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ABSTRACT

Context. Palomar 6 (Pal 6) is a moderately metal-poor globular cluster projected towards the Galactic bulge. A full analysis of the
cluster can give hints on the early chemical enrichment of the Galaxy and a plausible origin of the cluster.

Aims. The aim of this study is threefold: a detailed analysis of high-resolution spectroscopic data obtained with the UVES spectro-
graph at the Very Large Telescope (VLT) at ESO, the derivation of the age and distance of Pal 6 from Hubble Space Telescope (HST)
photometric data, and an orbital analysis to determine the probable origin of the cluster.

Methods. High-resolution spectra of six red giant stars in the direction of Palomar 6 were obtained at the 8m VLT UT2-Kueyen
telescope equipped with the UVES spectrograph in FLAMES+UVES configuration. Spectroscopic parameters were derived through
excitation and ionisation equilibrium of Fe1 and Fe 1 lines, and the abundances were obtained from spectrum synthesis. From HST
photometric data, the age and distance were derived through a statistical isochrone fitting. Finally, a dynamical analysis was carried
out for the cluster assuming two different Galactic potentials.

Results. Four stars that are members of Pal 6 were identified in the sample, which gives a mean radial velocity of 174.3 + 1.6
kms~! and a mean metallicity of [Fe/H]= —1.10 + 0.09 for the cluster. We found an enhancement of a-elements (O, Mg, Si, and
Ca) 0.29 < [X/Fe] < 0.38 and the iron-peak element Ti of [Ti/Fe] ~ +0.3. The odd-Z elements (Na and Al) show a mild enhancement
of [X/Fe] ~ +0.25. The abundances of both first- (Y and Zr) and second-peak (Ba and La) heavy elements are relatively high, with
+0.4 <[X/Fe] < +0.60 and +0.4 <[X/Fe]< +0.5, respectively. The r-element Eu is also relatively high with [Eu/Fe] ~ +0.6. One
member star presents enhancements in N and Al, with [Al/Fe] > +0.30, this being evidence of a second stellar population, further
confirmed with the NaON-Al (anti)correlations. For the first time, we derived the age of Pal 6, which resulted to be 12.4 + 0.9
Gyr. We also found a low extinction coefficient Ry = 2.6 for the Pal 6 projection, which is compatible with the latest results for
the highly extincted bulge populations. The derived extinction law results in a distance of 7.67 + 0.19 kpc from the Sun with an
Ay =4.21 £ 0.05. The chemical and photometric analyses combined with the orbital-dynamical analyses point out that Pal 6 belongs
to the bulge component probably formed in the main-bulge progenitor.

Conclusions. The present analysis indicates that the globular cluster Pal 6 is located in the bulge volume and that it was probably
formed in the bulge in the early stages of the Milky Way formation, sharing the chemical properties with the family of intermediate
metallicity very old clusters M 62, NGC 6522, NGC 6558, and HP 1.

Key words. Galaxy: Bulge — Globular Clusters: individual: Palomar 6 — Stars: Abundances, Atmospheres — Stars: Hertzsprung-
Russell and C-M diagrams — Galaxy: kinematics and dynamics

1. Introduction

©ESO 2021

Send offprint requests to: S. O. Souza

* Observations collected at the European Southern Observatory,
Paranal, Chile (ESO), under programmes 0103.D-0828A (PI: M. Valen-
tini); based on observations with the NASA/ESA Hubble Space Tele-
scope, obtained at the Space Telescope Science Institute, which is op-
erated by AURA, Inc. under NASA contract NAS 5-26555 associated
with programme GO-14074.

The stellar populations in the Galactic bulge can provide infor-
mation on its complex formation processes (e.g. [Barbuy et al.
2018a; Queiroz et al.[2020alb; Rojas-Arriagada et al.|2020). The
system of globular clusters (GCs) is an important tracer for the
study of the formation and evolution of the Galaxy since they
retain the chemo-dynamical signatures of the first stages of the
Milky Way formation.
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It is expected that the oldest stars of the Galaxy have metal-
licities of [Fe/H]~ —3 and are mostly found in the Galactic
halo. However, the oldest stars might instead reside mainly in
the Galactic bulge (e.g. Tumlinson|2010) with a higher metallic-
ity of [Fe/H]> —1.5 due to the fast early chemical enrichment in
the inner Galaxy (Chiappini et al.[2011}; Wise et al.|2012; Bar-
buy et al.|[2018a). Analyses of Galactic bulge GCs have demon-
strated that the metallicity distribution of their members peaks
at [Fe/H]~ —1.0 (Bica et al.|2016, and references therein) and
that some of these GCs are older than 12.5 Gyr (Miglio et al.
2016; Barbuy et al.|2016| 2018a; [Kerber et al.[2019; |Ortolani et
al.|2019; |Oliveira et al.[2020).

