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ABSTRACT

Context. A new reduction of the astrometric data as produced by the Hipparcos mission has been published, claiming that the accu-
racies for nearly all stars brighter than magnitude Hp = 8 are improved, by up to a factor 4, compared to the original catalogue. As
correlations between the underlying abscissa residuals have also been reduced by more than an order of magnitude to an insignificant
level, our ability to determine reliable parallaxes and proper motions for open clusters should be improved.

Aims. The new Hipparcos astrometric catalogue is used to derive mean parallax and proper motion estimates for 20 open clusters.
The HR-diagrams of the nearest clusters are compared and combined to provide future input to sets of observational isochrones.
Methods. Three different methods are applied, according to the proximity of the cluster, to compensate, where needed, for projection
effects, spread in position along the line of sight, and the internal velocity dispersion of the cluster stars.

Results. The new parallaxes have accuracies between 2 and 2.5 times higher than what had been derived from the original Hipparcos
catalogue. At least two to three groups of clusters, mostly of similar ages, are observed to each occupy their own specific space in
the HR diagram. A significant discrepancy in distance moduli from those obtained with isochrone-based main-sequence fitting re-
mains, in particular for one of these groups, containing the Pleiades, NGC 2516, and Blanco 1. The difference in absolute magnitudes
between this group and one containing the Hyades and Praesepe clusters appears to be correlated with systematic differences in the
Stromgren Acy index between those groups. The same dependency has been known to exist for a long time, and is again confirmed
by the Hipparcos data, in variations in absolute magnitudes for field stars of the same effective temperature.

Conclusions. The positions of the cluster HR diagrams are consistent within different groups of clusters shown for example by the
near-perfect alignment of the sequences for the Hyades and Praesepe, for Coma Ber and UMa, and for the Pleiades, NGC 2516, and
Blanco 1. The groups are mutually consistent when systematic differences in Ac, are taken into account, where the effect of these

differences on the absolute magnitudes has been calibrated using field-star observations.

Key words. methods: data analysis — astrometry — Hertzsprung-Russell (HR) and C-M diagrams —

open clusters and associations: general — stars: distances

1. Introduction

The data accumulated by the Hipparcos mission allowed for
the determination of large numbers of accurate absolute-parallax
measurements for nearby stars (ESA 1997; Perryman et al. 1997,
van Leeuwen 2007b). The new reduction (van Leeuwen 2007a)
(VL7B from hereon), for example, provides some 27 000 stars
with parallaxes known to better than 10 per cent, and over 10 000
known to better than 5 per cent. One of the many things learnt
from this mission is the relatively large intrinsic spread in lumi-
nosities, even among stars which appear very similar in spec-
tral type and photometric colour indices. An examination of
G8V and KOV stars, for example, showed an intrinsic dispersion
of 0.4 in absolute magnitudes for stars of the same colour in-
dex B — V (VL7B). A smaller, but still very significant, level of
spread in absolute magnitudes is also observed for stars which
were selected by Nicolet (1981) to be very similar in colour
indices within the Geneva photometric system, the so-called
photometric boxes (VL7B). Such a spread contrasts markedly
with the very narrow main sequences observed for the best-
studied and nearest open clusters, the Hyades (Perryman et al.
1998; Madsen et al. 2002), Pleiades (Mitchell & Johnson 1957,
van Leeuwen et al. 1986) and Praesepe (Crawford & Barnes
1969a). The ability to superimpose the HR diagrams of such

clusters on the HR diagram of the nearby stars, using parallax-
based distance moduli rather than isochrone fitting, could pro-
vide quantitative information on some of the dependencies that
cause the observed spread among the absolute magnitudes of
apparently very similar field stars. Predictions on those depen-
dencies are available from theoretical isochrones as based on a
combination of models of stellar structure, stellar evolution and
stellar atmospheres. However, observational evidence is required
to test and eventually validate such models. The possibility of
doing so has been hampered by the difficulty to determine with
sufficient accuracy the parallaxes of star clusters. Even with the
release of the Hipparcos data in 1997, some questions were left,
most noticeably because of correlations between the errors on
the underlying data from which the astrometric parameters for
the clusters had been obtained. Doubts have in particular been
raised on the effect that small areas of the sky with concentra-
tions of bright stars may have locally on the measured parallaxes.

The new Hipparcos reduction has improved this situation in
two ways: the error-correlation level on the underlying data has
been reduced to an insignificant level, and the formal accura-
cies for most stars, and in particular the brighter stars, have been
significantly improved. Both of these improvements have been
made possible through a detailed study of the satellite dynamics
and incorporating the findings of that study in the reconstruction
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of the along-scan attitude, which provides the reference frame
for all the Hipparcos astrometric measurements. A potential
weakening of the overall rigidity of the reconstructed catalogue.
which may be caused by small areas with many bright stars,
has also been dealt with. This so-called “connectivity” issue
has been explained further in VL7B and van Leeuwen (2007b)
(VL7V from hereupon). Given these improvements in both for-
mal errors and overall reliability of the data, a renewed analysis
of cluster parallaxes seemed very needed, not least as an appar-
ent discrepancy for the Pleiades parallax as determined from the
Hipparcos data has been used on several occasions to allegedly
demonstrate errors in that catalogue (Pinsonneault et al. 1998;
Soderblom et al. 1998; Pan et al. 2004; Zwahlen et al. 2004,
Southworth et al. 2005; Soderblom et al. 2005). The reasons
used in those papers to explain the Hipparcos results should be
unreliable for the Pleiades cluster, such as error correlations and
poor connectivity, have been eliminated by the new reduction
(VL7B, VL7V).

For the open clusters studied here we make a few basic as-
sumptions. The first is that all cluster-member stars share the
same space motion, have the same age and originate from the
same chemical composition “cloud”. The stars are bound to the
cluster, which means they will have a small internal dispersion
in their velocities, decreasing towards the halo of the cluster.
However, in particular the older clusters also tend to be sur-
rounded by a wider halo of escaped former cluster members,
which can complicate membership determinations. Furthermore,
some of the youngest clusters can not easily be distinguished
from fairly accidental concentrations in OB associations, and
may not always be bound. However, in all cases the assumption
of a shared overall velocity and distance has been applied.

The determination of astrometric parameters for clusters
poses different problems as well as possibilities depending on
the distance of the cluster. For the nearest cluster, the Hyades,
the group is effectively three-dimensionally resolved, while its
proximity causes it to cover a relatively large area (about 35 de-
grees diameter) on the sky. This creates the possibility of using
the proper motions of individual cluster members to resolve the
cluster along the line of sight. Intermediate-distance clusters can
not be resolved this way, but astrometric studies still need to
take into account projection effects on the proper motions, and a
dispersion along the line of sight in the parallaxes of the individ-
ual cluster members. In defining the membership and determin-
ing the mean proper motion, the internal velocity dispersion also
has to be taken into account, though this will often not be avail-
able as an independent measurement. Beyond about 250 pc, the
dispersion of the parallaxes resulting from the finite size of the
cluster becomes small with respect to formal errors on the mea-
sured parallaxes of the individual stars, and the same applies to
the proper motion accuracies and the contribution from the inter-
nal velocity dispersion. The stars in these clusters can be treated
as all having effectively the same parallax and proper motion,
which can then be derived directly from a combined solution
of the underlying data. This is the combined-abscissae method
that was first presented by van Leeuwen & Evans (1998), and
applied for all clusters by van Leeuwen (1999a) and Robichon
et al. (1999). In those studies, however, the emphasis was on
compensating for the error correlations in the underlying data,
as well as in the proper combination of the two data streams that
were used to create the old catalogue. These complications no
longer apply when using of the new catalogue to derive astro-
metric parameters for open clusters.

This paper has been organized as follows. Section 2 presents
a summary of the data, with particular emphasis on its use in
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deriving star-cluster astrometric parameters. Section 3 reviews
briefly attempts made by Makarov (2002, 2003) of applying cor-
rections to the original Hipparcos astrometric data in the context
of cluster-parallax determinations. Section 4 presents the differ-
ent techniques applied to clusters at different distances. Section 5
presents an overview of other, isochrone independent distance
modulus determinations for open clusters, and in particular in-
troduces Hipparcos data to determine accuracies of these meth-
ods. This is followed by Sect. 6, where the results for individual
clusters within 250 pc are presented, and Sect. 7 for clusters be-
tween 250 and 500 pc. In Sect. 8 the new set of distance mod-
uli as derived from the parallaxes is compared with a range of
earlier determinations, and the HR-diagram positions of cluster
main sequences as obtained through ground-based photometry
are compared. Section 9 briefly summarizes the space velocities
of the clusters as derived from the new parallax and proper mo-
tion data. Finally, Sect. 10 presents conclusions from the current
study.

2. The Hipparcos data

This section provides a summary of those aspects of the
Hipparcos data that are of direct relevance to determining astro-
metric parameters for open clusters. For a more detailed descrip-
tion of the reductions that led to the new catalogue the reader is
referred to VL7B, while VL7V provides a report on the valida-
tion tests applied to the data in the new catalogue.

The Hipparcos data originate from two fields of view, sep-
arated by a basic angle of 58 degrees, approximately scanning
the sky along great circles. The transiting images seen through
the two fields of view were projected on the same focal plane.
The Hipparcos astrometric data have been derived from transit
times over a modulating grid in this focal plane. Through the
reconstruction of the along-scan attitude, these transit times are
translated to scan phases. In the original reductions these scan
phases are projected and measured on a reference great circle,
with one such circle defined for each orbit (10.6 h period) of the
satellite. The abscissae provided thus refer to a mean over all ob-
servations of a star over that period of time. These observations
will therefore generally contain the combined information from
between one and 8 transits of the field of view. In the new re-
duction the abscissae provided refer to individual field of view
transits and are measured relative to the instantaneous scan di-
rection. This allows for an improved recognition of faulty mea-
surements, which usually are specific to just one field-of-view
transit, and the ability to correct for small-scale grid distortions
as a function of the across-scan coordinate.

With respect to the data presented in the first catalogue (ESA
1997), a number of very significant changes and overall im-
provements have been made. All improvements stem form the
way the along-scan attitude is modelled, and how dynamic pe-
culiarities of the satellite motion have been taken into account.
There were two peculiarities in the satellite motion that were
known but the extent and effect of which had been underesti-
mated in the original reductions: (1) hits by very small particles,
causing rotation-rate discontinuities, and (2) discrete satellite-
non-rigidity events due to temperature changes affecting at least
one of the solar panel mountings, causing so-called “scan-phase
discontinuities”. In the original reductions by the two consor-
tia, FAST (Kovalevsky et al. 1992) and NDAC (Lindegren et al.
1992), these events were left mostly unrecognized and effec-
tively smoothed over. This caused locally strongly correlated
errors in the reference frame as created by the along-scan atti-
tude reconstruction, as well as a non-Gaussian noise added to
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Fig. 1. Top: Abscissa-error correlation level (p) for all field-transit ab-
scissa residuals (FTARs) with formal errors below 6 mas, as a function
of separation along the scan direction. Botfom: coincidence fraction ¢ of
field-transit measurements as a function of separation on the sky. The
coincidence data are based on a random selection covering 10 per cent
of all single stars in the new catalogue (from VL7V).

the abscissa measurements. The consequences of this “smooth-
ing over” were made worse still by the use of the great-circle re-
duction method (van der Marel 1988; van der Marel & Petersen
1992), which referred all measurements over a 10.6 h period to
projections on a single reference great circle. This was initially
needed in order to deal with the relatively large errors (compared
to the Hipparcos target accuracies) on the a priori astrometry
provided by the Hipparcos Input Catalogue (Turon et al. 1992;
ESA 1992). The great-circle reduction process caused multiple
replication of local attitude errors. The effects of a local scan-
phase discontinuity could therefore be felt at many different po-
sitions on the reference great circle, all separated by an integer
number times the basic angle between the two fields of view.
A further and more detailed analysis of these effects can be
found in van Leeuwen & Evans (1998), van Leeuwen (2005a)
and VL7B.

In the new reductions the peculiarities in the dynamics of
the satellite have been incorporated fully in the attitude model
(van Leeuwen & Fantino 2003). The great-circle reduction pro-
cess has been replaced by a global iterative solution, similar to
what is planned for the Gaia mission (O’Mullane et al. 2007).
The iterations are between the reconstruction of the along-scan
attitude and the construction of the star catalogue, both using the
abscissa residuals as input data. A calibrated set of instrument
parameters provides the link between the two systems. The re-
sult is a reduction in the overall noise level for the reconstructed
along-scan attitude by about a factor five, and a reduction of the
abscissa-error correlations by at least an order of magnitude. In
the new reduction, the error-correlation level for field-transit ab-
scissae has been examined by VL7V (Fig. 1). Even for relatively
bright stars, correlation levels stay in all but the most extreme
cases well below 0.1. To see how these error correlations may
accumulate to correlated errors in the astrometric parameters of
neighbouring stars, the coincidence factor has been introduced
(van Leeuwen 1999b). Considering the scan of a single field of
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Fig. 2. Correlations (p) in the differences between the parallax determi-
nations in the old and new solutions as a function of stellar separation
on the sky (¢, in degrees). The figures show how initially the catalogue
still tries to fit to the original 1997 catalogue, and correlations are small.
After several iterations the memory of the original catalogue is lost and
the correlations in the original catalogue become fully visible. By iter-
ation 12, this process has stabilized, and memory of the “errors” in the
original catalogue has been effectively lost. The upper curve in each fig-
ure is the situation for the final iteration. A comparison with the abscissa
correlations (Fig. 1) shows clearly that the source of these correlations
is entirely in the original reduction (ESA 1997).

view as contained within a single full rotation of the satellite, the
coincidence factor determines how often the measurements of
two stars are contained within the same scan, as a fraction of the
total number of scans for each star. This fraction drops rapidly as
a function of the separation of the stars on the sky, as can be seen
in the lower graph of Fig. 1. Any correlations between astromet-
ric parameters for neighbouring stars would have to be the result
of the combined effects of the abscissa-error correlations and the
coincidence fraction. Given the low level of the correlations and
the small range of the coincidence factors, no significant level of
correlation is expected for the astrometric parameters of neigh-
bouring stars in the new reduction. Similarly, a comparison be-
tween the new and the old reduction exposes the correlations in
the astrometric parameters for the old reduction. Following these
correlations as iterations for the new solution proceeded showed
how gradually the memory of the old solution was lost (Fig. 2).

The reduction of about a factor five in the noise level on the
reconstructed along-scan attitude leads to a significant improve-
ment in the formal errors on the parallax determinations for the
brighter stars. In the published catalogue these accuracies were
set by the reconstructed-attitude noise, while in the new reduc-
tion they are limited by primarily the photon noise on the ab-
scissa data. For some of the brightest stars, this has resulted in
accuracy improvements by up to a factor five. Also the relia-
bility of the formal errors is much improved, as the errors on
the field-of-view transit data can be directly related to the inte-
grated photon count of the underlying measurements. Small cor-
rections to the formal errors were derived and applied according
to the across-scan position of a transit in the field of view, and the
colour index of the star, in particular affecting the very red stars.
Altogether, the new reduction provides a significant improve-
ment in accuracy as well as overall reliability of the Hipparcos
astrometric data, all of which should benefit the determination
of astrometric parameters for open clusters.

3. Corrected Hipparcos data?

At this point it is worth noting the work done by Valeri Makarov
on trying to remove the correlated errors caused by problems in
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the attitude modelling from the abscissa residuals as presented
in the 1997 reduction (Makarov 2002, 2003, 2006). This cor-
rection was based on an idea first presented by van Leeuwen
(1999b), which mainly focussed on the issue of connectivity be-
tween the two fields of view, and how this can be affected by
the presence of locally dense groups of bright stars. The idea
is that if such a group, like the core of the Pleiades cluster, is
dominating the information for the attitude reconstruction, then
if the astrometric data for this group of stars contains system-
atic errors, these errors would also reflect in the abscissa mea-
surements for stars measured simultaneously with the Pleiades
stars, but in the other field of view. By then examining the ab-
scissa residuals of such measurements, one may be able to detect
these systematic errors in, say, the Pleiades field. A simple test
on the abscissa residuals of stars that shared some measurements
this way with the Pleiades showed, however, that the unit weight
standard deviation of the residuals for coinciding measurements
was in fact slightly smaller than for the non-coinciding measure-
ments (van Leeuwen 1999b). In other words, there is no signal
contained in those residuals. The reason that Makarov was still
able to produce a different parallax for the Pleiades cluster based
on such data is that the coinciding stars tend to be much fainter
than the Pleiades stars, and add substantial amounts of photon
noise to the “corrected” data. The actual correction factor and
other criteria as used by Makarov were quite arbitrary (see also
van Leeuwen 2005b), and, combined with the photon noise con-
tributions, could be adjusted to provide an expected result. The
new reduction has taken care of the attitude modelling effects
Makarov was trying to adjust, and it has done so in the only cor-
rect way, i.e. by re-analysing in detail the satellite dynamics and
implementing this in an iterative solution. The results from the
new reduction therefore effectively supersede the earlier results
obtained by Makarov, even when these appear to give a “more
correct” (that is, as expected by some) result.

4. Techniques for determining the astrometric
parameters

In this section we look at techniques used to extract astromet-
ric parameters for open clusters under different conditions of
observing. First a set of exact relations is derived, followed by
a first-order approximation, and finally the combined-abscissae
method, as used for distant clusters, is recalled.

