A&A 476,217-227 (2007)
DOI: 10.1051/0004-6361:20078113
© ESO 2007

A8§tronomy
Astrophysics

Old open clusters in the outer Galactic disk*"**

G. Carraro2, D. Geisler>, S. Villanova!, P. M. Frinchab0y4, and S. R. Majewski5

e-mail: giovanni.carraro,sandro.villanova@unipd.it

Dipartimento di Astronomia, Universita di Padova, Vicolo Osservatorio 2, 35122 Padova, Italy

2 ESO, Alonso de Cordova, 3107 Vitacura, Santiago de Chile, Chile

e-mail: gcarraro@eso.org

e-mail: dgeisler@astro-udec.cl
NSF Astronomy and Astrophysics Postdoctoral Fellow

Universidad de Concepcién, Departamento de Fisica, Casilla 160-C, Concepcién, Chile

University of Wisconsin-Madison, Department of Astronomy, 475 N. Charter Street, Madison, WI 53706, USA

e-mail: pmf@astro.wisc.edu

5 Department of Astronomy, University of Virginia, PO Box 400325, Charlottesville, VA 22903-4325, USA

e-mail: srm4n@virginia.edu

Received 19 June 2007 / Accepted 10 September 2007

ABSTRACT

Context. The outer parts of the Milky Way disk are believed to be one of the main arenas where the accretion of external material in
the form of dwarf galaxies and subsequent formation of streams is taking place. The Monoceros stream and the Canis Major and Argo
over-densities are notorious examples. Understanding whether what we detect is the signature of accretion or, more conservatively,
simply the intrinsic nature of the disk, represents one of the major goals of modern Galactic astronomy.

Aims. We try to shed more light on the properties of the outer disk by exploring the properties of distant anti-center old open clusters.
We want to verify whether distant clusters follow the chemical and dynamical behavior of the solar vicinity disk, or whether their
properties can be better explained in terms of an extra-galactic population.

Methods. VLT high resolution spectra have been acquired for five distant open clusters: Ruprecht 4, Ruprecht 7, Berkeley 25,
Berkeley 73 and Berkeley 75. We derive accurate radial velocities to distinguish field interlopers and cluster members. For the latter
we perform a detailed abundance analysis and derive the iron abundance [Fe/H] and the abundance ratios of several « elements.
Results. Our analysis confirms previous indications that the radial abundance gradient in the outer Galactic disk does not follow the
expectations extrapolated from the solar vicinity, but exhibits a shallower slope. By combining the metallicity of the five program
clusters with eight more clusters for which high resolution spectroscopy is available, we find that the mean metallicity in the outer
disk between 12 and 21 kpc from the Galactic center is [Fe/H] ~ —0.35, with only marginal indications for a radial variation. In
addition, all the program clusters exhibit solar scaled or slightly enhanced @ elements, similar to open clusters in the solar vicinity
and thin disk stars.

Conclusions. We investigate whether this outer disk cluster sample might belong to an extra-galactic population, like the Monoceros
ring. However, close scrutiny of their properties — location, kinematics and chemistry — does not convincingly favor this hypothesis.
On the contrary, they appear more likely genuine Galactic disk clusters. We finally stress the importance to obtain proper motion

measurements for these clusters to constrain their orbits.

Key words. open clusters and associations: general — stars: fundamental parameters — Galaxy: disk —

Galaxy: evolution — Galaxy: structure

1. Introduction

While there are much data on chemical abundances in the solar
vicinity both for disk stars (Ramirez et al. 2007; Bensby et al.
2004) and for star clusters (Friel et al. 2002), our knowledge of
the outer Galactic disk is still very poor. This is particularly true
for Galactic open clusters, which are known to extend to very
far in the disk periphery, but whose data in many cases basically
consist of shallow photometry which only allows us to derive
rough estimates of age and distance (e.g., Phelps et al. 1994,
Frinchaboy & Phelps 2002; Carraro et al. 2006).

* Based on observations with the ESO VLT at the Paranal
Observatory, under the program 076.B-0263.
** Table 3 is only available in electronic form at
http://www.aanda.org

In the last few years the situation has improved thanks to a
renewal of interest in the outer Galactic disk which, according to
several studies, may have been formed though several mergers
of small galaxies. In this context, a structure like the Monoceros
ring (hereinafter MRi, Newberg et al. 2002; Ibata et al. 2003;
Crane et al. 2003; Rocha-Pinto et al. 2003) would be the best
signature of such accretions. Distant star clusters — both open
and globular — may trace this structure (Frinchaboy et al. 2004,
2006), date its formation time, and probe its chemical evolution,
but the lack of precise metallicity, distance and age data for a
sufficient number of potentially associated clusters makes their
connection to such over-densities still vague.

Recently, good abundance data have started to be acquired
for a handful of distant clusters (Carraro et al. 2004; Yong et al.
2005; Villanova et al. 2005; Frinchaboy et al. 2007). All these
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studies seem to indicate that the outer disk does not follow
closely the chemical pattern one would expect from an extrap-
olation of the solar neighborhood data. For instance, the radial
[Fe/H] gradient, instead of relatively steeply declining as in the
solar vicinity, deviates at Rgc > 10—12 kpc and stays almost flat
toward the Galactic anti-center, while the @ elements are moder-
ately enhanced with respect to the Sun. The metallicity flattening
by the way was suggested as early as the study of Twarog et al.
(1997), but with a largely inhomogeneous data-set.

These trends are seen in other tracers, like field giants and
Cepheids (Carney et al. 2005; Yong et al. 2006). But while these
chemical characteristics may cast new light on the formation of
the outer Galactic disk, in fact the number of anti-center trac-
ers with good abundance data, particularly distant star clusters,
remains too small to attempt reliable speculations, despite their
obvious statistical advantage for deriving ages, kinematics,
abundances, and so forth.

Meanwhile, current models of the chemical evolution of the
Galactic disk (e.g., Cescutti et al. 2006, and references therein)
have started to predict the radial abundance gradients for sev-
eral elements in the outer regions of the Milky Way. While these
models employ updated prescriptions for all of the basic ingre-
dients (reactions rates, Initial Mass Function and so forth) of
the calculation — and in this respect are very sophisticated and
have high predictive power — again the lack of sufficient data for
elemental abundances in the outer disk prevents careful com-
parisons with observations and limits the applicability of the
models.

In an attempt to improve this situation, we present in this
paper the results of a spectroscopic campaign conducted with
the Very Large Telescope (VLT) of five previously unstudied, old
and distant open clusters toward the Galactic anti-center. These
particular clusters were targeted to help clarify their status as
genuine disk clusters or as possible members of the MRi. At
the same time, our data are intended to provide a better set of
observational templates for chemical evolution models.

2. Selection of clusters

The clusters under investigation are listed in Table 1, together
with their Galactic coordinates and preliminary estimates of dis-
tance and age as reported in Carraro et al. (2005a,b). In those
papers, BVI photometry has been obtained with the purpose of
searching for potentially old and distant clusters and providing
targets for later spectroscopic follow-up.

Together with these five clusters we have also observed
Tombaugh 2, which we report on elsewhere (Frinchaboy et al.
2007). We elected to study these targets in detail because we
wanted to probe a region of the Milky Way — the Third Galactic
Quadrant — where the signatures of ongoing accretions (the pu-
tative Canis Major galaxy, hereafter “CMa”, and the MRi) have
been repeatedly pointed out, but where other explanations are
also possible. Open clusters can help us to shed more light on
the structure and origin of the outer disk because of the abil-
ity to derive accurate determinations of age, distance, radial ve-
locity, metallicity, and detailed abundances for these systems.
Establishing any relationships between position and kinematics
and/or age and metallicity is the first step not only to better de-
scribe the chemical and dynamical evolution of the Galactic disk
periphery, but also to recognize possible structures not associ-
ated with the Galactic disk (Frinchaboy et al. 2004).

For our study we wanted a sample of clusters covering a
wide baseline in Galactocentric distance, older than the Hyades,
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Table 1. Clusters sample.

Name l b d, age Ref.
deg deg  kpc Gyr
Berkeley 75 234.30 -11.12 9.8 3.0 Carraro et al. (2005a)
Berkeley 25 226.60 -9.69 11.3 4.0 Carraro et al. (2005a)
Ruprecht 7 22544 458 6.5 0.8 Carraro etal. (2005b)
Ruprecht 4 222.04 -531 4.9 0.8 Carraro et al. (2005b)
Berkeley 73 21528 -9.42 9.7 1.5 Carraro et al. (2005a)
\
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Fig. 1. The spectrum of Ruprecht 7-7 (upper panel) and Berkeley 73-12
(lower panel) in the wave-length interval 6000-6025 A. Several spectral
lines are identified.

located toward the CMa and MRi over-densities and below the
plane to further investigate the disk warp (Momany et al. 2006).

All five of the Table 1 clusters are projected toward the
Monoceros/Canis Major constellations in the southern Galactic
hemisphere. Indeed, they are all projected onto or very near
the Canis Majoris overdensity itself (see Moitinho et al. 2006).
They also all lie significantly below the nominal Galactic
plane. According to the preliminary analysis by Carraro et al.
(2005a,b), they presently all lie beyond 12 kpc from the Galactic
center and are likely older than the Hyades (see Table 1).

To our knowledge, no previous estimates of radial velocity
or metallicity are available for any of these clusters.

3. Observations and data reduction

The spectroscopic data come from the ESO-VLT, and were
collected in service mode between October and December
2005 with the FLAMES on-board VLT+UVES high-resolution,
echelle spectrograph. The sky was generally clear, and the typ-
ical seeing was about 0.8 arcsec during all of the observing
nights. We used the UVES multifiber mode, which allows the
collection of up to eight spectra simultaneously. The 580 nm set-
up (R = 40000 in the 4750-6800 A range) was used. The UVES
fibers were placed on the brighter probable members of the clus-
ter according to their CMD position. The data were reduced by
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Table 2. Radial velocities plus photometry of the program stars.ID is identification according to Carraro et al. (2005a,b) numbering. The last
column indicates whether a star is considered member (M) or not (NM) according to the analysis in Sect. 5.

