths of atomic lines therein
to arrive at a weighted mean [M/H] = -0.86 (they do not
give an uncertainty, but something close to 0.10 dex seems
likely). We have compared our low-resolution spectra, both op-
tical and infrared, with synthetic spectra based on the param-
eters cited in the text. The new GAIA models represent the
observations rather well, and are a very significant improve-
ment over the NextGen models, now obsolete, which preceded
them. Even the most sophisticated structure models, however,
underestimate the stellar radius, and overestimate its effective
temperature.

Using its accurately-known space velocity, we have ana-
lyzed the Galactic orbit of KS. We speculate that the star may
have formed in a dwarf satellite of the Milky Way, which was
then dragged into a low-energy orbit, losing most of its mass in
the process. We suggest that the remnant may be the globular
cluster w Cen, whose retrograde orbit is similar to that of KS,
and which includes among its established members stars with
the metallicity of KS.
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