4.1. Exact solution

We define a fiducial reference point which we associate with the
centre of the cluster. Its position vector with respect to the Sun is
defined as R, which can be expressed in, for example, equatorial
coordinates as:

cos @ cosd
R=R-| sinacoso |. (D
sin &
Similarly, the velocity vector R can be expressed as:
' cosacosd —sina —cosasind R
R =| sinacosd cosa —sinasind |- | Rd&cosod |, )
sind 0 cosé§ RS

where the coefficients on the right relate to the observed radial
velocity Vi,q and proper motion (tg«, Ms):

R = Viad
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Récoss = xHe
w

Ré = M. 3)
w

Here «k = 4.74047, and is the transformation factor from

1 mas yr! at 1 kpc to 1 kms™!. As was introduced with the
release of the Hipparcos catalogue, we use . = fly COSO.
What we are interested in is how the proper motions for clus-
ter members will vary as a result of position in the cluster. For
this purpose we include Eq. (3) in Eq. (2) and invert it to give

Viad,i cosa; cosd; sinq;coso; sind;
K Ui/ Ti | = — sin @; cos a; 0]l-R, 4
K Usi] @i —cosq; sind; —sina; sinod; cosd;

I
l

where the index has been added to indicate reference to dif-
ferent positions in the cluster, with i = 0 being the values for the
assumed cluster centre. We now write Egs. (2) and (3) as

R=A;"v, (5)
where v = (Vyiad, Ko+ /@, s/ @), and similarly Eq (4) as
vi=AR= AiAal o, (6)

which fully describes the relation between the observed compo-
nents of the space velocity as a function of position on the sky
and distance of the star.

4.2. Convergent point

The velocity vector of the cluster points to a position referred to
as the convergent point:

R = R| sin a. cos &,

sin ¢

(N

COS ¢ COS O }

The common cluster-velocity components of all cluster member
proper motions point towards this convergent point. The position
of the convergent point depends on the actual velocity vector, of
which one component, the radial velocity, is measured directly,
and the other component, the proper motion, is scaled with the
parallax of the cluster. Therefore, its determination on the sky
allows for a measurement of the cluster distance. This is the tra-
ditional method used for determining the distance of the Hyades
cluster. With the accuracies available in the Hipparcos data, this
is no longer the best method available for the Hyades, but still the
same effects can be put to use in different ways, to learn about
the spatial distribution in the cluster.

Equation (4) can be rotated such that the proper motion is
aligned with the direction of the convergent point, by multiply-
ing it left and right by the matrix

1 0 0
[0 cos Yy sim//}, ®)
0 —siny cosy
where ¢ = arctan(usp/tap). The additional index “p” shows
that the proper motion used here is predicted, based on the as-
sumed space velocity of the cluster and the position of the star
on the sky. This rotation then creates the predicted proper mo-
tion direction towards the convergent point. Applying the same
rotation to the observed proper motion gives the observed proper
motions in the direction of the convergent point and perpendic-
ular to it. The rotation also needs to be applied to the errors and
error-correlation level for the proper motions. The length of the
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observed proper motion vector in the direction of the convergent
point is a measure of the distance of the star, given the assumed
distance of the cluster centre. The predicted value for the perpen-
dicular component is zero. The observed perpendicular proper
motion components can therefore be further investigated for the
internal velocity dispersion of the cluster. A rotation of the ob-
served proper motions to the direction of the convergent point
and a re-scaling as described above, provides so-called reduced
proper motions (van Altena 1966), which are useful for mem-
bership recognition in the Hyades cluster.

4.3. First-order approximation

For clusters more distant than the Hyades, the differences be-
tween the stellar coordinates and those of the cluster centre are
sufficiently small to be approximated in the relevant trigonomet-
ric functions. Thus, we develop the matrix A; in Eq. (6) as
0A 0A
AA; & — Aa; + —
" da i 06
where Aa; = @; — ap and AS; = 6; — dp. Substituting Eq. (9) in
Eq. (6) gives

Ad;, )

0Ay 0Ay 1
A,‘:[— z—A,’ —A(SlA . 10
Vi =0; — Vg (6aa+66 )Ovo (10)
The two matrix products give

0 cosdy 0

%Aalz —c0s g 0 sinéo}, (1D)
O 0 —sindp 0
and

0 0 1
A
QAg': 0 0 0}. (12)
96 -1 0 0

The first-order corrections for the proper motions and radial ve-
locities of cluster members as a function of position on the sky
are thus given by

K U K
AVrad,i =~ A(Ii Ho0 Ccos 60 + Aéi ﬂ,
wo w0
Viado @
Agsi = Aa; (,Ua,o sin6p — —22 0 cos 50),
Viado @
Attsi % —Aa; e sin S — AS; 022 (13)
K
where
wo
A,ua*,i = Haoxi — — Ha0
w;
wo
Ausi = psi — — Hs0- (14)
w;
Using Aw = @; — @y, this can be written as
Aw;
A,ua*,i ~ —— Hax0 + (;ua*,i _,ua*,O)»
wo
Aw;
Ausi = ——— pso + (Usi — Hs0)- (15)
wo

When the proper motion is large and the cluster is relatively
nearby, the first term on the right will create an additional proper
motion dispersion along the direction of the cluster proper mo-
tion. This effect is referred to as the relative secular parallax
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(van Leeuwen 1983). In the extreme case of the Hyades cluster,
the proper motions can provide precise measurements of Aw;.
The precision of these determinations is ultimately limited by
intrinsic noise on the proper motions that results from the inter-
nal motions in the cluster. The range within which the above ap-
proximations can be used is set by the amplitudes of the proper
motion and radial velocity, relative to the formal errors on the
measured proper motions.

When combining the astrometric data of different cluster
members, the formal errors and parameter correlations need to
be taken properly into account. There are additional noise con-
tributions to the proper motions from the internal velocity disper-
sion and to the parallaxes from the finite size of the cluster. The
main catalogue for the new reduction provides for each solution
the upper triangular matrix U with which the astrometric param-
eters are to be multiplied when combining data from different
stars. This multiplication normalizes the errors on the parame-
ters. In fact, the inverse of the matrix U is a square root of the
noise variance matrix N:

T
N;=U" - (U) (16)
To this we have to add the “cosmic” noise contributions from
the parallax and proper motion dispersions. The parallax disper-
sion is derived from the typical positional spread of stars in an
open cluster, for which a value of o, = 3 pc is assumed. The
transformation to a dispersion on the parallax is given by
Tap _ 1, (17)

@o To

Thus, as a cluster becomes more distant, this effect rapidly looses
significance. Even for the Pleiades the effect is small, at about
0w ~ 0.2 mas.

The additional noise on the proper motions originates from
the internal velocity dispersion, which has a typical value of
oy ~ 0.8 kms™! in the cluster centre, and the relative secular
parallax, for which the contributions are described by Eq. (15).
In detail, both contributions depend on the projected distance
from the cluster centre, reflecting the space density distribution
of the cluster. In a cluster like the Pleiades both effects are of or-
der 1 mas s!, but for most other clusters the effects are smaller
to much smaller. The contribution to the noise matrix for the
parallax and proper motion measurements as due to the actual
distance of a cluster star is given by

2 _ 2 Hax0 _ 2 Mo
Oop Oop w0, Ta@p
_ g2 Haxo 2 [ Haxo 2 [ Hax0Hs0
Np = Tap o W»P( @ ) W»P( @, ) s (18)

2
—g2 Mo 2 (ﬂo*‘oﬂo,o) o2 (Iﬂ)

w,p wy w,p w(z) w,p\ @y

where o, represents the dispersion in parallaxes as caused by
the spread in distances along the line of sight for cluster mem-
bers (Eq. (17)). The noise contribution from the internal motions
is simply given by

0 0 0
Ng=|0 af,,q 01, (19)
0 0 O'iyq

where 0,4 is the internal proper motion dispersion resulting
from the internal velocity dispersion. The total noise as applica-
ble to the parallax and proper motion of a cluster member when
considering its contribution to the cluster parallax and proper
motion is given by the sum of the three matrices:

Ne = Ny Np +Ng = Wy (w1 (20)
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Multiplication by the upper-triangular matrix W, of the equa-
tions and observations for each cluster member, describing the
corrections to a common cluster parallax and proper motion, pro-
vides a set of fully normalized observation equations that can be
solved for in a least squares solution.

4.4. Distant clusters

For distant clusters, where the formal errors on the proper mo-
tions and parallaxes of the individual members are significantly
larger than the corrections described above, the cluster param-
eters may be derived from a combined analysis of the abscissa
residuals for the member stars. Thus, we repeat the astrometric
parameter solutions for the cluster stars, but now solve for a sin-
gle proper motion and parallax for all cluster members.

In order to make this common-parameter solution possible,
the abscissa residuals for stars involved need to be re-calculated,
to provide residuals relative to a chosen reference parallax and
proper motion, which can be seen as the first estimate of the
cluster parallax and proper motion. The abscissa residual for ob-
servation “j” of star 7 as provided in the epoch astrometry file
in VL7B is represented by da;;. A vector z; represents the cluster
parallax and proper motion, and similarly z. the reference values
for the cluster. The corrected abscissa residuals are then given by

8a,~j

daj; = da;j + (zi — z¢) - oz

21

The initial choice for z. does not affect the linear solution for
the astrometric parameters, which includes positional correc-
tions for each star and a single parallax and proper motion for
all stars together. The advantage of solving for the cluster pa-
rameters in this way is the decrease in degrees of freedom for the
solution. This allows for a better recognition of outliers among
the measurements and thus a potentially more robust solution.
To compensate for abscissa-error correlations, as was described
by van Leeuwen & Evans (1998), is no longer required using
the new reduction data. Neither is there a need to combine the
data from two partly correlated reductions. The process of deriv-
ing cluster parameters this way has become significantly simpler
and because of that also more reliable, as any of the correlation
corrections that had to be applied for processing the data from
the 1997 release was also a source of uncertainty in the estimates
of the astrometric parameters and their formal errors as derived
for the clusters.

5. Some ground-based distance modulus
or parallax determination methods, independent
of isochrone fitting

In this section three methods that have been used for isochrone-
independent cluster-distance determinations are reviewed by
incorporating the new Hipparcos data. Some of the methods de-
scribed below derived or used relations between observed pa-
rameters (generally photometric colour indices) and physical pa-
rameters of the observed stars, using stars with ground-based
parallaxes, or open clusters and their assumed distances, for cal-
ibration. The uncertainty has been in distinguishing the error
contributions from the calibration objects (such as the measured
parallax) from the cosmic noise on such calibrations. The inde-
pendent absolute parallaxes obtained from the Hipparcos data
allow for an assessment of these noise levels.
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Fig. 3. A comparison between the ground-based parallax values as used
by Crawford (1975) and parallaxes for the same stars as obtained from
the new Hipparcos reduction. The comparison shows a systematic dif-
ference of 3.4 mas and a noise on the ground-based parallaxes of
10 mas.

5.1. Crawford’s calibrations of the Strdmgren photometric
system

Here an overview is presented on a set of calibrations that have
been (and are still) used for luminosity calibrations based on
Stromgen photometry. A more recent calibration (but still pre-
Hipparcos) is also available (Jordi et al. 1997), but concerns
more the calibration of relations between specific indices, and
recognizes that there are significant uncertainties in empirical
photometric luminosity calibrations. First calibrations incorpo-
rating the Hipparcos data have been presented by Domingo &
Figueras (1999) for late A-type stars and Jordi et al. (2002) on
preliminary results for F, late A and B type stars.

The empirical calibration of absolute magnitudes through
observations in the Stromgen photometric system by Crawford
was done in three stages, on the F type stars using the Pleiades,
a Per and Coma Ber for establishing calibration slopes, and
nearby stars with ground-based parallaxes for zero-point deter-
mination (Crawford 1975), on the B-type stars (Crawford 1978)
and A type stars (Crawford 1979) using distances of the Pleiades
and « Per as determined through the F-star calibration. Thus, ul-
timately, the zero point of the calibration of the system rests on
the ground-based parallaxes of 17 nearby F-type stars, while the
slopes has been determined by means of the combined data from
open cluster stars.

As the ground-based parallaxes used by Crawford had rela-
tively large errors, he applied a Lutz-Kelker correction (Lutz &
Kelker 1973) to compensate for the bias in the derived distance
moduli and thus the absolute magnitudes. Such corrections are
provided for 48 of the 51 stars. Using the new Hipparcos paral-
laxes, the Lutz-Kelker correction is not needed, as parallax errors
are for nearly all stars below 1 per cent. The direct comparison
between the parallaxes (Fig. 3) shows a systematic difference of
whHp — WG = —3.4 £ 1.4 mas, and a noise level on this selec-
tion of ground-based parallaxes of 10.3 mas. Very similar results
were obtained by Jordi et al. (2002) based on the 1997 reduction
of the Hipparcos data. There it was also shown that the mean
offset for the nearest stars, as used by Crawford, the correction
was still larger, at —5 mas. A comparison between the absolute
magnitudes as given by Crawford before (My(w)) and after the
Lutz-Kelker correction (My(cor)) and those derived using the
new Hipparcos parallaxes (My (HIP)) gives the following results:

My(HIP) — My(w) = 0.090+0.041,
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My (HIP) — My(cor) = —0.093 = 0.041, (22)

where in the first solution the noise level was determined as 0.29,
and in the second solution as 0.31 mag. The offset in the
first solution is caused entirely by the systematic differences of
3.4 mas between the ground-based and Hipparcos parallaxes.
After applying the correction for the systematic offset in the
ground-based parallaxes, the observed difference is a (rounding-
off) residual of —0.013 + 0.041 mag before application of the
Lutz-Kelker correction. The latter “correction” seems to do no
good to the data, possibly because corrections of this kind are
derived for, and are strictly only applicable statistically to groups
of stars with the same relative errors on the measured parallaxes.
The relation between the absolute magnitude, HB and Ac; is now
given by

MyHIP) = (3.965 +0.046) — (1.545+0.101)dg

+ (1.43+0.26)dB*> — (11.3 + 0.7) Aco, (23)

where dS = 10 - (HB — 2.64), and for these nearby stars the red-
dening has been assumed zero (Acy = Acy). The slope for Ac; is
effectively the same as determined by Crawford, both from us-
ing field stars and from an application to NGC 752, where the
turn-off for the main sequence is found in the F-star region. The
latter confirmed the relation between Acy and the surface grav-
ity, log g. An alternative solution was made in which the data for
the Pleiades (Crawford & Perry 1976) and « Per (Crawford &
Barnes 1974) was incorporated, with two additional terms to ac-
count for the distance moduli of these clusters, but with Acy = 0,
as was also done by Crawford in his determination of the dis-
tance moduli of those clusters. This gave the following solution:

MyHIP) = (3.958 £0.041) - (1.668 + 0.076) dB

+ 5(0.92 +0.18)dB* — (10.5 + 0.6) Acy, (24)

and a nominal distance modulus for the Pleiades of 5.621+0.058
(against 5.54 found by Crawford) and for a Per of 6.045 +0.061
(6.1 found by Crawford). However, what is important here is that
even after application of Eq. (24), the remaining uncertainty on
My for the field stars is still 0.20 mag (compared to 0.29 mag
in Crawford’s original calibration, and 0.25 mag in Jordi’s cali-
bration), while for the cluster stars alone the remaining noise is
significantly smaller, at around 0.14 mag. The distance moduli
found here for those two clusters make the assumption that the
stars in those clusters are most like the average field star, but as
long as the source behind the variation of the field-star magni-
tudes has not been quantified, this assumption has little mean-
ing. The actual uncertainty in the distance moduli for the two
clusters is therefore likely to be significantly higher, and should
provisionally be put at 0.20 mag.

In the solution to Eq. (23) also dependencies on Amy and
cross terms of Acg and ,3 were tested, but the result was not sig-
nificant. The parameter Amy is correlated with abundance vari-
ations (Nissen 1970b,a; Gustafsson & Nissen 1972; Crawford
1975), which suggests that such variations are not a significant
contribution in the remaining spread in absolute magnitudes.

Table 1 shows the results of applying Eq. (24) to the mean 3
values derived by Crawford for the five intervals he used for his
analysis. The My values derived from the new analysis differ by
up to 0.14 mag from the values derived by Crawford for M.(cor).

Conclusions on the Crawford calibrations are the following.
The systematic errors on the ground-based parallaxes for the cal-
ibration stars were partly offset by the Lutz-Kelker correction,
which by itself does not seem to do any good to the data. The
Crawford calibration can, as a result be offset by up to 0.14 mag.
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Table 1. Comparison between absolute magnitude calibrations for dif-
ferent mean values of S.

B M. (@) M_(cor) M.(HIP)
2604 4.77+0.23 4.64+£022 4.677+0.044
2.631 4.21+£0.25 4.03+£026 4.115+0.038
2.648 3.92+0.30 3.69+030 3.830+0.043
2671 3.69+0.52 3.43+£0.58 3.529 +0.050
2711 3.53+0.12 3.33+0.17 3.237 +£0.087

The first three columns are from Crawford (1975); the final column
from the current paper, using the least squares solution that provided
the coefficient in Eq. (24).

However, the remaining noise level for the calibration standards
is much larger than what would be caused by measurement inac-
curacies. It may be partly caused by duplicity, in which case the
zero point of the calibration is also affected. When deriving dis-
tances of individual objects or star clusters using this calibration,
this noise needs to be accounted for in the final accuracy figure
until it can be quantified and related to independent observed
parameters. For the calibrations of the A and B stars there are
now available large numbers of calibration stars with well deter-
mined parallaxes, which should replace the current extrapolation
based on the F stars and cluster distances derived therefrom. This
concept is further evaluated in Sect. A. For the current paper the
important aspect is the difference between the determination pre-
cision, usually quoted as accuracy, for the cluster-distance deter-
minations, and the actual accuracy, which also takes into account
the observed cosmic spread intrinsic to the calibration relation.