Cluster 1D @(2000.0) 6(2000.0) B Vv 1 RVy n  Membership
hh:mm:s 0" [kms™']

Berkeley 75 9  06:49:07.09 -23:59:4494 1578 14.89 1371 73.10£0.50 2 NM
22 06:48:55.85 -24:00:07.16 17.08 16.13 1499 94.60+035 2 M

Berkeley 25 10 06:41:2040 -16:28:23.63 17.45 16.13 1456 134.10+020 2 NM
12 06:41:16.60 -16:28:16.13 17.59 1632 14.78 13560020 2 M
13 06:41:13.63 -16:29:17.27 17.36 1633 1497 133.30+0.20 2 M
21 06:41:08.37 -16:29:20.13 17.59 16.50 15.08 134.00+0.50 2 M
23 06:41:16.76 -16:29:21.34 1791 16.72 1527 131.70+0.50 2 M

Ruprecht 7 2 06:57:50.14 -13:13:39.93 1547 14.07 1271 77.12+020 3 M
4 06:57:43.08 -13:12:17.41 16.02 1458 1271 77.10+025 3 M
5 06:57:54.56 -13:13:59.18 16.17 14.78 1295 77.12+020 3 M
6 06:57:53.66 -13:12:57.83 1624 1479 1291 77.61+030 3 M
7  06:57:52.85 -13:12:55.08 16.41 1507 1225 7426+090 3 M

Ruprecht 4 3 06:48:51.69 -10:30:20.49 1546 1424 1269 4840+1.00 1 M
4 06:49:00.80 -10:31:57.81 15.60 1430 12.68 4585+0.55 2 M
8 06:48:55.37 -10:31:32.39 1594 1477 1326 4840+1.00 1 M
18  06:48:54.51 -10:33:21.32 16.62 1544 1390 6220+1.00 1 NM
29 06:48:57.87 -10:30:27.09 1729 1595 1425 6220+1.00 1 NM

Berkeley 73 12 06:21:54.89 -06:17:51.91 1630 15:30 1393 89.10+0.20 2 NM
13 06:21:55.36 -06:20:10.04 16.10 1536 1430 7535+025 2 NM
15  06:22:10.44 -06:19:30.19 16.51 1557 1430 7330030 2 NM
16  06:22:01.13 -06:19:17.14 16.86 1584 1448 9530+0.20 2 M
18 06:22:01.99 -06:19:21.89 17.10 1599 1458 96.10+£020 2 M
19 06:21:57.24 -06:17:1555 16.74 16.03 1495 9285+025 2 NM

ESO personnel using the FLAMES-UVES pipeline! which first
corrects the spectra for bias and flatfield. Next a wavelength cal-
ibration based on Th-Ar calibration-lamp spectra was applied.
Finally, each spectrum is flux-calibrated applying the response-
curve of the instrument and the echelle orders combined to ob-
tain a single one-dimensional spectrum. The resulting spectra
have a dispersion of 0.1 A/pixel and a typical S/N ~ 25-40.
We could observe 21 Red Giant Branch(RGB)/red clump stars
in the five program clusters, for a grand total of 43 spectra. Due
to the small size of the clusters under study, it was not possi-
ble to put all eight fibers on cluster stars. Typically we could
configure UVES to pick up five stars per cluster. In the case of
Berkeley 75 we could observe just two stars with sufficiently
high S/N. Table 2 provides information on the targets including
photometry from Carraro et al. (2005a,b). Note that we obtained
1-3 independent spectra (n, Col. 9 in Table 2) per star, and the
integration time was 45 min per exposure. Examples of extracted
spectra are illustrated in Fig. 1, where the spectrum of star #7 in
Ruprecht 7 and #12 in Berkeley 73 are shown.

3.1. Radial velocities

We used the fxcor IRAF utility to measure radial velocities. This
routine cross-correlates the observed spectrum with a template
having known radial velocity. As a template we used a syn-
thetic spectrum calculated for a typical solar metallicity giant
star (T ~ 5000 K, log(g) = 3.0, v, = 1.3 km s™1). Then each
measured radial velocity was converted to heliocentric velocity
using the rvcorr IRAF routine. The resulting heliocentric veloc-
ities for the stars (RVy) are reported in Table 2. The error in
radial velocity — derived from repeated measures — is less than

I See http://www.eso.org/projects/dfs/dfs-shared/
web/v1t/vlt-instrument-pipelines.html for documentation on
the FLAMES-UVES pipeline and software.

1 kms~!. Finally, for the abundance analysis each spectrum was
shifted to rest-frame velocity and continuum-normalized.

4. Abundance analysis
4.1. Atomic parameters and equivalent widths

The analysis of chemical abundances was carried out with the
2005 version of the freely available program MOOG developed
by Chris Sneden? and originally described in Sneden (1973)
and using model atmospheres by Kurucz (1992). MOOG per-
forms a local thermodynamical equilibrium (LTE) analysis. We
derived equivalent widths by fitting Gaussian profiles to spec-
tral lines. Repeated measurements show a typical error of about
5-10 m A for the weakest lines because of the moderate S /N
of the spectra. The line list (see Table 3) was taken from
Gratton et al. (2003). The log(gf) parameters of these lines were
redetermined by a solar-inverse analysis measuring the equiv-
alent widths from the NOAO (Kurucz et al. 1984) solar spec-
trum, adopting the standard solar parameters (T.g = 5777 K,
log(g) = 4.44, v, = 0.8 kms™', A(Fe) =7.48).

4.2. Atmospheric parameters

Initial estimates of the atmospheric parameter T Were obtained
from the photometric observations given in Table 2 using the re-
lations from Alonso et al. (1999). We adopted E(B — V) values
from Carraro et al. (2005a,b) to correct colours for the inter-
stellar extinction. We then adjusted the effective temperature by
minimizing the slope of the abundances obtained from Fe I lines
with respect to the excitation potential. Initial guesses for the
gravity log(g) were derived from the canonical formula:

g M Teff) (L)
log| =] =log|—|+4log|—]—-log|— |-
g(go) g(Mo) g(To g Lo

2 http://verdi.as.utexas.edu/moog.html

ey
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Table 4. Atmospheric parameters. Typical errors in temperature, logarithm of
gravity and micro-turbulent velocity are 100°K, 0.2 , and 0.1 kms~!.

Cluster ID T. log(g) V¢ log(Fe) [Fe/H] Membership
°K kms~T dex

Berkeley 75 9 4968 2.57 1.55 7.04 -0.44+0.03 NM
22 5180 3.37 1.21 726 —0.22+0.03 M

Berkeley 25 10 5000 2.90  1.65 7.58 +0.10+0.05 NM
12 4870 2.75 1.50 728 —0.20+0.04 M
13 4860 2.65 1.73 731 -0.17+0.04 M
21 5100 2.50 1.80 732 -0.19+0.14 M
23 5000 2.50 1.80 726 -0.25+0.12 M

Ruprecht 7 2 5160 2.12 1.62 7.14  -0.34+0.02 M
4 5105 2.05 1.90 724 -0.24 +£0.01 M
5 5230 2.19 2.10 721 -0.27+0.01 M
6 5230 223 2.08 7.28 —0.20+0.01 M
7 5150 240 1.82 723 -0.25+0.01 M

Ruprecht4 3 5180 2.63 1.56 741 -0.07+0.01 M
4 5150 252 1.66 745 —0.04 +£0.02 M
8 5190 2.64 1.40 732 -0.16 £0.01 M
18 5040 3.17 1.20 7.13  -0.35+0.01 NM
29 4920 2.78 1.37 7.14  -0.34+£0.02 NM

Berkeley 73 12 5030 2.78  1.40 7.09 -0.39+0.02 NM
13 5730 4.15 0.99 7.65 +0.17 £0.01 NM
15 5070 3.12 1.04 7.10 -0.38+£0.01 NM
16 4890 2.71 1.45 7.30 -0.18 £0.02 M
18 4940 288 1.32 723  -0.27 £0.02 M
19 5870 4.23 1.40 745 -0.03+0.03 NM

In this equation, the mass M/M was derived from the compar-
ison between the position of the star in the Hertzsprung-Russell
diagram and the Padova isochrones (Girardi et al. 2000). The
luminosity L/Ls was derived from the apparent magnitude V,
assuming the distance moduli from Carraro et al. (2005a,b) The
bolometric correction (BC) was derived from the BC-T.¢ rela-
tion from Alonso et al. (1999). The input log(g) values were
then adjusted to satisfy the ionization equilibrium of Fe I and Fe
II during the abundance analysis. Finally, the micro-turbulence
velocity is given by the relation (Houdashelt et al. 2000): v; =
2.22-0.3221ogg. We then adjusted the micro-turbulence veloc-
ity by minimizing the slope of the abundances obtained from
Fe I lines. The adopted values for all these parameters together
with derived [Fe/H] are reported in Table 4, whereas the mean
results of the detailed abundance analysis per cluster (i.e. with
results averaged over all adopted cluster members — see Sect. 5)
are listed in Table 5. We also report there our measures of the
main @ elements with their uncertainties and abundance ratios.

We made a detailed error analysis and found that an in-
crease of 0.1 in micro-turbulence velocity implies an increase
of 0.01 dex in any of the measured elements (Fe, Mg, Si, Ca
and Ti). On the other hand, a variation of 0.2 in log(g) produces
a decrease of 0.01 dex in any of the elements. Much more sen-
sitive is the dependence on temperature. An increase of 100°K
produces variations as large as +0.11, +0.08, +0.06, +0.10, and
+0.16 dex in Fe, Mg, Si, Ca, and Ti, respectively.

5. Revision of cluster fundamental parameters

We make use here of the derived radial velocity, metallicity, and
available photometry to revise the fundamental parameters of the
clusters under investigation.

First, we discuss the membership of all the program stars
on the basis of their radial velocity (Table 2), position in the
CMD, location in the cluster field, atmospheric parameters, and
chemistry. From the stars that have been selected as members,

G. Carraro et al.: Old open clusters in the outer Galactic disk

we compute the cluster mean metal abundance (see Table 5). We
use the following criterion to add error bars to the cluster mean
iron abundance [Fe/H]. We adopt as metallicity error 0.2 dex
when cluster metallicity is based on just 1 member, 0.1 dex in
the case we find two members, and 0.05 dex when we have 3
or more members, but only in the case the measurements stan-
dard deviation o is smaller than this value, otherwise we directly
adopt the measurements o

We then generate isochrones for the derived spectroscopic
metallicity of each cluster, transforming the mean [Fe/H] into Z,
using Padova models and following Carraro et al. (1999). Owing
to the marginal a—element enhancement, we derived Z consid-
ering only [Fe/H]. The corresponding best-fit isochrone is then
superimposed on each CMD (Fig. 2). In this way updated es-
timates of the basic parameters (age, distance and reddening)
are finally derived (see Table 6). Distances are computed adopt-
ing Ay = 3.1 - E(B — V) (Moitinho 2001). Finally, by assuming
8.5 kpc as the Sun’s distance from the Galactic center, we pro-
vide in Table 7 the Cartesian Galactic coordinates Xgc, Ygc and
Zgc, and the distance (Rgc) of the clusters from the Center of
the Galaxy. The Cartesian coordinates are defined as Z pointing
toward the North Galactic Pole, Y toward the direction of the
Galactic rotation, and, finally, X pointing toward the anti-center.

The fundamental parameters are thus summarized in
Tables 5-7.

5.1. Berkeley 75

For this cluster we make use of the BVI photometry from
Carraro et al. (2005a). We have only two stars with spectroscopy
and their velocities are clearly incompatible (see Table 2), as are
their metallicities (Table 4). In Fig. 2 (panel a) we have indicated
these two stars with squares. The decision on the possible mem-
bership of these stars is obviously quite difficult. In the figure
we show as a member (filled square) the fainter (#22) of the two
stars, and suggest that star #9 (open square) is actually an inter-
loper. First, star #22 falls closer to the adjusted isochrone in the
CMD, while star #9 seems too bright and blue. In addition, in the
figure (where only the stars within the cluster radius are shown),
while star #22 lies within the cluster radius, star #9 is close to the
edge of the field of view, well outside the cluster radius; this star
is shown in Fig. 2a only because it was observed spectroscopi-
cally. Finally, from Table 2 one can see how star #9 is actually
cooler than star #22. If one derives their reddening from the in-
trinsic colors (Worthey et al. 2006), it turns out that star #22 has
a reddening compatible with the bulk of the MS stars (0.04),
while star #9 basically does not have reddening, being therefore
a nearby giant star. The probable member (#22) has a metallic-
ity [Fe/H] = —0.22 + 0.20, and this translates into Z = 0.011
(Carraro et al. 1999). A 4 Gyr isochrone for this metallicity has
been super-imposed in Fig. 2a shifted by E(B — V) = 0.04 and
(m — M)y = 14.9. Note that our inferred distance of this cluster
turns out to be lower than previous estimates (Table 1, Carraro
et al. 2005a) due to the much higher metallicity we derived from
spectroscopy. However, we consider our derived values for this
cluster to be very preliminary since they are in part based on only
one star with ambiguities in determining its membership.

5.2. Berkeley 25

The photometry for this cluster is also taken from Carraro et al.
(2005a). We have five stars with very similar radial velocities,
and therefore all of the measured stars are probable members.
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Fig. 2. Revision of clusters’ fundamental parame-
ters. In each panel we show the isochrone solu-
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tions and indicate radial velocity members (filled
squares) and non-members (empty squares) for a)
Berkeley 75, b) Berkeley 25, ¢) Ruprecht 7, d)
Ruprecht 4, and e) Berkeley 73, respectively.

Table 5. Mean abundance analysis from cluster members. In parenthesis below the element the number of lines used is indicated.

Cluster [Fe/H] [Mg/H] [Si/H] [Ca/H] [Ti/H] [Mg/Fe] [Si/Fe] [Ca/Fe] [Ti/Fe]  [a/Fe]
(150) (3) (13) (16) (33)

Berkeley 75 —0.22+0.20 +0.16 £0.06 —042+0.14 —0.240.07 —0.06+0.04 +0.38=0.09 —020+0.17 —0.02=0.10 +0.16+0.07 +0.08

Berkeley 25 -0.20+0.05 0.00+029 —-0.12+0.17 -0.30£0.10 —0.07+0.13 +0.11 £0.31 —0.01 +0.19 —0.19+0.12 +0.04 £0.15 0.0l

Ruprecht 7 —0.26+0.05 —0.35=0.09 —0.20 £0.05 ~0.22+0.11 —0.37 £0.09 —0.10+0.10 +0.05£0.06 +0.03+0.12 —0.12=0.10 —0.04

Ruprecht 4 —0.09+0.05 —0.09 = 0.04 —0.05+0.04 —0.05=0.05 —0.06 £0.05 +0.01+0.05 +0.05+0.05 +0.05+0.06 +0.04 =0.06 +0.04

Berkeley 73 -0.22+0.10 —0.12£0.10 —0.05+0.04 —0.30 £0.07 —0.17+0.07 +0.10=0.15 +0.17+0.09 —0.08=0.19 +0.05+0.12 +0.06

However, only for three of them (#10, 12, and 13) could we
perform detailed abundance analysis, while for the other two
only an estimate of the iron abundance was possible, due to the
lower S/N. These [Fe/H] values are comparable within the er-
ror among all members, except for star #10, which we are here
considering as a probable non-member. These stars are indicated
with filled squares in Fig. 2b. The mean of the four metallicity
measures (Table 4) yields [Fe/H] = —0.20 + 0.05, which im-
plies Z = 0.012. The best-fit is for a 5 Gyr isochrone, and it
is shown in the same panel. It implies E(B — V) = 0.11 and
(m—- M)y =15.6.

5.3. Ruprecht 7

The photometry of this cluster comes from Carraro et al.
(2005b). We obtained spectra for five stars (Table 2) and all have
compatible radial velocities and metallicities within the errors.
The photometry of these stars is indicated in Fig. 2c. The mean
of the five metallicity measures yields [Fe/H] =-0.26 + 0.05,
which corresponds to Z = 0.010. The 800 Myr isochrone that
provides the best fit for this metallicity has been drawn for
E(B-V) = 036 and (m — M)y = 15.0. Owing to the lower

metallicity we measure, these findings somewhat deviate from
the purely photometric estimates by Carraro et al. (2005b).

5.4. Ruprecht 4

Of the five stars with Carraro et al. (2005b) photometry for which
we obtained spectra, we propose that three (# 3, 4 and 8) are
cluster members (filled squares in Fig. 2d), while the other two
(the two faintest) are interlopers. This choice is also motivated
by the better position of the candidate member stars in the CMD
(see Fig. 2d). Four of the five stars lie near the cluster center
(1.5 arcmin, Carraro et al. 2005b), but star #29 is located well
outside, suggesting it is a probable non-member. This further
corroborates our member selection. From the three adopted
members, we derive a mean [Fe/H] = —-0.09 + 0.05, hence
Z = 0.015. The 800 Myr isochrone for this metal content has
been superimposed using E(B—V) = 0.30 and (m—M)y = 14.30.

5.5. Berkeley 73

The photometry of this cluster comes from Carraro et al.
(2005a). In this case assigning spectroscopically-based
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memberships is again quite a difficult task. Among the six stars
for which we obtained UVES spectra, we do not consider the
two stars with dwarf-like gravities, #13 and 19, as members,
while we consider the stars #16 and 18 as members, because
they are both giants with comparable velocities and metallic-
ities. Star #15 is a probable radial velocity non-member, as is
star #12. We therefore are left with two stars we consider to be
members, and their mean [Fe/H] is —0.22 + 0.05. This translates
to Z = 0.011, as in the case of Berkeley 75. The 1.5 Gyr best
fit isochrone shown in Fig. 2e has been shifted by assuming
E(B-V)=0.11and (m — M)y = 15.30, a result consistent with
the purely photometric analysis by Carraro et al. (2005a).

6. Extension of the cluster sample

Out of 5 total, 3 of our sample (the Berkeley clusters) are at he-
liocentric distances larger than 7 kpc, and therefore have to be
carefully considered as possible previously neglected MRi can-
didates (Crane et al. 2003; Frinchaboy et al. 2004). Therefore
they deserve further attention to better describe this tidal fea-
ture. At the same time, we want to investigate the chemical and
kinematic properties of the outer Galactic disk using old open
clusters.

To these aims, we enlarge the sample presented in the previ-
ous Sections by adding eight additional distant anti-center clus-
ters for which high resolution abundances are available. These
clusters are: Berkeley 29 and Saurer 1 (Carraro et al. 2004),
Berkeley 22 (Villanova et al. 2005), Tombaugh 2 (Frinchaboy
et al. 2007), Berkeley 21 (Hill & Pasquini 1999; Yong et al.
2005), and Berkeley 20, Berkeley 31, and NGC 2141 from Yong
et al. (2005). These additional clusters are all located in the Third
Galactic Quadrant, having 187° < [ < 240° and —18° < b <
+8°. Their properties are summarized in Table 8. These thir-
teen clusters all lie more than 12 kpc from the Galactic center
and represent the largest sample of anti-center distant clusters
with reliable chemical abundance measurements analyzed to-
gether so far. By the way, 3 of them (Berkeley 29, Saurer 1 and
Tombaugh 2) have been previously suggested to be MRi candi-
dates.

In order to put all the cluster [Fe/H] measurements taken
from the literature on the same metallicity scale as the present
study clusters, we used the values for Berkeley 29, which is in
common between Yong et al. (2005) and Carraro et al. (2004).
This allows us to scale Berkeley 20, Berkeley 31 and NGC 2141,
and Berkeley 21. For this latter we still consider the Yong et al.
value, since it is basically identical to Hill & Pasquini (1999)
estimate. For Berkeley 29, Yong et al. report an [Fe/H] value
0.1 dex lower than Carraro et al. (2004). Therefore we increase
all Yong et al. [Fe/H] values by 0.1 dex.