5.2. Photometric boxes in the Geneva photometric system

The method of the photometric boxes is based on the hypothe-
sis that if two stars have nearly the same colours or derived pa-
rameters, then they will also have nearly the same physical and
atmospheric properties (Nicolet 1981; Creze et al. 1980). This
was applied by Nicolet (1981) to photometric data in the Geneva
system for determining the distance moduli of 43 open clusters.
The comparisons in the boxes were done directly between stars
with ground-based parallax determinations and cluster stars, al-
ways sharing the same boxes. The accuracies for these paral-
laxes were still a major factor in these calculations, which can
now be eliminated by substituting those data with the Hipparcos
results. What can be measured is the difference in apparent mag-
nitude between cluster members and parallax stars sharing the
same photometric boxes. In the original solution two compati-
ble noise sources had to be accounted for, the uncertainty of the
measured parallaxes and the uncertainty in the hypothesis stated
above. Using the Hipparcos parallaxes, the uncertainty in the hy-
pothesis dominates fully. Nicolet estimated this to be at a level
of 0.3 mag.

The detailed data for one cluster, NGC 752, are provided
by Nicolet (1981). They are partly reproduced here in Table 2,
together with the new parallax data. Based on these data, an es-
timate of the distance modulus for the cluster can be obtained:
dm =10-5logw + Am + ¢, (25)
where ¢ is the error on Am, which was estimated by Nicolet to
have a o value of 0.3 mag, and has now been determined to
be around 0.27 to 0.28 mag. The (photometric) distance modu-
lus is determined as 8.25 + 0.06. However, this is assuming that
NGC 752 in its photometric properties behaves as the average of
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Table 2. Data from Nicolet (1981) for the cluster NGC 752.

Id HD HIP 7 (mas) Am

88 160915 86736 56.65+0.24 6.834
123 109 085 61174 54.70+0.17 6.815
139 139664 76829 57.35+0.16 6.957
235 7439 5799 4276 +0.30 6.165
259 22001 16245 46.12+0.13  6.565
266 22001 16245 46.12+0.13  6.430
273 43318 29716  26.89 £ 0.31 5.727
273 201772 104738 30.34+0.34 5987
304 70958 41211  37.57+033 6.188
401 4813 3909 63.48+035 6.876
402 189245 98470 47.06+0.41 6.295
401 191862 99572  36.10+0.41 6.079
401 196378 101983 40.55+0.27 7.032
402 40136 28103 67.21+0.25 7.144
403 193307 100412 3224 +0.47 6.144
403 221356 116106 38.29+0.54 5.820
414 198188 102762 17.11 £0.88 4.759
416 88742 50075 43.77+£0.41 6.459
416 210918 109821 37.57+0.33 6.186
428 104731 58803 39.49 £0.28 6.420
430 221356 116106 38.29 +£0.54 5.905
432 23754 17651 56.73+0.19 7.115

The identifier in Col. 1 comes from a proper motion study of this cluster
by Ebbighausen (1939). The identifiers in Cols. 2 and 3 apply to the
comparison star. Column 4 gives the parallaxes from the new Hipparcos
reduction.

the comparison stars. In this respect, a star cluster, with its own
very narrow distribution of luminosities, would be the equivalent
of a single field star, and could itself in principle be anywhere
within the Am distribution.

The photometric boxes method could be explored further
though. Using the now much more extensive volume of pho-
tometric data and the Hipparcos parallax information for many
of these stars should allow for a much closer examination of the
differential effects within these boxes, and the way these may be
related to luminosity variations. This in turn could lead the way
to an improved photometric calibration of distance moduli for
distant star clusters.

5.3. Differential parallax determinations with the MAP

Before starting the analysis of the Hipparcos data for the open
clusters, it is worthwhile to investigate the results obtained
with differential (small-field) parallax measurements, in partic-
ular those obtained with the multichannel astrometric photome-
ter (MAP) (see for example Gatewood et al. 1990) and Hubble
Space Telescope, both of which use the same techniques to cal-
ibrate from measured relative to estimated absolute parallaxes.
Of particular interest are those results obtained before the re-
lease of the Hipparcos catalogue, as these provide the most likely
measurements not biassed by an assumed outcome. A compar-
ison of this kind was done by Gatewood et al. (1998) using
the first release of the Hipparcos catalogue, where it was no-
ticed that an additional noise component was present, but the
origin and amplitude was not specified. Ground-based parallax
measurements obtained mostly with the MAP were found for a
total of 71 stars that have also data entries in the new Hipparcos
catalogue. The errors as given for those measurements are ex-
plained by Gatewood as being precision rather than accuracy,
and this becomes quite clear when examining the statistics of the
differences with the Hipparcos measurements, shown in Fig. 4.
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Fig. 4. Differences between MAP-based and Hipparcos parallaxes for
71 stars. The error bars contain the contributions of the formal errors on
the Hipparcos parallaxes and the precisions as given for the MAP data.

Without adding absolute-calibration noise, the weighted mean of
the differences and associated standard deviation are given by

(AM)
oAM

-0.501
2.425.

(26)
27)

With correct weights, the expected value for the standard de-
viation equals 1.0. Adding a noise contribution to account for
calibration uncertainties to the precision reduces the unit-weight
standard deviation. A value close to 1.0 is reached when adding
a calibration noise of 2.37 mas:

(AMY = —0.114 (28)
oAM = 1.002 (29)
o((AMY) = 0.333. (30)

The added noise should be regarded as an average over the stud-
ies included here, and may well vary significantly depending on
sources available for calibration. However, it seems unlikely that
these parallaxes will have absolute accuracies any better than at
best 1.5 to 2.0 mas. The source of this calibration uncertainty is
likely the generally small number of calibration stars available
and the large intrinsic spread in absolute magnitudes within ei-
ther an interval in colour index or a spectral class. For the present
paper, these results are important when comparing the Hipparcos
results with MAP-based parallax determinations for the same
clusters.

6. Nine clusters and a moving group within 250 pc

In this section the results for clusters within 250 pc are pre-
sented. In order of derived distance, these are the UMa mov-
ing group, the Hyades, Coma Ber, Pleiades, IC 2602, IC 2391,
a Per, Praesepe, NGC 2451 and Blanco 1. NGC 2451, how-
ever, does not correspond to the group of stars that was origi-
nally given this designation (Roser & Bastian 1994). The cluster
identified as Cr 359, assigned by Loktin & Matkin (1994) a dis-
tance within the same range, has been rejected, as it does not
show from the Hipparcos data in either proper motion or distri-
bution on the sky (see also Robichon et al. 1999). The indications
within the Hipparcos data for the existence of a cluster at 170 pc
in Ophiuchus, as suggested by Mamajek (2006), are too weak.
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Fig.5. Reduced proper motions in the selection field for the Hyades
cluster. In this diagram, y, and u, represent the proper motion in the
direction of the convergent point and the perpendicular direction re-
spectively. The concentration of stars around (115, 0) (in red) are the
cluster members. The distribution is stretched out in u, due to the sig-
nificant effect of the cluster depth. This information is used to determine
differential positions in the cluster along the line-of-sight.

In all cases where HR diagrams are presented, mean red-
dening corrections for the clusters have been applied accord-
ing to what appears from the consulted literature to be a
reliable estimate. In all cases these corrections are small. No in-
dividual corrections for the differential reddening in the Pleiades
and «a Per, or to data of individual field stars, have been applied.
Corrections for metallicity variations have not been applied. For
the small variations shown by the clusters examined here, there
is no observational confirmation of significant luminosity varia-
tions with varying metallicity (see further Sect. A).

6.1. The Hyades

A major study of the Hyades cluster as based on the first
Hipparcos catalogue was presented by Perryman et al. (1998),
and further studies based on the same data by Madsen et al.
(2000), Madsen et al. (2001) and de Bruijne et al. (2001).
Differences between the results of these studies show one of the
problems associated with most open-cluster studies, the statis-
tical variations in results due to the relatively small number of
member stars available, further complicated by uncertainties of
membership. Combined with different selection criteria, results
can look sometimes even significantly different. A major com-
plication for the Hyades cluster, as well as other similar clusters,
is the apparent presence of a halo of stars “evaporated” from the
cluster. These can easily disturb estimates of the distance, space
velocity and internal velocity dispersion of a cluster.

Based on the new reduction the Hyades cluster member-
ship was reassessed, and similarly the internal dispersion in the
proper motions as a function of the projected distance to the
“centre” of the cluster, where it should be understood that in
a loosely bound, and not very rich cluster like the Hyades, the
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Fig. 6. Map of the selected 150 Hyades stars, showing the current po-
sitions (points to the right of each line) and those extrapolated by
100 000 years (left-side points).

centre is not very well defined. The position of the projected
centre was assumed to be (in the ICRS)

@ = 4"26™, 31)
So = 16°54". (32)

The catalogue has been searched for potential Hyades members
within a radius of 18.54° from this position. Furthermore, the
distance from the Sun for the cluster centre was assumed to be
46.7 pc. Within this area on the sky, stars with parallax values
were selected such that

16.2 mas < (w + 30) < 31.5 mas, (33)

or between 31.6 and 61.7 pc distance from the Sun. The chosen
limits imply that a complete sphere with radius 15 pc around the
assumed cluster centre is covered. A total of 270 stars were thus
selected. The reduced proper motions of the selected stars were
then examined for further membership selection. The reduced
proper motions (Fig. 5) describe the observed proper motions
as the components towards, and perpendicular to, the conver-
gent point of the cluster, and corrected for the angular separation
from the convergent point (Sect. 4.2) (see also van Altena 1966).
Based on the reduced proper motions 150 stars were selected
as probable members (one additional star, HIP 20895, was re-
jected based on a comparison between the measured parallax and
the kinematic distance). Figure 6 shows these stars and their ex-
trapolated displacements over the next 100 000 years that would
result from the observed proper motions. The mean space ve-
locity relative to the Sun for the selected stars has been derived
from the observed parallaxes and proper motions only, applying
Eq. (4) in a least-squares solution, and is found to be

-5.99 0.25
R= 44.73}1[0.61} km s, (34)
4.93 0.14

with a unit-weight standard deviation of 1.86. The latter is a clear
indication that the observed proper motions are significantly af-
fected by internal motions. As a result, the formal errors on the
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Fig.7. Comparison between the formal errors on the distance moduli
for the Hyades stars as measured directly through parallaxes (dots) and
as derived from the space velocity and the observed proper motions
(crosses).

proper motions are insufficient for representing their actual noise
level. The formal errors on the input data to the solution do in-
clude the errors on the measured parallaxes.

The space velocity, together with the observed proper mo-
tions and their covariances can be used to derive, by means of
Eq. (6), the kinematic (relative) parallaxes for the cluster mem-
bers. The advantage of this for the Hyades cluster stems from the
relatively large proper motion, combined with small formal er-
rors, and can clearly be seen when comparing the error estimates
on distance moduli derived from the measured and kinematic
parallaxes (Fig. 7). The mean parallax of the selected stars was
calculated from the kinematic parallax estimates, and after pro-
jecting their distances onto the line-of-sight for the cluster cen-
tre, to avoid any (though quite small) projection-induced bias.
The value thus obtained is

Whyad = 21.53 £2.76 (£0.23) mas, (35)
where the first error shows the standard deviation, representing
the spread of stars in the cluster. The formal errors on the mea-
surements hardly contribute to this value, being overall much
smaller. The second error in Eq. (35) gives the error on the
mean. Thus, based on the error on the mean, the weighted mean
distance of the 150 plausible Hyades members selected here is
46.45 + 0.50 pc, which is equivalent to a distance modulus of
3.334+0.024. The determination by Perryman et al. (1998) gave
a distance of 46.34 + 0.27 pc, based on a somewhat different
selection of stars and reduction methods.

For the current study, the most important result is the posi-
tion and shape of the Hyades HR diagram, representing an ob-
served isochrone for stars of a specific age and chemical compo-
sition. The comparison between the diagrams as derived using
the observed or the kinematic parallaxes has been shown on var-
ious previous occasions (Madsen 1999; Madsen et al. 2000; de
Bruijne et al. 2001) and VL7B, so here is shown only the dia-
gram using the distance moduli for individual stars as based on
their kinematic parallaxes (Fig. 8). Clear from this figure is the
narrow and well-defined main sequence, as well as the scattering
of double stars up to 0.75 mag above it.
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Fig. 8. The Hyades HR diagram for 150 probable members, using dis-
tance moduli for individual stars as based on kinematically derived
parallaxes.

6.2. Coma Ber and UMa

Coma Ber is a sparse cluster at high galactic latitude, consid-
ered older than the Pleiades and younger than the Hyades and
Praesepe. Crawford & Barnes (1969b) derived a distance mod-
ulus of 4.5 for this cluster, and showed in the same paper the
results for a small number of members of the core of the UMa
moving group, which have characteristics very similar to the
Coma Ber cluster. For this group a distance modulus of 1.8 is
stated. Both distance determinations used the calibrations of the
parameters c; and 8 as presented by Stromgren (1966). That cal-
ibration is in fact based on the one presented by Fernie (1965),
who used open cluster data for which distances had been derived
from on U BV photometry by Johnson et al. (1961). Among those
clusters was Coma Ber, for which a distance modulus of 4.5 was
given. All distances given in that paper were tied-in to a dis-
tance of 40 pc for the Hyades, which we now know should be
16 per cent larger, at 46.45 pc. It is therefore reasonable to as-
sume that the distance and distance-moduli estimates based on
this material may have been underestimated. It would in fact be
more surprising if they were correct.

There are few independent distance determinations for
Coma Ber. Based on the so-called photometric boxes in the
Geneva photometric system, and thereby effectively calibrating
the cluster distance on ground-based parallaxes of nearby stars,
Nicolet (1981) derived a distance modulus of 4.76 = 0.15. A
differential parallax determination by Gatewood (1995) gave a
value of 4.34 + 0.09 for the distance modulus. This is an inter-
nal error, and considering the discussion in Sect. 5.3, an error of
the order of 0.3 to 0.4 mag for the absolute value may be more
realistic. Based on UBYV photometry, Cameron (1985) derived a
distance modulus of 4.65, while a more recent photometric dis-
tance determination by Pinsonneault et al. (1998) gave a value of
4.54 + 0.04. The parallax determinations using the first release
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Fig. 9. A tangential projection of the distribution on the sky for members of the clusters Coma Ber (top left), Pleiades (top right), Praesepe (bottom
left) and « Per (bottom right). The coordinates are in radians, relative to the assumed cluster centre.
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Fig. 10. The distribution of the parallaxes against their formal errors for the clusters Coma Ber (top left), Pleiades (fop right), Praesepe (bottom
left) and a Per (bottom right). The central vertical line represents the mean parallax as determined in each cluster based on members identified
in the Hipparcos catalogue. The black lines on either side show the 1o error level, including the internal distance dispersion for the cluster. The
outer grey lines similarly represent the 2 o~ level. This display of the data should best allow the reader to evaluate the consistency of the measured
parallaxes for the member stars in each cluster.
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Table 3. Summary of distance modulus determinations for the Pleiades
over the past 30 years.

Reference DM o Type A
An et al. (2007) 5.66 0.05 1 0.03
Soderblom et al. (2005) 5.63  0.02 3 0.00
Percival et al. (2005) 5.63 0.05 1 0.00
Southworth et al. (2005) 571  0.07 2 0.08
Zwabhlen et al. (2004) 5.61 0.05 2 -0.02
Munari et al. (2004) 5.61 0.03 2 -0.02
Pan et al. (2004) 5.65 0.03 2 0.02
Stello & Nissen (2001) 5.61 0.03 1 -0.02
Gatewood et al. (2000) 5.59 0.12 3 -0.04
Narayanan & Gould (1999) 5.58 0.18 4 -0.05
Pinsonneault et al. (1998) 5.63 0.03 1 0.00
Giannuzzi (1995) 5.61 0.26 1 -0.02
van Leeuwen (1983) 5.57 0.08 1 -0.06
Nicolet (1981) 5.73  0.06 1 0.10

Column 4 gives a code for the type of determination: (1) photometric;
(2) binary star; (3) differential parallax; (4) convergent point; Col. 5
gives the difference from the weighted mean value of 5.63.

of the Hipparcos data gave values of 4.70 + 0.04 (Robichon et al.
1999) and 4.77 + 0.05 (van Leeuwen 1999a).

Eight members of the UMa group were analyzed for the
present paper, with individual parallax accuracies in the new
Hipparcos reduction between 0.14 and 0.41 mas, or relative er-
rors between 0.35 and 1.0 per cent. The selected stars are from
the list of Crawford & Barnes (1969b) (only those with sin-
gle five-parameter astrometric solutions), including HD 113139
(HIP 63504). The average distance modulus for these stars as
derived from the new Hipparcos catalogue is 2.016+0.051, plac-
ing this group about 10 per cent further away than was derived
by Crawford & Barnes (1969b). The main reason for includ-
ing these stars in the present paper and in connection with the
Coma Ber cluster is the similarity in age between the two groups.
The UMa stars are not examined with the cluster-analysis tools
shown in Sect. 4, but rather as individual stars, taking full advan-
tage of the high relative accuracies of the individual parallaxes.

A selection of 27 cluster members has been used for deter-
mining the parallax and proper motion of the Coma Ber cluster.
There may be two or three more possible members of Coma Ber
in the Hipparcos catalogue, but these deviate either in proper
motion or in parallax by more than what could be expected from
the formal errors. Excluding these stars had only an insignifi-
cant effect on the final results. Deriving the astrometric param-
eters for this, as well as the remaining clusters in this section,
has been done through an examination of the astrometric pa-
rameters as provided for the individual member stars in the new
catalogue. The proper motions have been corrected for the dif-
ferential projection effects described by Eq. (13), using a ra-
dial velocity as specified in Table 5, —1.2 km s~!. The cluster
members are spread sparsely over an area with a diameter of
about 7.5 degrees on the sky (Fig. 9). Data correlations therefore
did not play a major role when the parallax was derived using
the 1997 catalogue, and it is thus not surprising that the results
from the new reduction confirm and significantly strengthen the
original findings by van Leeuwen (1999a) and Robichon et al.
(1999). The distribution of the parallaxes and their formal er-
rors is shown in Fig. 10. The summary data for Coma Ber
are presented in Table 4. The parallax for Coma Ber is deter-
mined as 11.53 +0.12 mas, which implies a distance modulus of
4.691 £ 0.023. Thus, the same increase of 10 per cent in distance
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as observed for the UMa group with respect to the determina-
tions by Crawford & Barnes (1969b). Considering the calibra-
tion noise for ground-based differential parallaxes as determined
in Sect. 5.3, the Hipparcos value is in good agreement with the
determination by Gatewood (1995). There is a good agreement,
too, with the values derived by Nicolet (1981) and Cameron
(1985). The only marginally significant disagreement is with
the determination by Pinsonneault et al. (1998), which differs
by 3.40. The HR-diagram for Coma Ber is shown in Fig. 11
together with the results for the UMa stars and those obtained
earlier for the Hyades cluster. At the parallaxes determined here,
the HR diagrams of Coma Ber and the UMa group accurately
overlap, but are slightly sub-luminous (0.15 mag.) with respect
to the Hyades.

6.3. The Pleiades

More than any other result from the Hipparcos mission, the par-
allax estimate for the Pleiades cluster has been causing con-
troversy (Pinsonneault et al. 1998; Narayanan & Gould 1999;
van Leeuwen 1999a,b; Robichon et al. 1999; Stello & Nissen
2001; Percival et al. 2003; Pan et al. 2004; Percival et al. 2005;
Southworth et al. 2005; van Leeuwen 2005b; An et al. 2007;
Valls-Gabaud 2007). In many ways this has been highly bene-
ficial, as it has stimulated research projects on the Pleiades. In
total there have been at least 15 attempts to determine the paral-
lax or distance modulus of the Pleiades since the publication of
the Hipparcos data in 1997. It has also been one of many reasons
to continue with a further detailed analysis of the Hipparcos data.
With the results of a wide range of studies now available, includ-
ing the new Hipparcos determination, the solution may not as yet
have been identified, but the discrepancy between different ap-
proaches has become clearer, and will undoubtedly be resolved
in the near future. As has been announced on a few earlier occa-
sions (van Leeuwen 2008), the new reduction of the Hipparcos
data did not change significantly earlier estimates for the cluster
parallax.

The Pleiades cluster covers an area on the sky of about 9
to 10 degrees in diameter (van Leeuwen 1980, 1983), which is,
contrary to statements made by An et al. (2007), much larger
than the error-correlation scale length for the 1997 Hipparcos
catalogue (van Leeuwen 1999b). In that area, the Hipparcos cat-
alogue contains about 57 members of the cluster, but only 53 of
these can be used for determining the cluster parallax. The par-
allax determinations for the remaining 4 stars may be disturbed
by duplicity or orbital motion. Figure 9 shows the distribution
on the sky of the selected stars. The distribution of parallax mea-
surements and their formal errors is shown in Fig. 10, with re-
spect to the measured parallax of 8.32 +0.13 mas (distance mod-
ulus 5.40 = 0.03), as an internally consistent distribution of data
points. In the new reduction, these data points are essentially un-
correlated (VL7B, VL7V). From the examination of the parallax
zero point in the new catalogue (VL7V), there is no reason to
suspect that all parallaxes in the catalogue are offset by anything
more than the offset-detection limit of about 0.1 mas.

A comparison between the Pleiades parallax determination
as presented above and some of the many determinations pre-
sented in the literature over the past 30 years looks, at first
sight at least, alarming. Table 3 gives a summary for those not-
Hipparcos-based observations. A couple of determinations have
been left out on purpose: by Gatewood et al. (1990) (superseded
by Gatewood et al. 2000); by Makarov (2002) (superseded by
van Leeuwen 2007a, and by the present paper); by Fox Machado
et al. (2006) and by Cameron (1985), where no formal error is
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Table 4. Summary data for 8 clusters within 250 pc.

Cluster a,6 Diam. log(Age) Vr Hax Us w DM Dist. Std

degr.  Stars EMB-V) (kms™) (mas yr~!) (mas) (pc)  Rej.
Coma Ber 186.0 75 8.78 -1.2  -11.75 -8.69 11.53 4.69 86.7 0.87
C1222+263 26.0 27 0.00 +0.27 +0.25 +0.12 +0.02 +0.9 0
Pleiades 56.5 8.6 8.08 5.7 20.10 -45.39 8.32 540 1202 145
C0344+239 24.1 53 0.04 +0.28 +0.27 +0.13 +0.03 +19 0
Praesepe 130.0 45 8.90 33.6 -35.81 -12.85 5.49 6.30 181.5 1.29
C0937+201 19.7 24 0.01 +0.29 +0.24 +0.18 +0.07 +6.0 0
a Per 52.5 820 7.55 -1.6 2273 =26.51 5.80 6.18 1724 1.28
C0318+484 49.0 50 0.09 +0.17 +0.17 +0.09 +0.03 +2.7 0
IC 2391 130.0 220 7.88 19.0 -24.69 22.96 6.90 580 1449 1.12
C0838-528 -53.1 11 0.01 +0.32 +0.31 +0.12 +0.04 +2.5 0
IC 2602 160.2 229 7.83 16.0 -17.02 11.15 6.73 5.86 148.6 0.99
C1041-641 -64.4 15 0.03 +0.24 +0.23 +0.09 +0.03 +2.0 0
Blanco 1 1.1 225 8.32 3.5 20.11 2.43 4.83 6.58 2070 1.24
C0001-302 -30.1 13 0.01 +0.35 +0.25 +0.27 0.12 *12.0 0
NGC 2451 115.3 220 7.76 21.7 -21.41 15.61 5.45 6.32 1835 142
C0743-378 -38.5 14 0.00 +0.28 +0.29 +0.11 +0.04 +3.7 0
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The first column identifies the cluster; Cols. 2 to 4 provide external input data, such as reddening, radial velocity, position on the sky; Cols. 5
to 7 provide the data obtained in the current study for the astrometric parameters of each cluster; Cols. 8 and 9 provide the derived parameters of
the distance and distance modulus; Col. 10 gives the solution statistics, the unit-weight standard deviation of the residuals and the percentage of

rejected observations. There are always three observations per star.
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Fig.11. The HR diagrams for Coma Ber (left), Pleiades (centre) and Praesepe (right), shown as full dots in each diagram. The Hyades stars are
shown in the background as open circles. In addition. The Coma Ber diagram also shows the UMa stars (crosses), the Pleiades diagram shows the
Coma Ber stars as crosses, and similarly for the Pleiades stars are shown in the Praesepe diagram.

given; and by Chen (1999), which contained serious flaws in the
methods used (see also Robichon et al. 1999). The remaining
papers do not provide independent observations either, which
becomes clear when examining their spread with respect to the
quoted errors. Taking only those determinations published af-
ter the publication of the Hipparcos data in 1997 (as shown in
Fig. 12), the weighted mean and standard deviation for 11 obser-
vations are determined as 5.63 and 0.58 respectively. The latter
value should be close to 1.0 instead. When applying a more re-
alistic formal error to the differential parallax measurements, as
described in Sect. 5.3, the uncertainties on the distance-modulus

determinations by Gatewood et al. (2000) and Soderblom et al.
(2005) are likely to be seriously underestimated (finding exactly
the “expected value” does not mean that the standard deviation
associated with the measuremnent is small), which would further
lower the unit-weight standard deviation for the these observa-
tions.

Of the external measurements, those based on photometry
only do not constitute independent measurements of the distance
modulus, but rather a fitting to a set of models. Completely inde-
pendent determinations are needed to verify these models. There
are only four sets of such observations available:
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Fig. 12. Distribution of determinations (since 1997) for the Pleiades dis-
tance modulus and its standard error (other than those directly derived
from the Hipparcos data). The distribution of the data points strongly
suggests the presence of correlations between the different measure-
ments. The central line represents the mean value of 5.63, the black
diagonal lines on either side the 1o, and the grey diagonal lines the 20
error level.

1. the convergent point determination by Narayanan & Gould
(1999), which has a high error associated with it (see also
Lindegren et al. 2000; van Leeuwen 2005b);

2. the differential parallax measurements, for which the uncer-
tainties in the calibration to absolute values have been seri-
ously underestimated;

3. one binary system with radial velocity measurements and an
astrometric orbit by Zwahlen et al. (2004);

4. the Hipparcos-data based parallax, derived from the mea-
surements of 53 cluster members spread over some 50 square
degrees on the sky.

The only meaningful discrepancy with the Hipparcos result (at
3.60) is between the results for this one binary star, when its
parallax is interpreted as the parallax of the cluster. It drops to
below 30~ when also the uncertainty of the position of the star
within the cluster is accounted for. It should be noted that for
the data on the individual star in question, there is no significant
discrepancy with the Hipparcos data.

It has been stated by Soderblom et al. (1998), and re-iterated
by Stello & Nissen (2001) and An et al. (2007), that at the par-
allax found from the Hipparcos data for the Pleiades cluster, the
cluster members will occupy an area of the HR diagram in which
no field stars, or more specifically no field stars that are assumed
to be young, are found. This is not the case, as field stars con-
tained in the Hipparcos catalogue are observed in the area occu-
pied by the Pleiades. This is shown in Fig. 13, where the Pleiades
are compared with the data for field stars with parallax accura-
cies better than 7 per cent. For those stars reddening corrections
tend to be very small. At all areas covered by the Pleiades HR
diagram field stars are also found. A detailed study of those stars
occupying the same region would be of interest.

There are additional problems in the comparison with the
active solar-type stars in Soderblom et al. (1998). The first is
that this type of activity as observed in the Pleiades is restricted
to stars of spectral type later than about K2 to K3 (van Leeuwen
& Alphenaar 1982; van Leeuwen et al. 1987). Observing similar
activity among the more massive solar-type stars indicates an age
for those stars considerably lower than the Pleiades age. They
would therefore be expected to be found in or near star-forming
regions, most likely as members of OB associations. However,
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Fig.13. The HR diagram for the Pleiades (full dots) superimposed
on the HR diagram for field stars with parallax accuracies better than
7 per cent. The distance modulus applied is the value of 5.40 mag de-
rived in the present study, and the applied reddening is E(B — V) = 0.04.

most of these stars are not linked to clusters or associations. As
a consequence, they do not have an independently assessed age.
The “young” ages assigned to these stars is almost entirely based
on interpretation of their activity (Soderblom et al. 1998).

The difference between the distance moduli of the Hyades
and the Pleiades does not require an explanation in terms of
metallicity. As is shown in Appendix A, the observed differences
in luminosity, when accepting the Hipparcos-based parallaxes,
are reflected in systematic differences in the photometric indices
B—U and Stromgren c; for F-type stars in the same way as what
is observed for a large sample of field stars.

The summary data for the Pleiades are shown in Table 4,
and a comparison between the HR diagrams of the Pleiades,
Coma Ber and the Hyades is presented in Fig. 11. Clearly visi-
ble in this figure is the difference in slope of the HR diagram for
the Hyades and the Pleiades over the colour range 0.0 to 0.5 in
B-V.

6.4. Praesepe

The Hipparcos data for Praesepe is relatively poor due to the
closeness of the cluster to the ecliptic plane. Membership is not
a major problem for this cluster. Figure 9 shows a the map of the
24 Praesepe members included in the Hipparcos catalogue. The
area covered by the cluster is about 4°5 in diameter. The parallax
measurements for the selected stars are shown in Fig. 10. The
accumulated information on the cluster can be found in Table 4.
The distance modulus as derived from the new Hipparcos reduc-
tion is, at 6.30 = 0.07 effectively identical to one determined by
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An et al. (2007) (6.33 = 0.04) and fully consistent with the value
derived by Percival et al. (2003) (6.24 + 0.04, using (V — I)¢
data). It is larger, but not significantly, than the value of 6.15
derived by Cameron (1985) from UBYV data, and the value of
6.10 = 0.18 derived by Nicolet (1981) using photometric boxes.
Also within the same range is the value derived from differen-
tial parallax measurements by (Gatewood & de Jonge 1994),
6.42+0.33. These results, in a way, mostly reflect the very strong
similarity between the Hyades and Praesepe clusters. As shown
in Fig. 11, the HR diagrams of the two clusters closely overlap
when distance moduli are determined using the Hipparcos astro-
metric data. This is as expected, given the difference of 3.03 mag
in distance modulus, as derived from the parallax measurements,
between the Hyades and Praesepe. This is very close to the value
of 3.0 which has been used in the past to determine photomet-
rically the distance of the Praesepe cluster with respect to the
Hyades (see for example Upgren et al. 1979).

6.5. a Per

In its distribution on the sky (Fig. 9), @ Per resembles more a
small remnant of an OB association than a bound open clus-
ter. Still there is a very clear clustering in proper motion space
(Fig. 14) and a well-defined HR diagram for the stars selected
on proper motions. The Hipparcos catalogue contains 50 stars
for which the membership is probable to very likely, provid-
ing a well-defined proper motion and parallax for the group
(see Table 4). The radial velocity for this cluster was taken
from Petrie & Heard (1969) as —1.6 km s~!, which is based
on the measurements of 77 stars in the field of the cluster. One
star should be noted here in particular, HD 22192 (HIP 16826,
¢ Per), which was considered as a non member by Petrie &
Heard (1969), and also as a possible non-member by Abt (1978),
but which star is found to have a well determined proper mo-
tion and parallax that are very close to the mean cluster values,
and which therefore has been considered as a high-probability
member in this study. The observed spread in the radial veloc-
ities of this star as reported by Petrie & Heard (1969) is larger
than would be expected on the basis of the errors assigned to the
10 individual observations. In addition, the mean value quoted
for the radial velocity of this star indicates that a straight (not
weighted) mean was used, in which case the radial velocity
found is —5.0 + 2.5 km s~'. For the weighted mean a value of
—3.1+2.6kms™! is found, which is fully within the range of the
mean cluster radial velocity. It is unclear how Petrie & Heard
(1969) found an error on the mean of 1.7 kms™! for what ap-
pears to be the un-weighted mean. But why pay all this attention
to one star? As a member of the o Per cluster it is its brightest
B star by more than 0.5 mag, and as such it can play an important
role in the determination of the age of this system. The distribu-
tion of radial velocities indicates in addition that it could be an
orbiting binary star.

Compared to the distance-modulus values derived from the
1997 Hipparcos data by Robichon et al. (1999) (6.40 + 0.08)
or van Leeuwen (1999a) (6.31 + 0.08), the new determination
(6.18 + 0.03) brings it closer to other, all photometric, deter-
minations. As an example, the value given by Dambis (1999)
is 5.94 + 0.05, and by Pinsonneault et al. (1998) it is given as
6.23+0.06. The differences with the two earlier Hipparcos-based
determination stem at least partly from the selections of member
stars. In the new reduction, the higher accuracies of the proper
motions allows for an improvement in selection, and shows that
the selection of members by Robichon et al. (1999) contained at
least two non-members (HIP 15160 and HIP 16880) and three
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Fig. 14. Distribution of the proper motions for the selected member stars
in the a Per cluster.

stars for which the membership is rather uncertain (HIP 14697,
HIP 16340, and HIP 16625). Of these stars, HIP 16340 is by far
the brightest, and its much smaller parallax will have affected
the earlier results.

The HR-diagram for a Per is shown in Fig. 15 in compari-
son with the diagram of the Pleiades cluster. There is an indica-
tion that the Pleiades stars on the red-side of (B — V) = 0.2 are
generally more blue than those of @ Per, while for stars on the
blue-side the different sequences overlap very well. This raises
once again the question as to what part of the main sequence can
be used to derive a reliable photometric distance estimate (see
also Percival et al. 2005), as significantly different results will
be obtained for different fitting criteria.

6.6. IC 2391 and IC 2602

The Southern Hemisphere clusters IC 2391 and IC 2602 are
sometimes described as being like the Pleiades, though a little
younger, and less populous. IC 2602 is embedded in the Scorpio-
Centaurus OB association (Bertiau 1958; de Zeeuw et al. 1999).
An extensive photometric and astrometric study by Braes (1961,
1962) defined probable membership and derived a distance esti-
mate of 150 pc (distance modulus 5.88). A combined U BV pho-
tometric and spectroscopic study at the same time by Whiteoak
(1961) gave a distance of 155 pc (distance modulus 5.95), us-
ing measurements for 40 probable and 29 possible cluster mem-
bers. Based on ubvy photometry for 33 stars, Hill & Perry (1969)
determined a distance modulus of 5.85 + 0.06, and Nicolet
(1981), using photometric boxes to connect the distance determi-
nation directly to stars with measured parallaxes, derived a dis-
tance modulus of 5.75 + 0.47. Finally, Pinsonneault et al. (1998)
reported a distance modulus of 6.02 based on main-sequence fit-
ting.