7. Abundance ratios

Carraro et al. (2004) and Yong et al. (2005) have emphasized
that the few outer Galactic disk clusters insofar studied show a
sizeable enhancement in @ elements over the solar ratio. Having
a larger sample, we investigate here what the @ element ratios are
suggesting to us about the origin of these clusters, say whether
they are genuine disk clusters, or whether they are the signa-
ture of an extra-galactic population. Indeed one may speculate
that an @ element over-abundance indicates that the material in
the outer disk formed rapidly, possibly due to a relatively recent
merging event (2-5 Gyr ago). This seems to be confirmed by
the ages of the clusters under analysis. None of the clusters in
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our sample is very old (ages less than 5 Gyr), which may sug-
gest that very old open clusters (like NGG 6791, Berkeley 17,
Collinder 261 and NGC 188 to name a few examples) do not
populate the anti-center. We emphasize however that this might
be the result of a selection effect, which further studies have to
clarify. Nonetheless, if this age distribution is real, one may spec-
ulate that these clusters could have formed during a merger, or
deposited by a merger. In fact, according to our current under-
standing of disk formation, we expect that the outer parts have
been forming later (inside out scenario) and that the more re-
cently accreted material, if any, is around the outer edge of the
disk.

We could measure several « elements for our five clusters, as
listed in Table 5. Figure 3 shows the [Fe/H] trends of four abun-
dance ratios: [Mg/Fe], [Si/Fe], [Ca/Fe], and [Ti/Fe] of our 5 pro-
gram clusters, plus the 8 additional clusters collected from the
literature. The dashed lines are linear fits through the data points
with slopes of —0.14 = 0.11, —0.58 + 0.19, —0.28 + 0.12, and
—0.08 + 0.10 for [Mg/Fe], [Si/Fe], [Ca/Fe], and [Ti/Fe], respec-
tively. There is a trend of having decreasing o elements ratios
at increasing metallicity ([Fe/H]) for all the measured elements,
except for Ti.

Inspecting this figure we notice that these clusters define a
trend of @ element abundances versus [Fe/H] consistent with
Galactic open clusters (Friel et al. 2003, Fig. 5) and field F and G
stars (Reddy et al. 2003, Fig. 8) near the Sun in the same metal-
licity range of our sample. The generally enhanced abundances
are more reminiscent of the thick than thin disk behavior (Reddy
et al. 2003).

At these metallicities there are no dwarf galaxies having the
same abundance ratios. The Sagittarius Dwarf Spheroidal does
reach these high metallicities (—0.5 < [Fe/H] < 0.0), how-
ever its stars tend to be significantly under-abundant in « ele-
ments. The unpublished work by Smecker-Hane & McWilliam
(astro-ph/0205411) present a few determinations compatible
with our clusters. However, more recent studies (Sbordone et al.
2007, and references therein) based on a larger sample show that
in this metallicity range « elements are significantly sub-solar.

In conclusion, the @ element ratios of outer disk open clusters
are more compatible with the solar vicinity thin/thick disk than
with dwarf Galaxies, suggesting that these clusters are genuine
members of the Galactic disk.

8. Age-metallicity relationship

The age-metallicity relationship (AMR) is another important di-
agnostic of galaxy formation scenarios. If our clusters were born
in a distinct galaxy, they would likely show an AMR distinct
from the clusters intrinsic to our Galaxy.

For example, Frinchaboy et al. (2004) suggest the open
and globular clusters putatively associated with MRi show an
AMR similar to that of the Sagittarius dwarf galaxy (Layden
& Sarajedini 2000). Forbes et al. (2004) built on this concept
and used the AMR as a tool to decide the membership or not
of potential CMa/MRIi clusters, as did Frinchaboy et al. (20006).
However, both these studies are based on highly inhomoge-
neous samples, combine together open and globular clusters, and
make use of photometry- or low-resolution-sprectroscopy-based
metallicities.

It is quite well accepted that the bulk of the old open clusters
in the disk do not define a clear-cut AMR (Friel 1995; Carraro
et al. 1998; Friel et al. 2002), but rather at any age these clus-
ters show a large scatter in metallicity. Typically, at any age
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Table 6. Revision of the fundamental parameters of the clusters under study.

Name [Fe/H] Metallicity EB-V) (m—- M) do Age
dex kpc Gyr
Berkeley 75  -0.22 +0.20 0.011 0.04 £0.03  14.90 +0.20 9.10 4.0+04
Berkeley 25  —0.20 + 0.05 0.012 0.11+0.05 1560+0.30 1140 5.0+0.5
Ruprecht 7 -0.26 £ 0.05 0.010 0.36 £0.05 15.00 +0.20 6.00 0.8+0.2
Ruprecht 4 —-0.09 £ 0.05 0.015 0.30+£0.05 1430+020 4.70 0.8+0.2
Berkeley 73 —-0.22 +0.10 0.011 0.11+0.05 15.30+0.20 9.80 1.5+0.3
Table 7. Revision of the fundamental parameters of the clusters under study.
Name I b [Fe/H] X Y zZ Rce RV VGsr VR®or
[deg] [deg] dex kpc  kpc  kpc  kpe kms~! kms™'  kms™!
Berkeley 75 23430 -11.12 -0.22+0.20 13.7 -72 -1.6 155 +94.6 £ 0.35 -95.7 220.5
Berkeley 25  226.60  -9.69 -0.20+£0.05 162 81 -19 182 +1343+0.20 -39.1 117.4
Ruprecht 7 22544 458 -0.26+0.05 127 46 -05 135 +76.6 £ 0.50 -95.0 210.9
Ruprecht 4~ 222.04  -5.31 -0.09+005 120 -3.1 -04 124 +475+1.00 -114.5 250.2
Berkeley 73 215.28 -9.42 -0.22+0.10 164 56 -16 174 +95.7 £0.20 -44.9 155.0
between 1 and 8 Gyr, metallicity ranges from [Fe/H] ~ —0.5
to Fe/H] ~ +0.05 (Friel et al. 2002, Fig. 4). 04 L E
This seems to be the case also for outer disk clusters (see _ O. 5 = . . . E
Fig. 4): At all ages from 0.8 to 5 Gyr there is a sizable spread in 2 I e R e E
[Fe/H] extending up to 0.4 dex, in good agreement with the trend E 0 g = 2 E
of old open clusters in the solar neighborhood. The two lines in ~ — 70'4 T T
Fig. 4 show the full metallicity range that old open clusters in 04 I L
the disk exhibit at any age (Friel et al. 2002). — O' o F . E
There might be a possible hint of an AMR if we remove the é .O e e S TR E
two most metal-poor clusters (Berkeley 21 and NGC 2141, Yong 8 o2 b : - 4 LT
et al. 2005) located at about 2 Gyr. However, despite the large =~ — o' N N N B I
errors, the metallicity of these two clusters are consistent with OA 4 Ei L . L
all the determinations obtained so far (Hill & Pasquini 1999), —_ 0'2 S . E
and there are no reason to believe they are wrong. o ' o E . T SN E
Therefore, the analysis of the AMR lends further support to E 02 E R CTTe--- 3
the idea that the outer disk old open clusters do not differ from - 70' 4 B A SR RS R E S R E
typical disk clusters, since they do show the same lack of any 04 E " ‘ . ‘ ‘ E
AMR as t.yplcal disk open clusters and argue against their origin o 02E. - . E
in a putative dwarf galaxy. & ok o ’_’ el el ---
= o02F ’ =
. - . . . —04E L L L ‘ =
9. Metallicity distribution -086 -0.4 -0.2 0
[Fe/H]

The sample of clusters we are analyzing has a mean metallicity
[Fe/H] = —0.34 + 0.15. It is useful to compare this value with
the available measures for the MRi. Yanny et al. (2003) derived
[Fe/H] = —1.6 = 0.3 from Ca II (K) line strenghts of MS blue
F/G star spectra. This metallicity has been recently confirmed
by Wilhelm et al. (2005), who used synthetic spectra and col-
ors to derive [Fe/H] = —1.37 + 0.04 from a group of A/F stars.
From the spectra of a sample of M giants Crane et al. (2003)
obtained quite a different result. The Ca II 118498, 8542 and
Mg I 28807 lines synthesis yielded [Fe/H] = —0.4 + 0.3. If the
F/G MS stars and the M giants belong to the same population,
they seem to define an AMR, provided they are sampling dif-
ferent age sub-populations, corresponding to different rounds of
star formation. If, on the contrary, F/G and M stars do belong to
the same population and possess roughly the same age, clearly
something is wrong with these estimates of the metallicity.
Interestingly, our clusters do have the same metallicity as
the Crane et al. (2003) M giants. One may be tempted to as-
sociate old open clusters with M giants, while associating puta-
tive members globular clusters (Frinchaboy et al. 2004) with F/G
stars. While in principle this might be correct — the Sgr DSph

Fig. 3. The trend of a element abundances with metallicity. Open tri-
angles indicate the five program clusters, while filled squares are addi-
tional anti-center clusters culled from the literature.The dashed line is a
fit through the data.

represents a clear counterpart — such a conclusion still remains
premature, first because @ elements and AMR are suggesting a
different scenario, second because the MRi global properties are
still very poorly known.

Besides, one is left with the question as to why outer disk star
clusters should have roughly the same metallicity distribution as
solar vicinity star clusters (Friel et al. 2002).

10. The radial abundance gradient in the outer
Galactic disk

The most recent determination of the slope of the radial abun-
dance gradient using old open clusters in the Galactic disk is
presented in Friel et al. (2002). From a sample of about 40
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Fig.4. Age metallicity distribution, with symbols as in Fig. 3. The
dashed lines indicate the metallicity range of old open clusters in the
Galactic disk, from Friel et al. (2002).

clusters located between 8 and 14 kpc from the Galactic cen-
ter a mean slope of —0.06 dexkpc™! is found. This slope mostly
represents the abundance gradient in the solar vicinity, since the
sample contains just one cluster beyond 14 kpc from the center
of the Milky Way and only five clusters outside of 12 kpc.