The proper motion and photometric study of IC 2391 by
Hogg (1960) identified 21 stars as likely members and derived a
distance of 153 + 3 pc, from a distance modulus of 5.92 + 0.05.
Measurements in ubvy and HB for 25 cluster members were ob-
tained by Perry & Hill (1969), from which was derived a dis-
tance modulus of 6.00 = 0.06. They also derived a mean distance
modulus of 5.90 for earlier determinations. Nicolet (1981) de-
termined a distance modulus pf 6.13 + 0.32 based on the pho-
tometric boxes. Maitzen & Catalano (1986) conducted a study
of CP2 stars in IC 2391. It is interesting to note that four stars
identified as cluster members in that study were found not to
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be so, based on their proper motions, though the parallaxes of
these stars are close to the parallax for IC 2391. These stars
are HD 74195 (HIP 42536), HD 74762 (HIP 42829), HD 74665
(HIP 42767) and HD 75202 (HIP 43071). Finally, Pinsonneault
et al. (1998) derived a distance modulus for IC 2391 of 5.99,
based on main-sequence fitting to theoretical isochrones.

With 11 (IC 2391) and 15 (IC 2602) members in the
Hipparcos catalogue respectively, they provide well determined
parallax and proper motion estimates in the new reduction
(Fig. 16). The distance moduli as derived for these two clus-
ters from their parallax measurements are 5.80 = 0.04 (IC 2391)
and 5.86 = 0.03 (IC 2602), the summary data are presented
in Table 4. The distributions of the member stars are shown
in Fig. 17. Figure 15 shows the HR diagrams of IC 2391 and
IC 2602 in comparison with the diagram for the Pleiades. The
positions of the sequences for the three young clusters coincide
well, in the same way as the sequences for the older clusters
UMa and Coma Ber (Sect. 6.2) and those of the much older
Hyades and Praesepe clusters. With the improvement by a factor
two in formal errors on the parallaxes for the Pleiades, IC 2391
and IC 2602 (with respect to the 1997 catalogue), this agreement
is more substantial now than it was ever before. Just as for the
Pleiades cluster, the parallax-based distance moduli for IC 2391
and IC 2602 are found to be systematically smaller than has been
estimated from main sequence fitting, where values of 5.99 and
6.02 were reported by Pinsonneault et al. (1998) for IC 2391 and
IC 2602 respectively. A distance modulus of 6.02 would imply
a parallax of 6.25 mas, which, in view of Fig. 16 appears rather
unlikely.

6.7. Blanco 1 ({ Scl)

The cluster Blanco 1 has in the past been referred to as the £ Scl
cluster, after the bright star considered to be a cluster member
(Eggen 1970; Perry et al. 1978; de Epstein & Epstein 1985;
Westerlund et al. 1988). The proper motion and parallax (at
6.49 + 0.25 mas) measured by Hipparcos, however, clearly in-
dicate that this star is not a cluster member. A suspicion that this

star might not be a cluster member was already earlier expressed
by Westerlund et al. (1988). Also confirmed as a non-member
is HD 225119 (HIP 291), based on both proper motion and par-
allax, while the remaining three B star members identified by
Westerlund et al. (1988) are all confirmed. As this cluster can
now no longer be associated with £ Scl, it will be referred to as
Blanco 1, after its discoverer (Blanco 1949). In previous studies
of this system, the similarity between its member stars and those
of the Pleiades cluster has been noticed repeatedly.

Based on the proper motions in the cluster area, 13 stars were
ultimately selected as probable cluster members. A map of those
stars can be seen in Fig. 17. The astrometric parameters derived
from the Hipparcos data are presented in Table 4. The distribu-
tion of the parallaxes and their formal errors for the member stars
is shown in Fig. 16.

6.8. NGC 2451

The cluster referred to here as NGC 2451 identifies with what
has been called the Puppis Moving Group (PMG) by Roser
& Bastian (1994), and by others as NGC 2451a. The reason
for this is, that this cluster does not identify with the group of
stars to which originally the name NGC 2451 was assigned.
That group of stars are mainly in the background for the PMG,
at about twice the distance, and only very few of those stars
belong to the PMG. The PMG is of approximately the same
age as IC 2391 and IC 2602. Membership determination for this
cluster has in the past been somewhat problematic (see for ex-
ample Levato & Malaroda 1975a; Maitzen & Catalano 1986),
and it has been suggested that there are in fact two clusters shar-
ing nearly the same line-of-sight (Roser & Bastian 1994), al-
though the existence of the second, more distant cluster, is still
uncertain (Baumgardt 1998). An example of the problems sur-
rounding this cluster is the list of spectral types for 24 stars in
NGC 2451 by Levato & Malaroda (1975a). When incorporat-
ing the Hipparcos data, only 4 of these stars are confirmed as
cluster members, 8§ stars are definitely not members, while 12
stars are not included in the Hipparcos catalogue. Among the
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non-members is the K5 Ila star HD 63032 (HIP 37819), which
was still considered a certain member by Levato & Malaroda
(1975a), but which has also been recognized as non-member
by Roser & Bastian (1994). This star had been used in the
past as an indicator of the age of NGC 2451. Its proper mo-
tion, at (—10.2 + 0.18,6.34 + 0.21) mas yr‘1 and parallax at
2.88 +0.19 mas well separates this star from the cluster. The non
members in the field of NGC 2451 as contained in the Hipparcos
catalogue do not show common parallax and proper motion val-
ues that would indicate membership of a second cluster behind
NGC 2451. But with the second cluster at possibly twice the
distance there may be very few if any actual members of it in-
cluded in the Hipparcos catalogue. It should be noted that the
PPM proper motions as used by Roser & Bastian (1994) are sig-
nificantly offset in declination, by about 6 to 8 mas yr~! from the
Hipparcos data. The formal internal errors of about 3 mas yr~!
assigned to the PPM proper motions appear to be correct.

The Hipparcos catalogue contains data for 14 stars that can
be identified as probable members of NGC 2451 as based on
their proper motions and parallaxes. The combined parallax data
for these stars is shown in Fig. 16. The mean parallax for the
14 selected stars is 5.45+0.11 mas, equivalent to a distance mod-
ulus of 6.32+0.04. This is very close to the result obtained by fit-
ting to theoretical isochrones by Platais et al. (2001), who give a
distance modulus of 6.35 or 6.38, depending on the models used.
However, it was noted that the model isochrones showed shapes
different from that of the observation, which means that slightly
different answers can be obtained when changing the weights of
the stars contributing to the isochrone fit. The summary data for
NGC 2451 are given in Table 4. The HR diagram for the clus-
ter is shown in Fig. 15 together with the data for Blanco 1 and
the Pleiades. The HR diagrams of all three clusters appear to co-
incide well when applying the astrometrically derived distance
moduli.

7. Clusters between 250 and 500 pc

The astrometric parameters derived for clusters between 250
and 500 pc are generally less secure, as membership of individ-
ual stars can be doubtful, and generally few stars are contained
in the Hipparcos catalogue. The clusters selected here are all
well established, but do suffer, within the Hipparcos catalogue,
from low numbers of (sometimes doubtful) members. A rea-
sonably reliable set of astrometric parameters has been obtained
for the following clusters: NGC 6475, NGC 7092, NGC 2516,
NGC 2232, IC 4665, NGC 6633, Collinder 140, Trumpler 10,
NGC 2422, NGC 3532 and NGC 2547. NGC 2264 is also de-
scribed, but uncertainties in member identification do not allow
for conclusions on its existence and astrometric parameters. The
results for these clusters are presented in the sections below, in-
cluding reference to other distance determinations for the same
systems and comparisons with the results for nearby clusters of
approximately the same age. All cluster solutions have followed
the "combined abscissae" model as described in Sect. 4.4. A
comparison was also made for NGC 6475 with the method used
for the for the more nearby clusters as described in Sect. 4.3. The
observed differences were well below the significance level.

7.1. NGC 6475 (M7)

NGC 6475 is a well populated cluster, which, with at an es-
timated age of 200 to 260 Myr, is older than the Pleiades
but younger than UMa and Coma Ber (Patenaude 1978).
Membership has been determined in the past through both
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proper motions (Constantine et al. 1969) and radial velocities
by Buscombe & Kennedy (1968) and Zentelis (1983) for the
brighter, and Gieseking (1985) for the fainter potential members.
A spectral study was done by Abt (1975) for the brightest mem-
bers, and combined with UBV photometry by Loden (1984).
Photometric studies in ubvyB were done by Snowden (1976),
Loden et al. (1980) and Nissen (1988). Recent distance modulus
estimates have varied from 7.17 + 0.19 (Nicolet 1981) to 7.01
(Nissen 1988) and 7.08 (Pinsonneault et al. 1998), where the lat-
ter is an apparent distance modulus. The reddening of the cluster
was determined by Nissen (1988) as E(b — y) = 0.039 + 0.006,
equivalent to 0.053 + 0.008 in E(B — V). Pinsonneault et al.
(1998) use a value of E(B — V) = 0.06.

Within the Hipparcos catalogue 17 to 22 stars can be identi-
fied as probable members based on their proper motions. They
cover an area of about 3.5 degrees in diameter, which is sim-
ilar, considering the difference in distance, to the area covered
by, for example, the Pleiades cluster. For the solution made here
20 stars were finally selected. Solutions with slightly different
selections did not produce significantly different results. In par-
ticular restricting the extent of the cluster to a 2 degrees diameter
only changed the parallax from 3.71 + 0.14 to 3.70 = 0.14. In all
aspects the solution to the astrometric parameters of the cluster
appears healthy, with only one rejected abscissa measurement
out of 1328 in total used. Details of the solution are shown in
Table 5. The HR-diagram positions of the stars used in the astro-
metric solution are shown in Fig. 18, in comparison with similar
data for the Pleiades and Coma Ber.

7.2. NGC 7092 (M 39)

A proper motion study by Ebbighausen (1940) and radial veloc-
ities by Trumpler (1928) established this group as a cluster with
a radial velocity of —14 km s7!, and served as the main mem-
bership criterion for the following decades. The individual data
for the latter study do not appear to have been published, but
some derived information was presented by Eggen (1951), who
also determined a photometric parallax of 4.5 mas. Another early
photometric study of M 39 was presented by Mévers (1940),
and covers an area of about 1.6 degrees diameter down to pho-
tographic magnitude 13. Based on a UBV photometric study,
Johnson (1953) determined a distance modulus of 7.2 + 0.2,
equivalent to a parallax of 3.6 mas. Around the same time,
Weaver (1953) presented spectra and photoelectric magnitudes
for some 30 potential cluster members. Meadows (1961) estab-
lished that for the brightest members of M 39 the rotational ve-
locities are much like those of field stars of the same spectral
types, a study continued and extended to radial velocities and a
search for binary stars in the cluster by Abt & Sanders (1973).
A few more radial velocities of M 39 members were presented
by Geyer & Nelles (1985). Using HB photometry calibrated to
the Crawford (1973) relations, Kilkenny et al. (1975) derived
individual distance moduli estimates for the brighter stars in
the field, and determined, using U BV photometry and the zero-
age main sequence by Blaauw (1963), a distance modulus of
6.87 £ 0.25, as well as a reddening of E(B — V) = 0.04 + 0.03.
A new proper motion study by McNamara & Sanders
(1977) seemed to indicate a rather low abundance of fainter
stars in the cluster. From a total of 1710 stars stud-
ied, only 30 brighter stars were found to be probable
members, and most of those are at (B—-V) < 03. A
distance modulus of 7.12 was determined by fitting to the
Johnson (1957) calibration sequence, for which a redden-
ing of 0.02 was assumed. The apparent sparsity of fainter
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similarly represent the 20~ level.

members may have been caused by a magnitude equation in the
proper motions, as it was contradicted later by Platais (1984) in
his proper motion study of the cluster (see also Platais 1994).
This study was based on more homogeneous plate material.
In it, 43 new (faint) candidate members were identified. The
first distance-modulus determination that was at least indirectly
based on parallax measurements (Nicolet 1981) provided a value
of 7.46 + 0.12, equivalent to a parallax of 3.2 mas. A UBV
photometric study by Mohan & Sagar (1985) based the dis-
tance modulus estimate of 7.4 + 0.2 on a comparison with the
zero-age main sequence as given by Schmidt-Kaler in (Voigt
1965), and estimated the age of the cluster to be between 200
and 400 Myr. The interstellar reddening has been determined for
the cluster by Manteiga et al. (1991), based on IR photometry,
at E(B— V) = 0.01. These authors put the age of M 39 to be be-
tween 240 and 480 Myr. Finally, Robichon et al. (1999) derived
the parallax and distance modulus of M 39 from the first release
of the Hipparcos data as 3.22 + 0.29 mas and 7.46 + 0.20 mag.
respectively.

The new solution, based on 7 member stars, gives a parallax
of 3.30 + 0.19 and therefore a distance modulus of 7.41 + 0.12,
based on the abscissa residuals for 903 field-of view transits,
of which only one was rejected. The standard deviation for the
astrometric solution is, at 1.03, close to the expected value. The
proper motion of this cluster is relatively large, which eases the
member selection. Based on its proper motion, the brightest star
in the field, HIP 106346 (HD 205210) has been excluded from
the solution. It appears not to be a cluster member, with also its
parallax outside the 30 area. Including this star in the solution
brings the parallax down to 3.04 +0.17 mas (a distance modulus
of 7.59+0.12), which demonstrates how sensitive these solutions

can be to the selection of cluster members. Details of the solution
are shown in Table 5. The HR-diagram positions of the stars used
in the astrometric solution are shown in Fig. 20, in comparison
with similar data for the Praesepe and Coma Ber.

7.3. NGC 2516

NGC 2516 has been described as a large and rich cluster. A
study by Cox (1955) provided the first reliable magnitudes and
colours in the region of NGC 2516. From these data, Cox de-
rived a distance estimate of 400 + 25 pc, and a reddening of
E(B—-V) = 0.11. A spectroscopic study of cluster members by
Abt & Morgan (1969) showed a rich variety of peculiar stars to
be present in the cluster. Dachs (1970) obtained U BV photome-
try for 70 stars in cluster, and derived a distance of 375 + 20 pc
(parallax of 2.7 mas) and a reddening of E(B — V) = 0.09. Dachs
noted the presence of three evolved stars, and compared the
cluster in age and content with the Pleiades, concluding that it is
more than twice as rich. A similar study, but partially extended
with measurements in RI and HB was presented by Feinstein
et al. (1973). In it, the distance of the cluster was estimated at
400 = 40 pc, and the reddening at E(B— V) = 0.12. The age
of the cluster was estimated at 60 Myr. Snowden (1975), us-
ing ubvyB photometry, estimated the age of the cluster more
than twice higher, at 135 Myr, and re-emphasized its similar-
ity with the Pleiades and IC 2602. The reddening was estimated
at E(b—y) = 0.088. Based on Geneva photometry, Nicolet
(1981) derived a distance modulus of 8.15 = 0.10, equivalent
to a distance of 427 + 22 pc, or a parallax of 2.3 mas. A study
of the cluster in Walraven VBLUW photometry by Verschoor
& van Genderen (1983) showed a reddening of the cluster by
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Fig. 17. A tangential projection of the distribution on the sky for members of the clusters IC 2391 (top left), IC 2602 (bottom left), Blanco 1 (top
right) and NGC 2451 (bottom right). The coordinates are in radians, relative to the assumed cluster centre.
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E(B—-V) =0.127 £0.005, with a spread among individual clus-
ter members at 0.043 mag. The distance modulus of the clus-
ter was derived as 7.85 = 0.10 through a comparison with a
ZAMS derived by The et al. (1980), which had been derived,
through a transformation between photometric systems, from
Johnson (1966). Based on Geneva photometric measurements
for 67 stars, Cameron (1985) determined a distance modulus
of 7.88 and a reddening of 0.12. A UBYV study by Dachs &
Kabus (1989) of 486 stars in the vicinity of the cluster indi-
cated the presence of 362 cluster members in the sample. A dis-
tance modulus of 8.18 + 0.38 and a reddening of 0.12 were de-
rived. Spectroscopic observations for 36 bright stars in the clus-
ter by Gonzdlez & Lapasset (2000) showed a radial velocity of
22.0 + 0.2 km s™'. A CCD UBVI photometric study by Sung
et al. (2002) provided a distance modulus of 7.77 +0.11 and red-
dening of 0.112 + 0.024 through comparisons with theoretical
isochrones. The age was determined as 160 Myr.

Dachs & Kabus (1989) identified cluster members till at least
30’ from the cluster centre. Within this range, 11 stars are found
in the Hipparcos catalogue that very closely share the same
proper motion (Fig. 19); a further three stars showed similar but
not sufficiently coinciding proper motions, and were not used as
cluster members. The cluster proper motion and parallax have
been estimated by means of the 1166 abscissa residuals of the
selected stars, giving a value for the parallax of 2.92 + 0.10 mas,
equivalent to a distance modulus of 7.68 + 0.07. As for the
Pleiades, a shorter distance than was expected from the pre-
Hipparcos estimates is found. It may be worth noting too that
by extending the search radius to 1.3 degrees, 8 more stars are
found that closely share the proper motion and distribution of
parallaxes of the 11 selected cluster members. Scaled to the dis-
tance of the Pleiades, the radius of 1.3 degrees in NGC 2516 is
equivalent to a radius of 3.7 degrees. Members of the Pleiades
cluster are known at least up to 4 to 5 degrees from the cluster
centre (van Leeuwen et al. 1986). Including those stars in the
cluster-parallax and proper motion determination gives a solu-
tion with very similar statistics as obtained with the initial se-
lection, and a value for the parallax of 2.84 + 0.08 mas instead
(distance modulus at 7.73 + 0.06). Details of the solution are
shown in Table 5. The HR-diagram positions of the stars used
in the astrometric solution are shown in Fig. 18, in comparison
with similar data for the Pleiades.