Carraro et al. (2004) and Yong et al. (2005) provide evi-
dence that the abundances in the outer disk (Rgc larger than
12—13 kpc) do not follow the expectations of the extrapolation
of the gradient as determined by clusters in the solar neigh-
borhood, but instead the metallicity gradient seems to flatten at
RGC ~12-14 kpC

With the supplement of the eight additional clusters from the
literature we now have a unique sample of clusters to reassess
the radial abundance gradient in the outskirts of the Galactic
disk. Our sample spans almost 10 kpc in Galactocentric distance
(see Table 5 and 8), from Rgc = 12.0 to 21.6 kpc. Moreover,
they are all located essentially toward the same Galactic region
(186° < I < 234°). Figure 5 plots the metallicity trend of all
of the aforementioned clusters together with their metallicity
uncertainty.

In this figure, the solid line is the radial abundance gradient
from Friel et al. (2002) sample. Clearly, distant anticenter old
clusters deviate from this trend, and show how the mean gradient
beyond 12 kpc flattens out and essentially maintains a constant
value of [Fe/H] ~ —0.35.

If we consider the Friel et al. (2002) clusters and the
ones discussed here together, a global gradient of —0.018 =
0.021 dex kpc‘1 results (dashed line) — much flatter than that
found by Friel et al. (2002) and compatible with the Galactic
disk not having any gradient when using old open clusters over
its full extent.

We note that shallow metallicity gradients across the full
span of spiral galaxy disks are commonly found (see Moustakas
& Kennicut 2006, and references therein).

The global value of the gradient we find is also consistent
with that predicted by Cescutti et al. (2006, see below) chemical

G. Carraro et al.: Old open clusters in the outer Galactic disk

evolution models, which yield a gradient of ~—0.05 dex kpc™! all
the way from 4 to 22 kpc from the Galactic center.

In Fig. 6 we show the radial abundance gradient of four
a—elements — [Mg/H], [Si/H], [Ca/H], and [Ti/H] — and derive
their gradient slope (indicated on the right side of each panel).

Recently, Cescutti et al. (2006) calculated the slopes of the
Galactic abundance gradient of several elements as derived from
chemical evolution models of the Milky Way. This model is
based on the assumption that the MW evolved basically in iso-
lation, but with different star formation thresholds imposed for
the halo and disk. The disk is modeled as an inside-out growing
structure. Modern prescriptions for element production rates are
employed.

In the same Galactocentric distance baseline (12 to 22 kpc)
the Cescutti et al. models yield abundance gradient slopes of
about —0.020 dexkpc~! for the four above elements, while re-
producing at the same time the observed gradient in the solar
vicinity.

Therefore, model predictions are consistent with our new re-
sults within the errors, except for [Si/H], for which we found
a shallower slope than the models, consistent with no gradient.
We find that the mean trend of the models match the trend of the
observations for the outer disk.

11. Spatial distribution and kinematics

The five program clusters are all located below the nominal
Galactic plane and reach as much as 2 kpc below the plane (see
Table 7). In Fig. 7 we plot the Rgc — Zgc distribution of all thir-
teen clusters beyond 12 kpc from the Galactic Center collected in
Sect. 5. In the third Galactic quadrant, stars and clusters prefer-
entially lie below the formal b = 0 plane of the Galaxy, following
the pattern of the Galactic warp and flare (Moitinho et al. 2006).
These are shown for different values of b, from 0° (solid line) to
+3° (dashed lines) from Momany et al. 2006, which the reader is
referred to for any additional details. Berkeley 29, Berkeley 31
and Saurer 1 are at odds with the bulk of the sample and are
located well above the Galactic plane. Still, they do not deviate
significantly from the predictions of a warped/flared disk.

Scott et al. (1995) have studied the kinematics of old open
clusters in the solar vicinity. From a sample of 35 clusters at
mean Galactocentric distance of 10.3 kpc, they found a mean ro-
tational velocity of 211 + 7 kms™!, consistent with the Galaxy
rotation curve. Our sample contains clusters which are located
much further away, and at higher Galactic latitudes. We therefore
expect to find deviations from purely circular motions. Although
these deviations might be important signatures of accretion, one
has to be very carefully analysing distant star clusters in the anti-
center, since both their radial velocity is generally dominated by
non circular motions and the disk structure is more complicated
than in the solar neighborhood.

Anyhow, we derive circular velocities for these clusters, us-
ing Olling & Merrifield’s (2000) Egs. (1) and (2), which com-
bined together yield:

RV
sinlcosb |’

8.5
where the circular speed and distance from the Galactic Center
of the Sun are taken to be 220 km s~! and 8.5 kpc, for consistency
with the adopted values to derive cluster Galactic coordinates
(see Sect. 5). Finally, RV here represents the Local Standard of
Rest (LSR) corrected radial velocity.

Figure 8 shows the derived rotational velocity distribution
of the clusters as a function of Galactocentric radius, compared

@)

Vrot =
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Table 8. Additional clusters gathered from the literature. References are: (a) Carraro et al. (2004); (b) Yong et al. (2005); (c) Villanova et al.

(2005); (d) Frinchaboy et al. (2007).

Name ) b RVy do Rge VRoT VGsrR [Fe/H] [Mg/Fe] [Si/Fe] [Ca/Fe] [Ti/Fe] age  Ref.
deg deg kms™! kpc kpc  kms™!  kms~! dex dex dex dex dex Gyr
Berkeley 29 197.98  +8.05  +246 132 216 3400 511 044 001  +021  +0.10 +0.03 45 @
Saurer I 21468 +738  +1046 132 192 1416 327 038 4005 4038  +0.19  +0.12 50 a)
Berkeley 31 20625  +5.12 557 83 163 2109 —486 057  +040  +020  +0.13  +0.08 20 b
Berkeley 22 199.88 -8.08  +953 60 143 433  +78 032  -007  +004 -008 +0.11 33 ¢
Berkeley 20 20348 1737  +789 84 160 997 198  -049 4022  +0.03 4006 +0.33 50 b
Tombaugh2 23200 -6.88 +121.0 83 151 1496 -758 028 +032 22 d)
Berkeley 21 186.84 -251  +126 50 135 3230 242  -054  +0.00  +0.51 003  +0.03 23 b
NGC2141 19808 578  +241 43 120 1778 377 018 4024  +0.05 +0.10  +024 25 b
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Fig. 5. The radial abundance gradient from old open clusters in the dis-
tant anticenter direction. Symbols are as in Fig. 3. The solid line is the
Friel et al. (2002) mean abundance gradient, while the dashed line is the
gradient when outer disk clusters are added.

to the Galaxy rotation curve from Olling & Merrifield (2000;
dashed line). The position of the Sun is indicated at (8.5, 200),
while the range of values derived by Scott et al. (1995) for old
open clusters is represented by the thick horizontal segment.

All the clusters rotate slower than predicted by the rotation
curve, apart from Berkeley 29 and Berkeley 21, which have a
significantly larger rotation velocity, but lie very close to the
Galactic anticenter. Besides, the deviation from the Galaxy ro-
tation curve increases with distance.

The mean rotational velocity of our clusters is about
150 kms~!, which differs from that of old open clusters in the
solar vicinity (Scott et al. 1995), which rotate at the same speed
as the Sun.

Before deriving conclusions on the meaning of this devia-
tion, it is worth keeping in mind that these clusters are on the av-
erage much farther from the Galactic plane than the solar vicinity
clusters, and their kinematics is more complex, possibly due to
the warping and flaring of the disk.

To fully explore their kinematics we would need proper mo-
tion measurements, to derive cluster orbits and eccentricities

GC

Fig. 6. The radial abundance gradient of Mg, Si, Ca and Ti from old
open clusters in the distant Galactic anti-center. The symbols are the
same as those used in Fig. 3. On the right the gradient slopes in the
range 12 to 22 kpc are indicated.

(Carraro & Chiosi 1994; Frinchaboy 2006; Casetti-Dinescu et al.
2007). These quantities are mandatory to address the issue
of the origin of these clusters, and hopefully disentangle be-
tween an extra-galactic origin, or the kinematic influence by a
flared/warped disk.

At odd with the results from the chemical analysis, the study
of kinematics presented here cannot help much to put more con-
straints on the formation, origin and evolution of the outer disk
old open clusters system.

12. Kinematic association to MRi

The Galactic Anticenter Stellar Structure (GASS), or MR, ex-
hibits quite a tight relation between the velocity corrected to
the Galactic standard of rest and the longitude in a sample of
putative M giant members (Crane et al. 2003). Based on that,
Frinchaboy et al. (2004, 2006) looked for star clusters associ-
ated with this structure, and actually found that seven clusters
(both open and globulars) are consistent with GASS membership
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Fig. 8. Rotational velocity of old open clusters in the third Galactic
quadrant beyond 12 kpc from the Galactic center. The dashed line is
the stellar disk rotation curve from Olling & Merrifield (2000), while
the thick solid line is the typical location of old open clusters in the
solar vicinity. Symbols are as in Fig. 3.

in the Galactic standard of rest velocity (vgsr) versus longitude
plane.

Meanwhile, new radial velocities have been acquired for
some of these clusters and others which are located in the MRi
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Fig.9. Location and kinematics of old open clusters in the Galactic
anti-center. Superimposed are Pefiarubia et al. (2005) models of the
Monoceros Ring. The filled circle indicates Saurer 1, whilst the filled
square Berkeley 29 and the filled triangle Tombaugh 2, previously indi-
cated as MRi members.

region. This permit us to revise the possible kinematic associa-
tion of old open clusters with GASS.

In fact, Frinchaboy et al. 2006 could provide evidence that
Saurer 1 and Berkeley 29 are probably associated with GASS.