7.4. NGC 2232

The information on this cluster comes predominantly from
Claria (1972), who measured 43 stars in its vicinity in UBV
and 22 in HB. From these data Clarid derived a distance for
the cluster of 360 pc, equivalent to a distance modulus of 7.78
and a parallax of 2.8 mas. The eight brightest stars in the list
of cluster members by Clarid are included in the Hipparcos cat-
alogue. They do not cluster as well in proper motion as could
be expected for a cluster at 360 pc, and two stars in particular,
HD 45153 (HIP 30580) and HD 45975 (HIP 31011) stand out in
both proper motion and parallax. These stars have been excluded
from determining the astrometric parameters of the cluster. The
combined abscissa residuals for the six remaining stars give a
cluster parallax of 2.83 + 0.18 mas. Of the 522 residuals used,
2 were rejected. Including the two stars identified above as pos-
sible non-members puts the parallax at 3.27 + 0.18 mas, and in-
creases the standard deviation of the solution from 0.96 to 1.04.
Details of the solution are shown in Table 5. The HR-diagram
positions of the stars used in the astrometric solution are shown
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Fig. 19. Proper motion distribution of the stars identified as probable
members of NGC 2516 in the Hipparcos catalogue.

in Fig. 21, in comparison with similar data for NGC 2451 and
a Per.

7.5. IC 4665

Next to areas of the Pleiades and Praesepe clusters, the area of
IC 4665 was one of the standard regions in the Johnson and
Morgan UBYV photometric system (Johnson 1954). A study by
Hogg & Kron (1955) in UBYV identified the cluster as some-
what younger than the Pleiades, at a parallax of about 2.3 mas
(distance modulus of 8.2) and a reddening of E(B—V) = 0.10
to 0.18, based on a selection of 18 probable members. The mem-
bership selection was at least partly supported by the proper mo-
tion study of the cluster by Vasilevskis (1955), though this study
was of limited accuracy. The cluster main sequence was shown
very clearly in a photographic photometry study by McCarthy &
O’Sullivan (1969), which incorporated further astrometric stud-
ies by Vasilevskis. Three studies in the early 70 s significantly
refined the information available on IC 4665, through astro-
metric data (Sanders & van Altena 1972), photometry in ubvyf
(Crawford & Barnes 1972) and spectral classifications (Abt &
Levato 1975). Crawford & Barnes (1972) derived a distance
modulus of 7.5, and a reddening of E(b—y) = 0.14 = 0.04,
where the error refers to the spread over individual cluster mem-
bers. The proper motion of the cluster is quite small, and as a
result there is increasing confusion between members and non-
members for the fainter stars, which shows clearly from the
HR diagrams of possible members by Sanders & van Altena
(1972). Based on data obtained in the Geneva photometric
system, Nicolet (1981) derived a distance modulus of 7.90+0.22,
equivalent to a parallax of 2.6 mas. Geyer & Nelles (1985) de-
termined the radial velocity of the cluster as —12.5 + 4.7, based
on data for 5 stars. Prosser (1993) combined existing and new
astrometric, photometric and spectroscopic data for the cluster
and identified numerous new candidate members. The age of the
cluster was estimated to be between 30 Myr and the age of the
Pleiades. The radial velocity of the cluster was determined by
Prosser & Giampapa (1994) at about —13 kms™!.

The Hipparcos catalogue contains 6 or 7 stars that can be
identified as probable members of the cluster. Four of these are
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Fig. 20. The HR-diagram positions of the stars used in the astrometric solutions to NGC 3532 and NGC 7092 (each compared with Coma Ber,
crosses, and Praesepe, open circles), and NGC 6633 (compared with the Praesepe, open circles).

contained in the astrometric study by Sanders & van Altena
(1972), and identified as probable members in their discussion:
S110 (HIP 86954), S115 (HIP 86960), S159 (HIP 87002) and
S181 (HIP 87032). One star can be identified in (Vasilevskis
1955) as K 32 (HIP 86805), indicated as a possible member.
Two more stars are just outside the areas covered by these stud-
ies, HIP 86993 and HIP 87592. The mean parallax as derived
from 856 field transit abscissa residuals for these 7 stars is
2.81 +£0.27 mas, equivalent to a distance modulus of 7.75 +0.21.
There were no rejected observations. Details of the solution are
shown in Table 5. The HR-diagram positions of the stars used
in the astrometric solution are shown in Fig. 22, in comparison
with similar data for the Pleiades, NGC 2451 and « Per.

7.6. NGC 6633

A UBYV photometric study of NGC 6633 by Hiltner et al. (1958)
showed it to be similar in age to Praesepe, and subject to an
interstellar reddening of E(B—V) = 0.17. They also derived
a distance modulus of 7.50 + 0.25, equivalent to a parallax of
3.2 mas. A proper motion study covering 207 stars down to pho-
tographic magnitude 13.5 in an area of 50" X 40" centred on the
cluster was presented by Vasilevskis et al. (1958), and identi-
fied some 90 potential cluster members. A study by Sanders
(1973) improved this still further, with 497 stars measured and
113 possible members. The problem faced by both these studies
is the small size of the proper motions, which makes distinction
from background stars difficult. The radial velocity for one of the
giant members of the cluster was determined at —22.0 kms~! by
Wallerstein et al. (1963), and later by Geyer & Nelles (1985)
at —24.8 + 1.0. Photometric measurements in ubvyp for 37 stars
were obtained by Schmidt (1976), who noted a slightly variable
extinction with an average value of E(b —y) = 0.124, and de-
termined a distance modulus of 7.71, using the calibration by
Crawford (1973). A study by Levato & Abt (1977) determined
spectral classifications for the brightest cluster members iden-
tified in the studies referred to above. Based on Geneva pho-
tometric measurements, Nicolet (1981) determined a distance

modulus of 7.47 £0.17, while using U BV photometry by Hiltner
etal. (1958), Cameron (1985) derived a distance modulus of 7.63
and a reddening of E(B— V) = 0.17 £ 0.007, based on 39 mem-
bers. Distance fitting was done with respect to the ZAMS as de-
fined by Schmidt-Kaler in Voigt (1965). Based on the first re-
lease of the Hipparcos data, Robichon et al. (1999) determined a
parallax of 2.70 + 0.70 mas, using data for 4 stars.

In the new solution, the abscissa residuals of 917 field-of-
view transits for 6 stars was used, from which a parallax of
2.67 + 0.32 mas was derived, equivalent to a distance modulus
of 7.87 + 0.26. Details of the solution are shown in Table 5. The
HR-diagram positions of the stars used in the astrometric solu-
tion are shown in Fig. 20, in comparison with similar data for
Praesepe.

7.7. Collinder 140

A combined photometric and spectroscopic study of
Collinder 140 was presented by Claria & Rosenzweig (1978),
who derived a distance modulus of 7.78 (equivalent to a distance
of 360 pc), reddening of E(B - V) = 0.05, and age of 21 to
23 Myr. From a U BV photometric study, Williams (1978) placed
the cluster at 420 + 20 pc and at an age of 40 Myr, and very little
reddening, at E(B—V) = 0.01 £ 0.01. A spectroscopic study
by Fitzgerald et al. (1980) derived a distance of 410 + 30 pc,
a reddening of E(B—V) = 0.04, and age of 20 + 6 Myr. In
his UBV photometric study of 38 clusters, Cameron (1985)
determined a distance modulus of 7.96 (distance 391 pc) and
reddening of E(B — V) = 0.06.

The distribution of proper motions and parallaxes in the re-
gion of Collinder 140 in the new Hipparcos catalogue shows
the presence of 9 probable cluster members, for which the
parallax, as derived from the 1413 individual field transits, is
2.66 +0.13 mas, equivalent to a distance modulus of 7.88 +0.11.
Details of the solution are shown in Table 5. The HR-diagram
positions of the stars used in the astrometric solution are shown
in Fig. 21, in comparison with similar data for NGC 2451 and
a Per.
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Table 5. Summary data for the distant clusters as derived from combined-abscissae fitting.

Cluster a,0 log(Age) r(°) w Has s Osol  Napsc dm P1 02

degr- E(B — V) Nslars O-(U) U(ﬂa*) O-(IJ(S) Nrcj O-(dm) P3
NGC 6475 268.4 8.22 1.9 3.70 2.06 498 1.04 1328 7.16 —4 1
C175-348 -34.8 0.06 20 0.14 0.17 0.10 1 0.08 -8
NGC 7092 3229 8.57 0.3 3.30 -8.02 -20.36 1.03 903 7.41 -2 -6
C2130+482 48.4 0.02 7 0.19 0.20 0.19 1 0.12 -14
NGC 2516 119.4 8.08 0.8 2.92 -4.17 1191 1.03 1166 7.68 0 -2
C0757-607  —-60.7 0.12 11 0.10 0.11 0.11 6 0.07 -20
NGC 2232 96.9 7.49 0.8 2.84 -5.65 -2.56 096 522 7.73 -9 0
C0624-047 4.7 0.01 6 0.18 0.16 0.14 2 0.14 4
1C 4665 266.8 7.63 1.8 2.81 -0.90 -8.27 1.04 856 7.75 -5 -16
C1743+057 5.6 0.19 7 0.27 0.24 0.16 0 0.21 -7
NGC 6633 276.5 8.76 0.9 2.67 1.01 -1.15 098 917 7.87 10 14
C1825+065 6.7 0.17 6 0.32 0.31 0.28 0 0.26 25
Coll 140 111.0 7.57 0.9 2.66 -7.50 4.02 1.01 1413 7.88 6 -7
C0722-321 -32.1 0.03 9 0.13 0.09 0.13 4 0.11 -3
Trumpler 10 131.7 7.38 1.4 2.58 -12.48 6.81 1.07 1532 7.94 8 6
C0646-423 425 0.06 12 0.16 0.14 0.14 9 0.14 -9
NGC 2422 114.1 8.12 0.3 2.52 -6.72 0.82 1.05 879 7.99 21 -6
C0734-143 -14.6 0.12 7 0.21 0.16 0.14 0 0.18 11
NGC 3532 166.5 8.45 0.2 243 -10.04 475 0.90 685 8.07 6 5
C1104-584  -58.7 0.02 6 0.24 0.24 0.21 0 0.22 33
NGC 2547 122.5 7.70 0.7 2.11 -9.34 4.18 0.99 1022 8.38 13 15
C0809-491 —49.2 0.05 8 0.17 0.18 0.16 2 0.17 0

Ages have been obtained from Kharchenko et al. (2005), reddening values come from various papers; the final two columns give the correlation
coeflicients between the proper motions and parallax determinations times 100 (o; = p(@, to+); P2 = P(T, Us); P3 = P(Ua s Ms))-
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Fig. 21. The HR-diagram positions of the stars used in the astrometric solutions to Collinder 140, NGC 2232 and Trumpler 10 (each compared

with a Per and NGC 2451, crosses).

7.8. Trumpler 10

Trumpler 10 is a not very well studied, fairly young cluster.
Lynga (1960) did a UBV photometric study in the region of the
cluster, measuring some 29 stars, for which a further analysis
was provided by Lynga (1962), who derived an age estimate of
30 to 60 Myr. Spectroscopic types in the cluster were determined
by Levato & Malaroda (1975b), who gave an estimate of the
cluster distance of 440 + 50 pc, equivalent to a distance modu-
lus of 8.22, and reddening at E(B — V) = 0.02 + 0.01. A proper

motion study by Stock (1984) seemed to throw some doubt on
the existence of the cluster, but the proper motions in this study
were not of sufficient accuracy to recognize it.

A search for potential cluster members in the region of
Trumpler 10 identified 12 likely cluster members, with a mean
parallax of 2.58 + 0.16 mas, equivalent to a distance modulus of
7.94 + (.14, close to the earlier ground-based estimate. Details
of the solution are shown in Table 5. The HR-diagram positions
of the stars used in the astrometric solution are shown in Fig. 21,
in comparison with similar data for NGC 2451 and « Per.
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7.9. NGC 2422 (M47)

The only two proper motion studies on this cluster are by
van Schewick (1966) and Ishmukhamedov (1966), neither of
which is easily accessible and played much of role in further
investigations of this cluster. A UBV photometric study was pre-
sented by Smyth & Nandy (1962), and a spectroscopic study by
Dworetsky (1975). Nicolet (1981) determined a distance modu-
lus of 8.66 + 0.16 using Geneva photometry. An extensive study
of the cluster in ubvyB was carried out by Rojo Arellano et al.
(1997), who determined a distance of 470.8 + 4.8 (distance mod-
ulus 8.36) and a reddening of E(b —y) = 0.089 + 0.026. The
age was estimated at 100 Myr. Analysis of the first release of the
Hipparcos data by Robichon et al. (1999) showed a parallax of
2.01 +0.43. A CCD-photometry study in UBVRI by Prisinzano
et al. (2003) was used to study the luminosity and mass functions
of the cluster.

The Hipparcos catalogue contains at least 7 stars that are
probable cluster members. The abscissa residuals for the 879
field transits of these stars show a cluster parallax of 2.52 +
0.21 mas, equivalent to a distance modulus of 7.99 +0.18. There
were no rejected observations. Details of the solution are shown
in Table 5. The HR-diagram positions of the stars used in the
astrometric solution are shown in Fig. 18, in comparison with
similar data for the Pleiades.

7.10. NGC 3532

This rich open cluster was studied in photometry and astrome-
try by Koelbloed (1959), who derived a distance of 432 + 40 pc
(a distance modulus of 8.2), a very small amount of reddening
(E(B—-V)=0.01), and age of 100 Myr. Further proper motions
were obtained in an extensive study by King (1978), who identi-
fied 382 likely members in a field of about 1 degree square, down
to photographic magnitude 11.0. A UBV photometric study of
183 stars in the region of the cluster by Fernandez & Salgado
(1980) indicated a slightly larger distance of 490 = 50 pc (a dis-
tance modulus of 8.45 + 0.27) and age of 200 Myr. Gieseking
(1981) determined a radial velocity of 4.2 km s~! for the clus-
ter, and identified and measured a number of spectroscopic bina-
ries contained in it. The larger distance and higher age seemed
to be confirmed by ubvyB observations of 33 stars by Eggen
(1981), who derived a distance modulus of 8.5 + 0.25, a red-
dening of E(B—V) = 0.023 + 0.014, and age of 350 Myr. A
somewhat smaller distance modulus of 8.296 + 0.096 was de-
rived by Nicolet (1981) (distance 456 pc). Using photometric
observations of 14 cluster stars in UBV and ubvyf3, Johansson
(1981) derived a distance modulus of 8.38 + 0.51, and a redden-
ing of E(B — V) = 0.10+0.04. Further photometric observations
for 68 stars, this time in UBVRI, were obtained by Wizinowich
& Garrison (1982). This study showed some of the systematic
differences that exist between different implementations of the
same photometric system. Observations in UBV and DDO of
12 red giants in the cluster by Claria & Lapasset (1988) showed
a mean reddening of E(B — V) = 0.07 = 0.02. In their analysis
of the first release of the Hipparcos data, Robichon et al. (1999)
derived a parallax of 2.47 + 0.39 mas for the cluster, equivalent
to a distance modulus of 8.04 + 0.35.

In the new reduction of the Hipparcos data, 6 stars can be
identified as very probable cluster members, having closely the
same proper motion. Based on the 685 field-transit measure-
ments for these stars, a cluster parallax of 2.43 + 0.24 mas is
derived, equivalent to a distance modulus of 8.07 + 0.22. Details
of the solution are shown in Table 5. The HR-diagram positions
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Fig. 22. The HR-diagram positions of the stars used in the astrometric
solutions to NGC 2547 and IC 4665 (each compared with Pleiades,
open symbols and @ Per and NGC 2451, crosses).

of the stars used in the astrometric solution are shown in Fig. 20,
in comparison with similar data for Praesepe and Coma Ber.

7.11. NGC 2547

Photometric and astrometric studies of NGC 2547 were pre-
sented by Fernie (1959, 1960), from which he derived an esti-
mated distance of 360 pc (distance modulus 7.8) and reddening
of E(B—-V) = 0.03. Nicolet (1981) used Geneva photometry
to derive a distance modulus of 8.22 + (.13 (distance 440 pc).
Photoelectric data in UBV for 118 stars, and HB for 23 stars in
the region of NGC 2547 were obtained by Claria (1982), from
which was derived a mean distance of 450 pc (distance modulus
8.3), areddening of E(B — V) = 0.06 + 0.02 and age of 57 Myr.
Based on UBYV data, Cameron (1985) derived a distance modu-
lus of 8.1 and reddening of E(B — V) = 0.05. Analysis of the first
release of the Hipparcos data by Robichon et al. (1999) showed
a parallax of 2.31 + 0.29. A BVI CCD study by Naylor et al.
(2002) gave a distance modulus between 8.00 and 8.15, and age
between 20 and 35 Myr.

Eight stars were identified in the Hipparcos catalogue as
probable cluster members based on their distribution of proper
motions. The cluster parallax of 2.11 + 0.17 (distance modu-
lus 8.38 + 0.17) was derived from the abscissa residuals of the
1022 field transits of these stars. There were 2 data points re-
jected. Details of the solution are shown in Table 5. The HR-
diagram positions of the stars used in the astrometric solution
are shown in Fig. 22, in comparison with similar data for the
Pleiades, NGC 2451 and « Per.

7.12. NGC 2264

NGC 2264 is an extremely young cluster, which, probably for
that reason, has been studied well. An extensive photometric
survey in UBV was presented by Walker (1956), who identi-
fied the lower main sequence to lie above the expected locus
when comparing his data with the “standard main sequence” of
Johnson & Morgan (1953), to which the data were fitted for the B
stars. A distance modulus of 9.50 was derived this way, based on
which it was concluded that stars of spectral types later than AO
were situated above the main sequence. A proper motion study
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Fig. 23. Proper motions for nine stars in the field of NGC 2264. Data
points indicates with a larger central dot represent the five stars selected
as probable members based on a combination of proper motions, paral-
laxes and apparent magnitudes.