We can here extend that analysis to the larger anti-center
cluster sample we have described in previous Sections. To this
aim, we computed vgsr of each one of the five program clusters
(see Table 7), and for the additional 8 clusters (Table 8).

The velocity Vgsr has been computed as:

Vasr =RV +9-cos(b) cos()+(220+12)-cos(b) sin(l)+7-sin(b)(3)

where (9, 12, 7) are the components of the Sun peculiar motion
— consistent with M giants from Majewski et al. (2003)-, and
220 is the Local Standard of Rest rotational velocity (see also
Frinchaboy et al. 2006, Eq. (4)).

The aim is to compare cluster position and kinematics with
the expected trends for the MRi, following the same approach as
in Frinchaboy et al. (2006). Theoretical — N-body and analytical
— calculations by Pefiarrubia et al. (2005) are available that pre-
dict the location and kinematics of the MRi as a function of the
shape of the Galactic halo.

Figure 9 compares the location and kinematics of old anti-
center open clusters having heliocentric distances larger than
7 kpc (small open squares), Berkeley 29, Tombaugh 2 and
Saurer 1 (MRi candidates, filled square, triangle and circle, re-
spectively) to the MRi models. This cluster sample, the largest
so far of distant anti-center star clusters -including Berkeley 29
and Saurer 1- does not generally follow the expected MRi spatial
distribution (bottom panel), while the heliocentric radial veloc-
ities (middle panel) are only marginally compatible with MRi
models, as are the Galactic standard of rest velocities vgsg (top
panel).

Finally, we notice that while Berkeley 29 seems to follow the
MRi models kinematics, but not the spatial location, Saurer 1
clearly deviates in all the diagrams, and Tombaugh 2 is only
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spatially compatible with MRi (but see Frinchaboy et al. 2007).
Berkeley 75 at [ = 234° seems to be the cluster that simultane-
ously best matches the model expectations in the three planes.

This leads us to our final argument, now based on kinemat-
ics, indicating that the preferred origin of our clusters is Galactic
as opposed to extra-galactic.

13. Conclusions

We have presented new radial velocities and metallicities derived
from high resolution spectra for five old distant anti-center open
clusters previously unstudied. These results have been combined
with similar quality data taken from the literature for eight addi-
tional old open clusters. We discuss this material in the context
of the chemical and kinematic properties of the Galactic disk,
with the principal aim to understand whether these clusters are
genuine disk members, or that some of the clusters trace an ex-
tragalactic population which merged into the disk a few Gyr ago,
the MRi.
Our results can be summarized as follows.

— the spatial location of these clusters is compatible with a
warped/flared Galactic disk and poorly matches MRi model
predictions;

— metallicities are compatible both with the Galactic disk and
with the M giants which trace MRi, whilst the abundance
ratios of @ elements are more compatible with the Galactic
disk population;

— the AMR is in better agreement with the Galactic disk than
with MRi, although this latter is at present poorly con-
strained;

— we find that the cluster kinematics are difficult to interpret,
in the sense that clusters seem to obey the Galactic differ-
ential rotation, but with increasing deviations at increasing
distances. However, it is difficult with present data to disen-
tangle whether these deviations are indicating an extragalac-
tic origin, or are simply a consequence of the complicated
dynamics in a warped/flared disk. In fact, in this case the
expected increase of the velocity vertical component would
naturally produce deviations from purely circular orbits;

— Models of MRi do not reproduce satisfactorily and simulta-
neously the position, radial velocities and Galactic standard
of rest velocities vgsg of the outer disk old open clusters here
considered.

— the radial abundance gradients, especially those for the a—
elements, are in good agreement with prediction based on
simple Galactic disk models (Cescutti et al. 2006). We con-
firm that in the outer disk the radial iron abundance gradient
is flatter than in the solar vicinity.

This work emphasizes the difficulty to study the periphery of
the Galactic disk. A better description of the properties of the
warped/flared disk, and of the Monoceros Ring models are
mandatory to improve the comparison with the observations that
we are accumulating. At the same time, the proper motion com-
ponents of these clusters might greatly help to understand their
kinematic properties, especially near the Galactic anti-center.
The derivations of their orbits and eccentricities would constitute
an important step ahead in our knowledge of the outer Galactic
disk.
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A El EP log(gf) Be25-12 Be73-18 Be75-22 Rup4-3 Rup7-2
4801.031 240 3.120 -0.130 75.1 78.7 54.0 85.3 65.3
4810.537 30.0 4.080 -0.170 60.6 75.6 80.6 99.6 74.5
4812.352  24.1 3.860 -1.800 - - 53.0 71.3 51.2
4813.479 27.0 3200 0.180 - 68.9 93.7 70.5 48.0
4820.414 22.0 1500 -0.440 98.7 106.8 71.0 106.6 67.9
4827457 230 0.040 -1.480 - - - 74.2 -
4831.651 23.0 0.020 -1.380 90.0 74.1 - 57.0 -
4832.431 23.0 0.000 -1.500 104.5 - - - -
4836.857 240 3.100 -1.140 71.6 - - - -
4848.252 24.1 3.860 -1.080 - - 80.4 102.0 84.1
4854.873 39.1 0.990 -0.380 744 87.9 78.2 100.5 88.2
4864.738 23.0 0.020 -0.960 97.0 99.2 121.5 83.0 52.7
4865.618 221 1.120 -2.750 94.6 86.9 - 95.4 76.6
4867.874 27.0 3.100 0.410 107.7 117.7 63.4 98.3 -
4874.014 221 3.090 -0940 - 46.1 - 56.1 522
4875492 230 0.040 -0.810 95.0 102.2 84.7 90.6 64.7
4883.690 39.1 1.080 0.070 85.5 104.2 74.0 102.2 109.9
4900.124  39.1 1.030 -0.090 - - - - 175.1
4904.420 28.0 3.540 -0.190 - 115.4 81.5 110.9 91.2
4911.199  22.1 3.120 -0.490 - 67.7 63.3 87.9 73.6
4913978 28.0 3.740 -0.630 67.0 76.3 - 73.0 61.2
4935.834  28.0 3.940 -0.380 79.6 77.8 453 75.4 59.3
4936.341 24.0 3.110 -0220 60.2 71.1 51.7 66.5 46.3
4953.212  28.0 3.740 -0.640 110.8 100.7 89.4 82.5 58.7
4954.809 24.0 3.120 -0.140 - - - - 73.6
4964.933 240 0.940 -2530 1115 93.6 78.3 - -
4981.740 22.0 0.850 0.400 163.7 152.6 159.6 160.7 86.2
4997.100 22.0 0.000 -2.120 95.8 98.1 65.8 - -
4999.510 22.0 0.830 0.250 167.4 162.2 1359 169.0 140.2
5003.747 28.0 1.680 -3.130 88.3 59.6 444 61.4 -
5004.894 250 2920 -1.650 - 36.9 - - -
5005.171  22.1 1.570 -2.680 - 56.4 37.6 46.7 47.1
5009.655 22.0 0.020 -2.260 117.1 83.8 68.8 77.7 -
5010.943 28.0 3.630 -0.900 - 64.2 52.5 69.4 523
5016.168 22.0 0.850 -0.570 1225 101.7 90.3 100.9 76.2
5022.874 22.0 0.830 -0.430 107.5 119.6 106.7 114.8 94.0
5039.964 22.0 0.020 -1.230 144.1 135.8 107.3 123.8 94.4
5048.853 28.0 3.850 -0.390 1243 107.6 - 102.0 70.2
5062.104 22.0 2.160 -0.440 - 452 - 36.5 -
5087.426  39.1 1.080 -0.170 65.8 74.0 59.8 92.9 82.5
5094418 28.0 3.830 -1.120 - 415 - 425 30.5
5105.545 29.0 1.380 -1.020 159.4 136.8 127.2 139.6 105.1
5112279 40.1 1.660 -0.590 - - - 472 -
5113447 220 1440 -0.780 - 71.6 573 61.3 -
5145468 22.0 1460 -0.570 96.2 68.5 71.8 69.8 44.7
5147.482 22.0 0.000 -2.010 106.8 85.4 - 87.8 61.8
5152.190 22.0 0.020 -2.020 94.2 92.8 88.5 - -
5157.984 280 3510 -1.720 - - - 27.2 -
5173750 22.0 0.000 -1.370 95.5 90.8 1159 91.9 102.9
5185.908 22.1 1.890 -1.500 93.9 102.9 86.0 109.2 101.0
5197.170  28.0 3900 -1.140 - 50.2 - 58.0 -
5200.185 24.0 3.380 -0.530 - - 51.9 - -
5200415 39.1 0990 -0.570 973 91.1 71.0 99.9 -
5210.392 22.0 0.050 -0.880 158.6 142.8 116.2 137.1 104.8
5212.691 27.0 3510 -0.110 - - - 33.8 -
5214.616 240 3.320 -0.660 - - - 48.5 -
5218.209 29.0 3.800 0.300 85.5 63.9 61.7 78.3 -
5219.706  22.0 0.020 -2.260 96.2 83.0 57.5 75.7 473
5237.325 241 4070 -1.170 - 75.0 67.4 92.2 72.2
5238969 240 2710 -1300 - - — 359 —
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A El EP log(gf) Be25-12 Be73-18 Be75-22 Rup4-3 Rup7-2
5239.823 21.1 1450 -0.700 92.4 112.2 65.9 107.0 93.1
5247.574 240 0960 -1.630 133.7 118.6 80.7 114.0 -
5260.390 200 2520 -1.720 68.7 49.5 - 52.1 -
5261.708 20.0 2520 -0.580 113.8 1234 112.3 126.5 104.4
5272.003 24.0 3450 -0.420 - - - 40.3 -
5274236 58.1 1.040 0.260 - 333 - 44.0 -
5282443 220 1.050 -1.300 575 48.4 51.4 44.5 24.7
5295784 22.0 1.050 -1.630 70.5 45.1 - 40.8 -
5296.702 240 0980 -1.240 154.5 138.8 113.6 140.1 109.7
5299.984 220 1.050 -1.360 - 41.6 - 332 -
5300.751 240 0980 -2.130 109.3 96.5 75.0 97.6 -
5304.185 24.0 3460 -0.690 38.9 - - - -
5305.866 24.1 3.830 -2.080 - 36.7 - 50.2 46.4
5308.429 24.1 4.070 -1.850 - - - 53.7 48.2
5310.697 241 4.070 -2280 - - - 29.1 -
5312.863 24.0 3450 -0.560 - - - 36.0 242
5313.585 241 4.070 -1.640 449 - - 62.1 61.4
5318361 21.1 1360 -1.750 - - - 46.5 43.0
5319.820 60.1 0.550 -0.560 - - 51.3 - 79.1
5336.790 22.1 1.580 -1.590 1123 100.1 86.3 132.7 121.6
5342708 27.0 4.020 0.520 - 51.7 41.0 48.4 31.7
5345.807 24.0 1.000 -0.970 199.0 166.8 152.2 168.3 137.2
5348.326 240 1.000 -1.290 170.6 141.5 123.0 134.4 114.6
5349469 20.0 2.710 -0.460 105.1 112.6 87.6 1204 -
5352.049 27.0 3560 0.060 - 50.2 - 47.9 -
5402.783 39.1 1.840 -0.640 - - - 44.8 49.3
5409.799 24.0 1.030 -0.710 178.7 184.2 164.2 184.9 142.0
5418.780 22.1 1.580 -2.110 - 81.0 61.9 93.3 84.2
5432548 25.0 0.000 -3.800 153.8 127.0 117.4 111.7 85.9
5490.159 220 1460 -0930 71.5 64.0 - 57.0 -
5494474 260 4.070 -1.960 - 44.6 - 46.4 -
5502.092 241 4170 -1.960 - - - 36.2 40.6
5503.904 22.0 2580 -0.190 48.6 - - - -
5522454 260 4210 -1.470 64.1 57.2 - 60.3 47.8
5525.135  26.1 3270 —4.040 - - - 322 -
5526.821 21.1 1.770  0.190 101.3 116.6 87.9 123.4 110.7
5534.848 26.1 3240 2750 - 67.0 42.5 102.4 101.4
5539.291 260 3.640 -2590 - 35.7 - 35.6 -
5547.000 26.0 4220 -1.800 57.1 44.0 - 54.2 31.6
5560.220 260 4430 -1.100 66.5 66.8 51.8 70.9 49.9
5568.862 26.0 3.630 -2910 - - - 259 -
5578.729 280 1.680 -2.570 114.5 89.8 106.0 102.1 72.9
5587.581 26.0 4.140 -1.700 - 51.5 31.0 - -
5587.868 28.0 1.930 -2390 95.8 81.4 58.3 97.1 -
5589.366 28.0 3900 -1.150 - 424 25.6 - -
5590.126 200 2510 -0.770 101.2 111.4 924 118.8 95.2
5593.746  28.0 3900 -0.780 - 74.7 - 54.4 447
5608.976 260 4210 -2310 - - - 21.7 16.8
5611.357 26.0 3.630 -2930 344 - - - -
5618.642 26.0 4210 -1.340 67.1 70.2 62.1 65.6 50.8
5619.609 26.0 4390 -1.490 54.7 59.7 - 454 335
5627.642 230 1.080 -0.370 106.5 74.5 55.6 69.8 57.8
5635.831 26.0 4260 -1.590 - 43.0 - 49.5 35.0
5636.705 260 3.640 -2.530 - 29.6 26.8 355 -
5640989 21.1 1.500 -0.860 86.0 87.3 62.8 97.7 81.0
5643.087 28.0 4.160 -1.250 - - - 28.2 -
5645.618 14.0 4930 -2.140 - 56.1 - - -
5647241 27.0 2280 -1.560 68.6 33.1 - 37.6 -
5649.996 26.0 5.100 -0.800 52.5 46.5 - 57.8 -
5651477 260 4470 -1.790 - - - 36.5 20.9