Table 6. Data on stars selected in the NGC 2264 field.

HIP id Hp w Mo us  g.o.f.

HD »p B-V o o, oy rej
31917 8717 212 257 -086 -144
47 662 -0.126 1.02 1.02  0.74 0
31939 V37 8.100 149 -1.60 -3.47 0.17
47731 094 -0.143 093 0.93 0.65 0
31951 8.786 198 296 -284 -1.17
47751 -0.092 1.14 1.17 0.82 0
31955 V58 7904 1.03 -196 442 0.12
47777 098 -0.162  0.86 1.00  0.66 0
31978 SMon 4555 355 -261 -1.61 -0.82
47839 -0.233 050 056 039 1
32030 V168 7470 222 -3.16 -279 -0.18
47961 0.98 -0.143 069 0.74 051 2
32053 V206 8942 390 -248 -3.04 0.00
48055 0.94 -0.133  1.16 1.56 1.03 2
32141 8530 197 473 -095 -0.95
48232 0.035 0.95 0.90  0.63 0
32245 8373 394 -132 -3.01 1.61
48427 0.062  0.95 1.01 0.70 2

by Vasilevskis et al. (1965) identified 140 stars with member-
ship probabilities greater than 0.5 among 245 stars brighter than
photographic magnitude 13, in a 40’ x 40’ field centred on the
cluster. A strongly variable reddening for the cluster stars was re-
ported by Young (1978), possibly related to the molecular cloud
associated with the cluster (Crutcher et al. 1978), though much
less variation was indicated by the spectroscopic study of Barry
et al. (1979) and the UBVRI photometric study of Mendoza V.
& Gomez (1980). Nicolet (1981) determined a distance modu-
lus of 9.64 + 0.67, equivalent to a parallax of 1.2 mas. the ra-
dial velocity for the cluster was determined by Liu et al. (1989)
as 24 + 8 km s~!, based on observations of 12 early-type clus-
ter members. Using a combination of photometric and spectro-
scopic data, Perez et al. (1987) derived a distance modulus of
9.88 + 0.17 through a comparison with the main sequence as
defined by Schmidt-Kaler in Schaifers et al. (1982).
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The Hipparcos catalogue contains at least 4 stars classified
by Vasilevskis et al. (1965) as highly probable members (see
Table 6). In addition, the catalogue contains the brightest star
in the field, S Mon, which has a proper motion very similar to
the four stars mentioned above. A little outside the field studied
by Vasilevskis et al. (1965), four more stars can be identified to
share the same proper motion, and are within the same range of
parallax values. Details on all these stars are provided in Table 6,
while their proper motions are shown in Fig. 23. Taking the data
for all 9 stars together, a parallax of 2.30 + 0.46 mas is obtained,
which is why this cluster became included in the initial selec-
tion of clusters within 500 pc. This solution shows, however, a
relatively large standard deviation of 1.4, and also the combined
positions of the selected stars in the HR diagram look suspicious.
The stars that seem to contribute most to the large standard de-
viation are three in the south of the field and S Mon, for which
parallaxes near 3.5 mas are found. Eliminating these, a parallax
of 1.81 + 0.40 mas is found (from the abscissae solution), and a
standard deviation of 1.01. Of the 375 abscissae used, one was
rejected in iterations. Given its uncertainty in the parallax deter-
mination as well as the final value, the data for this cluster have
not been included in Table 5. They have been included in the dis-
cussion here to show the vulnerability of these solutions to more
distant clusters to member selection criteria.

8. Discussion

One of the aims of this study is to provide for nearby clusters dis-
tance moduli that are determined completely independent from
main-sequence fitting or other types of photometric calibration.
Ultimately, when combined with homogeneous photometry for
more extensive selections of cluster members, those data can
provide a set of observational isochrones, to be compared both
qualitatively and quantitatively with theoretical isochrones. A
first, but very limited, combination with photometric data from
the Hipparcos catalogue already shows some interesting rela-
tions as well as systematic differences. More extensive compar-
isons can be made when combining the cluster parallaxes with,
for example, ubvyf or Geneva photometry, which is available for
many of the clusters discussed above (Mermilliod 1995).

8.1. Distance modulus and parallax comparisons

In this section the distance moduli as have been determined in
various studies over the past 50 years are examined with respect
to the new Hipparcos examinations. The comparisons are done
as a function of cluster age, reflecting any systematic errors in
the calibration sequences used. The ages used come from the
catalogue by Kharchenko et al. (2005).

The calibration of the ZAMS by Johnson (1957) has made a
large impact, direct as well as indirect, on distance calibrations
of open clusters for about half a century. It was built on three
assumptions, the distance of the Hyades, assumed to be 40 pc
(compared to the current estimate of 46.45 + 0.50 pc), an area
in the UBV colour—magnitude diagram (0.55 < B -V < 0.85)
where the Pleiades and Hyades would share the same locus,
and a connection between NGC 2362 and the Pleiades around
(B — V) = 0, which was based on a theoretical evolutionary cor-
rection for the magnitudes based on studies by Tayler (1954,
1956). None of these assumptions could be verified at the time,
as it is only by means of accurate parallaxes that such verifica-
tion is made possible. Johnson estimated the uncertainty on the
distance moduli determined this way to be of order 0.2 mag. The
distance moduli derived by Johnson played an important role
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Fig. 24. Differences in distance moduli between values derived by
Johnson (1957) and the new Hipparcos reduction (bottom graph)
and similarly (middle graph) for the data for the ubvyfB photome-
try (Crawford & Perry 1966; Crawford & Barnes 1969a, 1972, 1974;
Crawford & Perry 1976; Crawford & Barnes 1969b), and (top graph)
data from Cameron (1985). In the bottom graph the errors assigned to
the distance moduli are mainly the uncertainty of 0.2 mag indicated
by Johnson. In the other two graphs the error bars represent only the
Hipparcos measurements.

in the early distance moduli determination through ubvyf pho-
tometry (Crawford & Perry 1966; Crawford & Barnes 1969a,
1972). Figure 24 shows the observed differences between dis-
tance moduli for clusters based on these calibrations and the new
Hipparcos determination. The distance of the Hyades as used by
Johnson (1957) was underestimated by 15 per cent, resulting in
errors of around 0.3 mag in the distance estimates for similar
clusters, such as Praesepe. The assumption Johnson made about
the coincidence of the Pleiades and the Hyades is not supported
by the Hipparcos data. In the ubvyB photometry it would not be
supported either if systematic differences in c; are taken into ac-
count. The details of the connection between the Pleiades and
the youngest open clusters, as implemented by Johnson, are also
in need of adjustment.

The ZAMS definition by Johnson (1957) played also an im-
portant role in the ZAMS as presented by Schmidt-Kaler in Voigt
(1965). This was used by Cameron (1985) for the distance mod-
ulus determination of 38 open clusters. As can be observed in
Fig. 24, the same systematic differences are observed as for the
Johnson and Crawford calibrations.
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Fig.25. Distance modulus differences. Botfom: between Becker &
Fenkart (1971) and Hipparcos for 15 clusters. Error bars represent
Hipparcos determinations only. Middle: between Nicolet (1981) and the
new reduction for 13 clusters. The error bars represent the combined
errors from the two determinations. Top: between Loktin & Matkin
(1994) and the new reduction for 15 clusters. The error bars represent
the Hipparcos determinations only.

The cluster distance determinations by Becker & Fenkart
(1971) are at least partly still based on the initial calibrations by
Johnson (1957), but with some modifications that affect mainly
the young clusters. These modifications, based on incorporating
the (B — U) data, appear to have led to a systematic overestimate
of the distances of clusters with ages less than about 100 Myr.

A comparison with the distance moduli as determined by
Nicolet (1981) (Sect. 5) provides a test on whether, for example,
stars in young clusters are of the same luminosity as field stars
when found in the same photometric boxes, or whether there are
systematic differences, possibly related to age. The comparison,
shown in Fig. 25, seems to indicate a systematic overestimate
of distance moduli as obtained through the photometric boxes
for young clusters, by 0.1 to 0.4 mag, while the older clusters
are not significantly offset. One may conclude that the random
field stars with ground-based parallaxes as used by Nicolet more
resemble the older than the younger cluster stars in luminosity
at the same colours. However, the volume of stars with accu-
rate parallax data now available could be used to check in much
more detail what the actual luminosity variations of stars sharing
photometric boxes are, before drawing any further conclusions.
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Fig. 26. Distance modulus differences. Bottom: between Robichon et al.
(1999) and Hipparcos for 17 clusters. Error bars represent the old
Hipparcos determinations only. Top: between Kharchenko et al. (2005)
and the new reduction for 19 clusters. The error bars represent the new
Hipparcos reduction only.

Clear systematic differences can be seen in Fig. 25 for the
comparison with the distance modulus determinations by Loktin
& Matkin (1994). These determinations are based (Loktin
& Matkin 1990) on theoretical isochrones by Mermilliod &
Maeder (1986), Hejlesen (1980) and Vandenberg (1985), de-
scribing evolutionary models for different ranges of age and
mass. The systematic differences that can be seen in Fig. 25 are
likely to be a reflection of the offsets in the those models, and
the way these affect clusters of different ages.

An entirely different kind of comparison is that of the cur-
rent determinations with those based on the first Hipparcos data
release. Here the differences for the nearby clusters are small,
though the errors have been reduced by about a factor two. For
the more distant clusters the membership selection often be-
comes the critical parameter. This is most clearly demonstrated
by IC 4765, for which a parallax based on 7 member stars was
presented by Robichon et al. (1999), but for which there is no
solution in the current paper. The more accurate proper motions
in the area of this cluster in the new catalogue show only three
possible members, all of which appear to be red giants. The gen-
eral agreement for the nearby clusters between the current re-
sults and those derived using the 1997 catalogue is not entirely
surprising. It relates to the size of the fields covered by most
of these clusters compared to the radius within which correla-
tions in the abscissa residuals were able to accumulate to cor-
relations in astrometric parameters for neighbouring stars. Such
accumulations have been shown to be only effective over dis-
tances of less than 1.5 degrees. For the Pleiades stars, spread over
8 degrees diameter on the sky, there were correlations for the
brightest stars in the cluster centre, but all other stars remained
largely unaffected.

A comparison with the catalogue of Kharchenko et al. (2005)
was also made, but here conclusions are difficult to draw, as in
particular for the range of clusters discussed here their methods
of distance determination (based amongst others on results by
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Robichon et al. 1999) varied. What is clear from the comparison
is that the distance moduli by presented by Kharchenko et al.
(2005) for the current selection of clusters are on average too
large by about 0.15 mag.

In general, for many of the distance calibrations referred to
above the same issue applied. Distance calibrations were pre-
sented as accurate, while not considering the inaccuracies and
remaining noise levels of the actual calibration model itself.
While a lot of attention was paid to exact reddening corrections,
and sometimes metallicity variations, the most basic of errors
as well as noise contribution, in the reference ZAMS, was gen-
erally not considered as a contribution to the final accuracies.
Calibrations depended for a long time, directly or indirectly, on
Johnson (1957), which itself was based on a distance estimate
of the Hyades that was short by 15 per cent, an unverified as-
sumption on the relation between the Pleiades and Hyades main
sequences, and a very early estimate of the evolutionary lumi-
nosity effects on B stars. It is only now, when distances can be
measured with completely independent methods, that the limita-
tions of these assumptions are exposed and can be corrected for.

8.2. HR diagram comparisons

When examining the composite HR diagram of the clusters
a few distinct groups appear, for which the distributions of
stars largely coincide in colour-magnitude and colour—colour
diagrams. Photometric data in the ubvyB and Geneva sys-
tems was extracted from WEBDA! to further examine these
groups. Additional photometry for UMa stars was obtained from
Rufener (1988) and Hauck & Mermilliod (1998). In most cases
field stars had to be removed from the selected data, but this was
only done when a cluster main sequence could be clearly rec-
ognized. Clusters for which this was not possible have been left
out. For the Hyades only stars were selected for which a kine-
matic parallax had been determined based on the new Hipparcos
reduction, as described in Sect. 6.1. Thus, individual parallaxes
were available for the selected stars. Directly measured individ-
ual parallaxes were used for the UMa stars.

The (provisional) groups contain the following clusters for
which more extensive photometry is available:

1. the Hyades and Praesepe;

2. Coma Ber, UMa and NGC 7092;

3. Pleiades, Blanco 1 and NGC 2516;

4. @ Per, NGC 2451, IC 4665, IC 2391, IC 2602 and
NGC 6475.

The groups contain mostly clusters of similar age, though
NGC 6475 appears a little out of place in group 4. For dis-
play, groups 1 and 2 have been taken together, and are shown
in Fig. 27. A couple of observations can be made from this com-
posite HR diagram:

— as was noted earlier, the Hyades and Praesepe data very
closely overlap, and together form a very narrow sequence;

— the Coma Ber and UMa main sequences also overlap closely,
and are sub luminous with respect to Hyades and Praesepe;

— NGC 7092 appears to follow Coma Ber and UMa for 0.1 <
(B2-V1)<0.3;

— increases in luminosity are observed for Hyades and
Praesepe stars relative to Coma Ber and UMa for
(B2-V1)<0.2;

! http://www.univie.ac.at/webda/
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Fig.27. The composite HR diagrams for groups 1 & 2 (left)and group 3 (right). Symbols on the left: Hyades, closed circles; Praesepe, open
circles; UMa, closed triangles; Coma Ber, open triangles; NGC 7092, crosses. Symbols on the right: Pleiades, closed circles; Blanco 1, open

circles; NGC 2516, crosses.

— increases in luminosity are observed for Coma Ber and UMa
stars relative to NGC 7092 for (B2 — V1) < 0.0.

The third group contains three clusters which have been noted
in the past as being very similar (Snowden 1975; Mermilliod
et al. 2008). They share the same sequences in the HR diagram
when their distance moduli are obtained from the Hipparcos par-
allaxes, as can be observed in Fig. 27. However, over the range
0.2 < (B2 - V1) < 0.65 the combined sequence of the group-3
clusters is shifted by about 0.4 mag with respect to the group-
1 sequence, and by about 0.25 mag with respect to the group-
2 sequence. As current models providing theoretical isochrones
appear not to accommodate for such shifts in luminosity, ex-
cept through extreme assumptions on chemical composition, dis-
tance modulus estimates based on isochrones and those based
on parallaxes remain systematically discrepant for clusters of
the first and third groups. However, it should also be realized
that isochrone calibration such as presented by (Pinsonneault
et al. 2004) is based only on the position of the Hyades main
sequence, and does not include an empirical calibration of the
age-dependent luminosity effects. These are assumed to be all al-
ready fully covered by the theoretical models. The new result for
the Pleiades, and its effective confirmation through NGC 2516
and Blanco 1, which both independently had been described
to be very similar to the Pleiades, seem to show that this is

probably not the case. The issue of the Pleiades distance is still
far from “largely settled”, as has been claimed by Pinsonneault
et al. (2004) and An et al. (2007).

The clusters in group 4 are mostly young to very young, ex-
cept for NGC 6475. In the region 0.15 < (B2 — V1) < 0.45 the
sequence fits well with the Coma Ber and UMa sequence, and is
offset by about 0.15 mag from the group-1 sequence (Fig. 28).
For values of (B2 — V1) < —0.1 the sequences of group 3 and 4
coincide. One complication with the group-4 sequence is the
lack of well-studied actual clusters. The sequence for @ Per
shows more variation than is observed for Pleiades, Hyades and
Praesepe, while the clusters IC 2639 and IC 2602 are relatively
sparse.

8.3. The Strémgren c, index for F-type stars

The c( index (c; corrected for reddening) in the Stroémgren pho-
tometry was shown by Crawford (1975) to be related to lumi-
nosity and surface gravity variations for F-type stars (see also
Sect. 5.1). Variations in ¢y at a given value of 8 or b — y are
given by Acy, i.e. ¢g relative to the calibration relation given in
Crawford (1975) (see also Fig. 30). This is the relation described
in Sect. 5.1 by Eq. (24). It is further evaluated in the Appendix,
Sect. A. The difference in the Acy values for the Hyades and
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Fig. 28. The composite diagram for clusters in group 4 (see text).

Praesepe with respect to, for example, the Pleiades, has been
attributed in the past to increased helium abundances (Nissen
1988; Dobson 1990) (see also Crawford & Barnes 1969a), al-
though isochrone fitting by An et al. (2007) seems to suggest that
this is not the case. It has been known for nearly half a century
and has been referred to in the past as the Hyades anomaly. It is
most clearly observed in the (U — B) index, which is a measure
of the Balmer jump for early-type stars. The significant differ-
ence in the Geneva (U — B) index for the clusters in group 1 and
group 3 can be seen in Fig. 29. The Stromgren ¢y index is closely
related to the (U — B) index.

A comparison between the c( versus b —y diagrams for clus-
ters in the Pleiades and Hyades groups by Nissen (1988) showed
that the systematic difference in ¢y values between those clusters
is about 0.033 to 0.04. Following Eq. (A.7), this would corre-
spond to an expected difference of 0.3 to 0.4 in absolute magni-
tude, which is close to what is observed in the HR diagram for
F stars in these clusters when using the Hipparcos parallax-based
distance moduli. It is in this context also interesting to note that
Nissen (1988) determined the difference between the true dis-
tance moduli, i.e. corrected for the ¢, effects, for the Pleiades
and Hyades as 1.96 (which would imply a distance of 114 pc for
the Pleiades), compared to 2.066 + 0.038 determined by means
of the Hipparcos data and 2.33 as derived from isochrone fitting
(An et al. 2007). In a way, by calibrating their isochrones on the
Hyades main sequence, An et al. (2007) have turned the “Hyades
anomaly” into a “Pleiades anomaly”. An extensive discussion
on how the Hyades anomaly may be related to the differences
in parallax and isochrone-based cluster distance determinations
was presented by Mermilliod et al. (1997).
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Fig.29. The U — B versus B2 — V2 diagram in the Geneva photometry.
The red dots represent data points in the Hyades and Praesepe clusters,
the crosses for data from the Pleiades, Blanco 1 and NGC 2516. Some of
the Pleiades points are offset because of localised differential reddening
in the cluster. The difference in loci for the two groups of clusters is
known as the Hyades anomaly.

A systematic difference of 0.033 to 0.04 in ¢y values would
indicate, following Eq. (A.10), a lower surface gravity for the
Hyades F stars by approximately 0.1, but that is also the noise
level on that calibration, i.e. the same logg values can be ob-
served for Ac; values that differ by 0.03 to 0.04. An explana-
tion of the magnitude difference as due to metallicity variations
would require an unrealistic, and also not observed, difference in
the values for Am; of around 0.15.

It is not clear why Stello & Nissen (2001) made no refer-
ence to the ¢y index differences, as discussed earlier by Nissen
(1988), in their discussion on the Stromgren photometry and the
Hipparcos parallax measurement for the Pleiades. From a purely
observational point of view, a much smaller difference in ab-
solute magnitudes between the Pleiades and Hyades stars (the
result of a larger difference in distance moduli), as suggested by
fits on theoretical isochrones, would be more difficult to explain,
as this would contradict the general trend which can be clearly
observed between the parameters AMy and Ac, for F-type field
stars (Fig. A.3). A similar conclusion of internal observational
consistency for the Hipparcos cluster parallaxes was reached by
Grenon (2002), based on comparisons of K stars in the Hyades,
Pleiades and Praesepe clusters.

The relations used here show significant noise levels, and
their applications do not provide exact results, they are merely
an indication of trends and provide estimates of the effects differ-
ences in certain parameters may have. A comparison of F stars in
the Hyades, Coma Ber and Pleiades clusters, for example, shows
that the overall differences in ¢ are in the same direction and at
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Fig. 30. Comparison of the ¢, (top) and m, (bottom) versus Hf relations
for F stars in the Hyades (filled circles), Coma Ber (crosses) and the
Pleiades (open circles). The calibration relation from Crawford (1975)
is shown by filled triangles.

about the same amplitude as would be expected from the ob-
served differences in the absolute magnitudes (Fig. 30), but it is
difficult to assess whether there is not only a qualitative, but also
a full quantitative agreement.

9. Space velocities

For general reference, the positions and space velocities for all
20 clusters and the individual UMa stars have been derived in
galactic coordinates:

[ X ] [ coslcosbh ]
Y|=R-| sinlcosh |, (36)
| Z | | sinb |
and its derivative
[ u ] [ coslcosbh ] p —sin! P cos/sinb
v | = V| sinlcosh [+ cost |- sinisind |, (37)
| w | | sinb| @ 0] @ —cosh

where « = 4.74047 is the transformation factor for a proper mo-
tion of “1 masyr~' at 1 kpc” to “km s™'”. The accumulated re-
sults for the positions and space velocities are shown in Table 7.
The space velocities are compared with those of the A and F stars
within 125 pc (van Leeuwen 2007a) in Fig. 31.

The most striking of velocity coincidences is between the
Hyades and Praesepe, which, within the accuracy of the mea-
surements, have identical u and v velocities. Considering that
these two clusters are also very similar in photometric aspects, it
seems reasonable to assume a common origin, which would then
also explain their very similar age and chemical composition.

There are no such striking coincidences between the UMa
stars and Coma Ber, though both groups are somewhat anoma-
lous in the distribution of velocities or positions. There is some
similarity between the Pleiades and NGC 2516, but Blanco 1
does not seem to fit.
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Fig. 31. Distribution of the velocities of 20 clusters and 8 UMa stars
within the galactic plane, compared with the velocity distribution of A
and F stars within 125 pc. The UMa stars form a small clump, and there
are a few other coincidences in space velocity. The solar motion has not
been subtracted.

10. Conclusions

The new reduction has eliminated problems in the Hipparcos as-
trometric data that were caused by peculiarities in the satellite
dynamics and an occasional potential weakness in connectivity
between the two fields of view. These were also issues raised
by (Makarov 2002, 2003, 2006), but these effects can not be
eliminated at the intermediate-data level, as had been shown al-
ready when the idea of such corrections was first presented by
van Leeuwen (1999b). The new reduction dealt with these atti-
tude problems there where they occurred (in the along-scan at-
titude reconstruction process) rather than with the indirect and
diffuse effects they had on great-circle abscissa residuals. The
attitude reconstruction is the only place in which they can be
(and now have been) identified and corrected for. With also the
connectivity issue having been addressed and tested in the new
reduction, the current set of cluster parallax and proper motion
values should not only be more precise, but also more accurate.

Differences between isochrone-fitting and parallax-based
distance moduli for open clusters are not limited to the Pleiades,
they are found to be systematic. The differences are observed
between groups of clusters that show similar characteristics in
for example the ¢y and U — B indices for F-type stars, and could
therefore be related to systematic surface gravity differences. A
closer examination of field star data confirms that such variations
are correlated to differences in absolute magnitudes, though not
in a simple one-to-one relation. Differences are also observed be-
tween the Hyades and Praesepe group and Coma Ber and UMa,
where none of the old “Hipparcos problems” ever applied, as
concentrations of stars in these clusters are not dense enough.
The notion that the parallax values for all these clusters have to
be wrong because they do not fit the results obtained by tradi-
tional main sequence fitting, or the distance measurement for a
single binary star in the cluster, such as expressed by Trimble
et al. (20006), gives the impression that reduced data has to con-
firm theoretical models to be acceptable as results, rather than
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Table 7. Positions and velocities of 20 clusters in the galactic reference frame.

Name l b X Y z u v w
degr. pc km s~!

Hyades 179.1  -21.9 -43.1 0.7 -173 -41.1+09 -19.2+0.2 -1.4+04
Coma Ber  221.8 83.8 -7.0 -6.3 86.2 -23+0.1 -54+0.1 -1.8+1.0
Pleiades 166.4 -23.7 -107.0 25.9 -48.3 -6.7+09 -250+05 -12.8+0.5
Praesepe 205.8 324 -1384 -67.0 97.6 -415+09 -19.8+0.5 -9.7=+1.1
a Per 147.8 -6.1 -—145.1 91.3 -182 -127+09 -24.6+0.7 -7.0+0.2
IC 2391 270.4 -6.9 09 -1439 -17.5 -227+05 -185=+1.0 -6.3+0.3
IC 2602 289.4 -5.0 49.2  -139.6 —-13.0 -82+04 -199+09 -03+0.2
Blanco 1 141 -793 37.4 94 -2034 -17.7+1.1 -6.7+0.5 -7.1+1.0
NGC 2451 2525 -7.7 -54.8 -173.4 -246 -260+06 -13.0+£1.0 -12.6=+03
NGC 6475 355.8 -4.5 268.7 -19.6 -21.0 -148+1.0 -3.1+0.3 -4.4+0.3
NGC 7092 92.4 -22 -12.4 302.5 -11.9 287+ 1.7 -69+1.0 -132+0.8
NGC 2516 2737 -15.9 21.5 -328.7 -93.7 -188+0.7 -239+1.0 -3.4+0.3
NGC 2232 2144 -74 -288.0 -1974 -45.6 -14.0+0.8 -9.1+0.6 -12.6+0.7
IC 4665 30.6 16.8 293.1 173.5 103.0 -28+1.1 -169+1.2 -85+0.7
NGC 6633 36.0 8.7 299.4 217.8 56.6 -223+09 -17.5+0.7 -69+0.6
Coll 140 245.1 -7.8 -156.8 -337.9 -51.0 -222+0.7 -18.1+£09 -122+0.5
Trump 10 262.7 0.5 -49.2 -384.4 33 -271+15 -21.8+1.0 -9.8+0.7
NGC 2422 231.0 3.0 -249.2 -308.1 210 -292+08 -242+09 -8.3+0.9
NGC 3532 289.6 1.4 137.9 -387.6 102 -193+21 -104=+1.2 0.9+0.5
NGC 2547 264.4 -8.6 -454  —466.4 -71.0 -202+1.6 -104+1.0 -148=+1.1
HIP 51814 152.2 51.6 -14.6 7.7 20.8 125+ 0.6 32+0.3 -57+0.8
HIP 53910 149.1 54.8 -12.1 7.2 20.0 13.5+0.5 29+03 -7.5+0.8
HIP 58001  140.8 61.4 -9.5 7.7 22.4 156 +0.4 29+03 -8.8+0.9
HIP 59774  132.5 59.5 -8.5 9.2 21.3 149+ 0.3 1.5+04 -103=+09
HIP 62956  122.2 61.1 -6.5 10.3 22.2 14.1+£0.3 2.8+0.4 -7.8+0.9
HIP 63503  120.3 60.7 -6.3 10.8 222 13.1+£0.3 33+04 -9.1+0.9
HIP 64532  116.8 60.2 -5.7 11.2 21.9 14.1+£0.3 23+0.5 -7.8+0.9
HIP 65477 112.8 61.5 -4.6 11.0 22.0 14.1+£0.2 33+04 -8.8+0.9

The 8 HIP numbers are all UMa members, treated on an individual basis; the errors on the space velocities are in some cases uncertain as a result

of uncertainty in the radial velocity accuracy.

that those data are judged upon the merits of the observations
they have been derived from, and the quality of the data reduc-
tions. The Pleiades story over the past ten years has shown a
number of examples where poor results, sometimes even based
on flawed methods, were accepted (and quoted) without reser-
vation, simply because they confirmed expectations. In this con-
text it is worth while recalling a statement made by Crawford
(1973) in his Survey Lecture at the IAU General Assembly in
1970: In many cases, theory can help us observers quite a lot.
We would be lost, or at least inefficient, without theory to guide
us. However, we must be extremely careful not to force-fit or to
let pre-conceived ideas mess us up. We are measuring observed
parameters, and these we relate, or calibrate, to physical param-
eters.
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Appendix A: Provisional (re-)calibration
of Strémgren indices

The currently available volume of information available on
F stars (parallaxes, photometric and spectroscopic data), allows
for a much more detailed calibration of the Stromgren photomet-
ric indices with absolute magnitudes, metallicities, and spectro-
scopically determined effective temperatures and surface gravity
values. Presented here are the provisional results of a more ex-
tensive study currently in preparation. It has been included here

in order to see how the observed systematic differences in colour
indices and absolute magnitudes can be related to physical pa-
rameters as calibrated from nearby field stars.

The photometric data have been extracted from the ubvyf
catalogue by Hauck & Mermilliod (1997, 1998). The spectro-
scopic data has been extracted from Cayrel de Strobel et al.
(2001). For this exploratory exercize the data for multiple en-
tries in the latter catalogue were simply averaged. The facilities
of the Vizier” web page were used to extract samples of F stars,
which were later further “cleaned” from luminosity class I and II
stars and binaries. Only data with Hipparcos parallax determina-
tions better than 10 per cent were kept, and all stars fainter than
apparent magnitude about 10 were left out. This criterion is only
approximate, as close to the limit a specific star may be fainter
in one catalogue, and still just bright enough in another.

The first calibration done was a more detailed repeat of
the luminosity calibrations of (Crawford 1975). This involved
two linked calibrations, namely between absolute v magnitude
(in what follows, v is always assumed to be corrected for the
parallax-based distance modulus) and b — y, which determined
dv values, and between the observed values of ¢; and HB as a
function of dv. The iterations use what is observed in the data,
and was also implemented by Crawford, that stars occupying the
lower boundary in the v versus b — y diagram also occupy the
lower envelope in the ¢; versus HB diagram. Thus, the follow-
ing relations were obtained, using only stars with Ac; values less
than 0.02:

w(b-y) =

2 http://webviz.u-strasbg.fr/viz-bin/VizieR

(3.891 + 0.010)
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Fig. A.1. The relation between HB and ¢, in the Stromgren system for
nearby F type stars with parallax errors below 10 per cent. The curved
lines of black dots represent from bottom to top the calibration relation
at Av values of 1.2, 0.2, —0.8 and —1.8 mag. The crosses show the cali-
bration relation determined and used by Crawford (1975).

+ (10.66 £0.22) (b —y — 0.32), (A.1)

where the standard deviation was found to be 0.27 mag. The
range in b — y covered is 0.21 to 0.43. The values of Ac; were
determined relative to the following calibrated relation, where
dB = (HB — 2.64) x 10 (dB thus ranges from —0.5 to +0.8), and
Av=v—-v9(b—-y)+0.75:

ci = (0.4370 +0.0007) + (-0.049 + 0.010) Av
+ (0.2205 £ 0.0029) dB + (~0.032 = 0.003) AvdB
+ (0.086 + 0.007)dB> + (—=0.029 + 0.007) AvdB*

+ (0.060 + 0.013) A, (A2)

with a standard deviation of 0.029 mag. This relation is shown
in Fig. A.1 for four different values of Av superimposed on the
actual data points. The lower curve, for Av = 1.2, serves as the
reference values ¢ () for calculating the Ac; values

c1(r) = 0.3782 +0.1833dB + 0.0512dB* + 0.060dB>,  (A.3)

and Acy = ¢y —c((r).

For determining the Am; values the reference function as
presented by Crawford (1975) is used, which accurately fits a
second-order polynomial

my(r) = 0.1826 — 0.0550 dB + 0.0607 dA>, (A4)

where the standard deviation with respect to the discrete points
defined by Crawford is 0.0005 mag (Fig. A.2). As was done
above for Acy, we define Am; = m; — m;(r). Contrary the sit-
uation for Acy, there is no easily recognized relation between
Am, and the absolute magnitude differences do.

For completeness also the relation between b — y, Acy, Am;
and Hp has been derived:

b-y = (0.3376+0.0005)+ (—0.1695 + 0.0013) dB
+ (0.0446 + 0.0021) dB* + (=0.0506 = 0.0048) Ac;
+ (0.589+0.012) Am;+(0.453 + 0.036) Am; dB, (A.5)

with a standard deviation of 0.014 mag. To compare with
Crawford’s original calibration, which was expressed in
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Fig. A.2. The relation between HB and m, for nearby F dwarfs with
parallax accuracies better than 10 per cent. The line represents the defi-
nition of the lower envelope position by Crawford (1975).

dv

2.7 265 2.6
Hp
Fig. A.3. Calibration of Av. The four lines of black dots show

(from bottom to top) the calibration relation for values of Ac; =
—-0.02, 0.04, 0.10, 0.16, and Am; = 0.015.

0B = 2.72 — B, the following equivalent relation is obtained:

b—y = (0.231+0.001)+ (0.981 = 0.028) 383
+ (4.46 +0.21) 6% + (—0.0506 + 0.0048) Ac
+ (=0.227+0.035) Amy + (=4.53+0.36) Am; 5B. (A.6)

The main differences with respect to Crawford’s original cali-
bration are in the higher order terms, which are less well deter-
mined for the much smaller volume of data that was available to
Crawford at the time of the calibration.

The calibration in terms of absolute magnitudes has been
done for Av as a function of dB, Ac and Am;:

Av = (-0.085+0.014) + (-0.053 £ 0.029) dB
+ (=9.66 £ 0.17) Ac; + (7.42 £ 0.41)dB Ac,

+ (0.201 +0.55)dB* + (2.43 = 0.31) Amy, (A7)

with a standard deviation of 0.34 mag. Important here is that we
are now able to recognize the effect of variation in the metallicity
index Am; on the absolute magnitudes. The calibration relation
is shown in Fig. A.3.
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Fig. A.4. The relation between Am; and Fe/H for 271 F stars. The cal-
ibration for HB = 2.60, 2.65,2.70 is shown by the diagonal lines, with
the lowest value of HB as the rop line.

Spectroscopic data for 271 F dwarfs with ubvyB photom-
etry were selected from Cayrel de Strobel et al. (2001). For
each star also spectroscopically determined effective tempera-
tures and surface gravity values are provided, allowing for a
direct comparison between these physical parameters and the
Stromgren indices. The first of those relations is between dS and
the Teg:

Te = (6294 £ 4) + (861 £ 16)dB K, (A-8)

with a dispersion of 69 K. Thus, the stars examined here would
range in temperature from 5862 + 9 to 6983 + 13 K.

The situation for the calibration of Am; as a function of Fe/H
is less simple due to the dependence on HB and the uneven dis-
tribution and relatively small number of calibration points. The
relation used in the final fit is as follows

Fe/H = (0.179 £ 0.012) + (-0.119 £ 0.038) dg

+ (-11.21 £0.38) Am; + (=3.37 £ 1.05) Am; dB, (A.9)

with a standard deviation of 0.10. The data and the calibra-
tion are shown in Fig. A.4. These results are in general agree-
ment with similar calibrations presented by Crawford (1975) and
Gustafsson & Nissen (1972). The final calibration concerns the
surface gravity logg as a function of Ac;. There is a generally
well-defined relation:

logg = (4.294 = 0.010) + (-2.91 = 0.14) Acy, (A.10)

with a standard deviation of 0.10. It is noted, however, that for
the later-type stars more data points are found with significant
disagreement between the logg and Ac; values. The data and
the calibration are shown in Fig. A.5.

In general, when applying any of the above relations the stan-
dard deviation of the fit should be used as a measure of the un-
certainty in the result obtained.
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