Table 3. continued.

G. Carraro et al.: Old open clusters in the outer Galactic disk, Online Material p 4

A El EP log(gf) Be25-12 Be73-18 Be75-22 Rup4-3 Rup7-2
5652.327 260 4260 -1.770 - 46.3 - 483 30.6
5657.880 21.1 1.510 -0.290 125.5 105.5 98.3 115.1 107.3
5661.354 260 4280 -1.830 455 54.6 - 40.6 28.1
5662.159 22.0 2320 -0.110 - 49.2 - - -
5665.563 14.0 4920 -2.040 445 - 46.2 59.2 51.5
5667.153  21.1 1500 -1.110 62.7 71.2 57.8 78.3 -
5669.040 21.1 1.500 -1.000 72.4 78.3 - 92.5 922
5670.858 23.0 1.080 -0.420 923 69.7 - 483 28.7
5671.826 21.0 1450 0.560 - - 37.7 35.5 -
5680.244 26.0 4.190 -2290 - - - 26.1 -
5682.647 11.0 2.100 -0.870 - 129.3 110.2 131.8 109.4
5684.198 21.1 1510 -0.920 79.0 - 95.7 - -
5688.217 11.0 2.100 -0.570 129.6 135.3 128.2 146.3 -
5690.433 14.0 4930 -1.870 61.8 61.5 - 63.4 55.0
5698.530 23.0 1.060 -0.110 128.1 - 82.9 - -
5701.108 14.0 4930 -2.050 - 45.7 - 44.8 -
5701.557 26.0 2560 -2.160 122.0 123.6 103.1 112.4 88.6
5702.328 24.0 3450 -0.480 53.8 53.7 - 40.9 30.9
5703.587 23.0 1.050 -0.210 117.8 76.5 61.5 60.7 40.6
5708.405 14.0 4950 -1.470 80.9 - - - -
5711.095 12.0 4340 -1.710 1249 116.4 135.8 117.9 87.8
5717.841 26.0 4280 -0980 914 77.1 65.0 89.4 -
5727.057 23.0 1.080 -0.010 102.6 85.7 81.6 81.7 -
5731772 260 4260 -1.000 - 68.8 78.3 79.4 64.4
5741.856 260 4260 -1.690 - 51.5 - 42.1 39.2
5748361 28.0 1.680 -3.250 - - - - 52.1
5752.042  26.0 4550 -0.920 33.1 - 375 - 494
5760.359 260 3.640 -2.460 - - - - 30.4
5772.149 140 5.080 -1.750 - - 273 - 523
5847.006 28.0 1.680 -3.440 81.7 65.8 - 50.7 40.5
5852228 26.0 4550 -1.160 - 66.0 - 63.0 50.2
5853.150 26.0 1480 -5.090 495 39.6 - - -
5853.688 56.1 0.600 -1.000 112.6 1124 120.4 143.1 150.5
5855.086 26.0 4.610 -1.560 52.0 - 35.8 40.6 24.0
5856.096 26.0 4290 -1.570 - 52.1 57.7 58.4 36.0
5858.785 26.0 4220 -2.190 - - - 20.3 -
5859.596 26.0 4550 -0.630 86.6 75.6 63.5 91.2 71.9
5861.110 260 4280 -2350 - - - 19.7 13.1
5862.368 26.0 4550 -0.420 107.0 101.3 86.5 101.0 85.9
5866.461 22.0 1.070 -0.840 1159 105.1 99.6 88.9 65.7
5867.572  20.0 2930 -1.490 - 34.6 - 35.6 255
5881.279 26.0 4.610 -1.760 33.6 - - 25.1 -
5902476 260 4590 -1.860 - - - 20.0 -
5905.680 26.0 4.650 -0.780 - 59.7 81.4 76.7 62.8
5922.123  22.0 1.050 -1.470 100.7 71.6 73.3 52.9 -
5927.797 26.0 4.650 -1.070 91.4 52.0 60.8 61.6 48.6
5929.682 26.0 4550 -1.160 - 48.7 - 54.1 46.3
5930.191 26.0 4.650 -0.340 126.0 93.0 84.3 102.2 84.9
5934.665 26.0 3930 -1.080 100.0 91.5 78.1 101.9 86.7
5947.531 260 4.610 -2.040 - - - 16.9 -
5948.548 14.0 5.080 -1.230 - 92.4 67.5 110.9 88.0
5956.706  26.0 0.860 —4.560 100.0 113.0 62.9 98.9 87.4
5978.549 220 1.870 -0.580 - 50.1 - 51.0 335
5984.826 260 4.730 -0.290 - 79.6 89.8 90.2 82.8
5991.378 26.1 3.150 -3.550 45.7 424 39.8 60.8 60.3
5996.740 28.0 4230 -1.060 - 36.1 39.2 29.5 204
6003.022 26.0 3.880 -1.020 93.0 99.3 111.9 105.3 89.5
6007.968 26.0 4.650 -0.760 73.5 70.8 - 76.0 61.6
6008.566 26.0 3.880 -0.920 126.6 104.2 92.1 98.4 922
6013.497 25.0 3.070 -0.250 120.2 117.7 94.9 112.4 82.8
6016.647 250 3.070 -0.090 - 129.2 105.2 113.6 107.6
6021.803 25.0 3.080 0.030 151.4 131.1 120.6 119.2 98.6
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A El EP log(gf) Be25-12 Be73-18 Be75-22 Rup4-3 Rup7-2
6027.059 260 4.070 -1.200 104.2 83.2 71.5 100.3 76.7
6053.693 28.0 4230 -1.070 - - - 27.5 -
6056.013 260 4.730 -0.460 82.9 81.1 70.0 87.4 68.1
6065494 26.0 2610 -1.590 1483 157.2 139.1 163.6 -
6078.499 260 4790 -0380 - 71.7 67.9 97.6 80.7
6079.016 26.0 4.650 -0970 - - 80.7 65.0 41.3
6081.448 23.0 1.050 -0.580 - - 74.2 - 322
6082.718 26.0 2220 -3.530 82.1 78.2 61.9 73.7 59.5
6084.105 26.1 3.200 -3.800 - - - 50.0 61.8
6086.288 28.0 4260 -0.470 - 50.4 - 539 47.5
6089.574 260 5.020 -0.870 58.9 53.8 - 66.8 472
6090.216 23.0 1.080 -0.060 85.4 85.1 57.8 68.9 59.9
6091.177 220 2270 -0420 - 36.5 - 385 19.9
6093.649 26.0 4610 -1.320 - 424 - 48.7 36.7
6094.377 260 4.650 -1.560 - 322 - 36.1 18.9
6096.671 26.0 3980 -1.760 58.0 63.5 724 61.2 44.6
6098.250 260 4560 -1.810 - - 274 38.9 -
6108.125 28.0 1.680 -2.470 98.8 102.5 89.5 107.1 85.1
6111.078 28.0 4.090 -0.830 - 51.9 45.6 50.9 31.7
6113329 26.1 3210 —4.120 - - - 37.4 -
6119.532 230 1.060 -0.320 99.6 59.4 - 58.6 42.1
6120.258 26.0 0910 -5.860 57.2 28.0 - 27.5 -
6125.026 140 5.610 -1.570 49.2 - - 394 34.9
6126.224 22.0 1.070 -1.420 94.7 73.2 579 57.9 44.5
6128.984 28.0 1.680 -3.390 85.4 74.5 - 62.7 49.0
6130.141 28.0 4260 -0980 - 435 - - 255
6137.002 26.0 2200 -2910 106.7 104.9 99.7 - -
6145.020 14.0 5610 -1.440 - - - 45.8 -
6149249 26.1 3.890 -2.720 534 39.2 37.7 61.4 69.8
6151.623 260 2.180 -3.260 1149 83.8 83.1 95.5 71.7
6154230 11.0 2.100 -1.570 67.8 51.7 60.6 62.9 46.1
6157.733 260 4.070 -1.260 - 96.1 77.2 91.9 80.7
6160.753 11.0 2.100 -1.260 69.7 80.7 55.7 80.7 67.3
6161.295 200 2520 -1.270 76.0 79.8 75.4 87.0 80.1
6165363 26.0 4.140 -1.480 66.4 64.3 61.3 59.8 54.2
6166.440 200 2520 -1.140 975 87.7 83.3 91.2 722
6169.044 20.0 2520 -0.800 136.6 93.2 103.3 112.0 100.7
6169.564 200 2.520 -0.480 1519 121.0 123.3 123.1 105.7
6173341 26.0 2220 -2.840 107.5 104.1 79.5 107.7 92.9
6176.816 28.0 4.090 -0.240 69.0 79.6 70.5 76.7 62.7
6177253 28.0 1.830 -3.600 52.2 415 - 33.7 -
6186.717 28.0 4.100 -0.900 - - - 43.7 34.0
6187.995 26.0 3940 -1.600 76.3 66.8 - 72.1 55.2
6199.186 230 0290 -1.280 - 73.6 - 41.8 335
6200.321 26.0 2.610 -2390 - 111.0 - 1143 97.2
6204.610 28.0 4.090 -1.150 - - - 40.9 29.3
6213437 260 2220 -2.540 130.8 131.2 94.5 1224 109.0
6216.358  23.0 0.280 -0.810 109.3 82.7 - 66.9 46.4
6219.287 26.0 2200 -2390 1135 125.6 102.3 135.1 120.6
6223.990 28.0 4.100 -0970 - 37.9 - 40.3 28.9
6226.740 26.0 3.880 -—2.080 433 44.1 - 40.2 33.1
6230.098 28.0 4.100 -1.200 - - - - 26.0
6232.648 26.0 3.650 -1.060 113.4 79.0 100.0 113.0 96.0
6240.653 260 2220 -3.230 99.3 88.5 77.2 90.1 81.9
6243.114 23.0 0300 -0.980 152.2 97.0 85.4 82.1 -
6245.620 21.1 1.510 -1.050 61.6 75.9 55.6 76.9 82.6
6246.327 26.0 3.600 -0.730 154.9 123.2 113.4 134.7 119.2
6247.562 26.1 3.870 -2320 579 60.8 - 65.7 92.7
6251.825 23.0 0290 -1.340 112.2 71.4 43.0 51.7 293
6252.565 260 2400 -1.740 159.7 175.2 122.9 166.4 142.5
6258.110 22.0 1.440 -0.360 98.9 94.1 76.0 86.2 65.4
6261.106 22.0 1430 -0.480 1455 105.0 82.2 94.7 74.0
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A El EP log(gf) Be25-12 Be73-18 Be75-22 Rup4-3 Rup7-2
6265.141 26.0 2.180 -2.510 161.3 1335 99.9 1335 124.5
6270231 26.0 2.860 -2.550 108.8 91.8 79.0 92.3 77.1
6279.740 21.1 1.500 -1.160 55.3 - - 78.6 -
6280.622 26.0 0.860 —4.340 110.6 114.0 93.0 135.7 101.7
6297.799 260 2220 -2.700 - 127.3 113.7 125.3 130.5
6300.311 8.0  0.000 -9.750 - - - 232 -
6301.508 26.0 3.650 -0.570 126.6 120.3 124.6 146.4 129.0
6311.504 26.0 2.830 -3.160 104.1 58.0 444 62.0 47.7
6315.814 260 4.070 -1.670 74.1 64.2 47.9 66.9 50.1
6318.708 12.0 5.110 -1.970 - - - - 38.1
6322.694 260 2590 -2380 132.8 109.6 97.3 109.0 96.0
6327.604 28.0 1.680 -3.080 68.5 91.4 61.2 76.2 71.1
6330.096 240 0940 -2870 - 71.9 - 72.0 54.8
6330.852 26.0 4730 -1.220 - 54.3 71.9 49.7 439
6335.337 26.0 2200 -2.280 1459 137.8 117.1 135.9 126.6
6369.463 26.1 2.8900 4210 - 25.6 37.6 44.7 37.4
6378.256  28.0 4.150 -0.820 - 43.7 49.0 46.1 -
6380.750 26.0 4.190 -1.340 88.6 71.7 54.4 81.2 63.9
6383.715 26.1 5550 -2.090 - - - - 15.4
6384.668 28.0 4.150 -1.000 - - - 38.0 28.8
6392.538 260 2280 -3970 - - - 454 -
6393.612 260 2430 -1.630 176.7 192.0 131.1 171.0 151.5
6411.658 26.0 3.650 -0.700 146.6 125.8 111.1 139.9 125.7
6416928 26.1 3.800 -2.700 - 47.0 - 61.9 64.1
6432.683 26.1 2.890 -3.580 41.0 533 57.0 73.6 76.6
6436411 26.0 4.190 -2.400 - 30.6 - 259 15.1
6439.083  20.0 2.520 0.190 159.8 172.7 158.2 189.5 162.8
6455.605 20.0 2520 -1.290 119.2 75.0 453 89.7 66.7
6456.391 26.1 3900 -2.100 72.7 67.0 - 88.5 104.3
6471.668 20.0 2520 -0.690 102.3 110.0 108.8 131.6 111.1
6481.878 26.0 2280 -2.940 1134 95.1 96.5 108.5 101.3
6482.809 28.0 1.930 -2.780 79.4 78.7 - 79.7 68.9
6493.788 20.0 2520 -0.110 1434 134.0 1333 146.2 132.7
6496.908 56.1 0.600 -0.380 153.5 141.7 142.2 200.6 -
6498.945 26.0 0960 —4.660 112.4 87.1 97.1 101.3 84.5
6499.654 20.0 2520 -0.820 103.6 114.1 105.0 121.0 96.9
6516.083 26.1 2.890 -3.380 68.0 71.6 - 104.8 95.2
6518.373 26.0 2.830 -2.560 128.8 77.7 81.6 104.2 -
6533.940 260 4560 -1.200 - 57.0 - 62.8 -
6554238  22.0 1440 -1.220 885 51.7 - 41.8 -
6572795 20.0 0.000 —4.320 135.9 94.1 89.8 79.1 57.0
6574.254 260 0990 4960 1239 83.4 91.6 85.3 60.0
6581.218 26.0 1480 —4.680 - 65.3 51.2 60.4 52.9
6586.319 28.0 1950 -2.780 80.6 64.7 66.8 76.6 59.2
6593.884 26.0 2430 -2300 118.0 136.0 - 128.1 113.7
6598.611 28.0 4230 -0930 - - - 385 -
6604.600 21.1 1360 -1.140 - 73.6 - 85.1 86.3
6606.979 22.1 2.060 -2900 - - - 355 -
6608.044 260 2280 -3.960 - 52.4 - 47.0 30.6
6609.118 26.0 2560 -2.650 - 98.7 105.1 105.8 92.0
6625.039 26.0 1.010 -5.320 90.6 55.3 46.8 57.9 39.7
6627.560 26.0 4.550 -1.500 - 36.0 44.0 50.0 339
6633.758 26.0 4560 -0.810 63.7 82.4 65.4 - -
6635.137 28.0 4420 -0.750 - 39.7 - 41.2 21.1
6696.032 13.0 3.140 -1.320 - 58.0 - 57.6 50.8
6698.669 13.0 3.140 -1.620 - 28.6 - - -
6703.576  26.0 2760 -3.000 87.9 69.9 47.8 77.8 55.2
6713.745 260 4790 -1.410 - 34.7 - 36.1 229
6725364 260 4.100 -2.210 485 27.1 - 33.0 235
6726.673 26.0 4.610 -1.050 41.8 67.5 45.6 59.8 53.1
6733.153 260 4.640 -1.440 - - - 44.0 31.0
6739.524 260 1.560 -4.850 72.8 48.5 - 37.2 25.4
6750.164 260 2420 -2.580 - 112.2 93.9 126.3 104.7
6767.784 28.0 1.830 -2.060 124.8 119.0 83.7 119.0 105.8
6772321 28.0 3.660 -0.960 61.1 68.4 55.5 74.9 54.7
6786.800 26.0 4.190 -1.900 62.2 39.0 — 40.7 29.5