Palomar 6 (Pal 6) is a GC projected towards the Galactic
bulge (/ = 2.10° and b = 1.78°), located in a highly-extincted
region with Ay > 4.3 (Harris|[1996, 2010 edition)'| Despite be-
ing a very interesting cluster, information about Pal 6 is con-
flicting, preventing further analysis, in particular concerning its
distance, and consequently in terms of the Galactic component
to which Pal 6 should belong. Pal 6 has been considered to be-
long to the Galactic bulge due to its current position with respect
to the Galactic centre (Ortolani et al.[1995;|Bica et al.|2016).|[Lee
et al.[(2004) suggested that, based on its chemical and kinematic
determinations, Pal 6 should belong to an internal component
related to a contribution of the halo (inner). Pérez-Villegas et al.
(2020) discussed the case of Pal 6 using a distance of d;, = 5.8
kpc (Baumgardt et al. |2019), and from their dynamical orbital
analysis, they classified the cluster as a thick disc member. This
result is opposite to that of |Ortolani et al.| (1995)), which found
a distance of dy, = 8.9 kpc, placing Pal 6 in the Galactic bulge.
Recently, [Massari et al.|(2019) presented a classification of clus-
ters in terms of their plausible progenitors, indicating whether a
cluster originates in a well-defined component of the Galaxy or
if it came from one of the merger processes that occurred in the
history of the Galaxy, besides other possibilities. They indicated
Pal 6 as an unassociated low-energy cluster, again based on the
distance estimated by Baumgardt et al. | (2019).

The controversy on with Galactic component Pal 6 is part
of is also due to an uncertain metallicity. The first metallicity
estimations of Pal 6 by Malkan| (1981) from a reddening-free
index resulted in [Fe/H] ~ —1.30. |Ortolani et al.| (1995)), from
the V versus V — I colour-magnitude diagram (CMD) based on
data observed at the ESO NTT-EMMI, found [Fe/H] ~ —0.40
by the slope of the red giant branch (RGB) and the presence of
a red horizontal branch (RHB). [Lee & Carney| (2002) obtained
[Fe/H] = —1.22 + 0.18 by analysing the slope of the RGB on the
near-infrared (NIR) CMD with NICMOS3 JHK bands. Spectro-
scopic analysis from high-resolution NIR spectra of three RGB
stars by the same authors resulted in [Fe/H] = —1.08 + 0.06.
In [Lee et al.| (2004), a metallicity of [Fe/H]= —1.0 + 0.1 was
confirmed from a high-resolution spectroscopic analysis of five
probable member stars observed with the CSHELL spectrograph
at the NASA Infrared Telescope Facility.

As part of the present work, we carried out a detailed anal-
ysis of Pal 6 from high-resolution spectra obtained with the
FLAMES-UVES spectrograph at the ESO Very Large Telescope
(VLT). We also provide the first age derivation of Pal 6 and
a consistent distance determination based on photometric data
from the Hubble Space Telescope (HST). Furthermore, to con-
nect the spectroscopic and photometric analyses, we perform or-
bital calculations determining the most probable Galactic com-
ponent to which Pal 6 belongs. Finally, we indicate the probable
progenitor for Pal 6.

! http://physwww.mcmaster.ca/ harris/mwgc.dat
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Table 1. Log of the spectroscopic FLAMES-UVES observations of pro-
gramme 0103.D-0828 (A), carried out in 2019. The quoted seeing and
air mass are the mean values along the exposures. In the last column, we
give the corresponding GIRAFFE setup in which additional stars were
observed.

Date uT exp Airmass Seeing GIRAFFE
(s) )
Programme 0103.D-0828 (A)
2019-06-24  23:44:40 2400 1.810 0.87” H13-1
2019-06-25 01:30:48 2400 1.190 0.85" H13-3
2019-06-25 02:31:52 2700 1.057 0.95” H14-1
2019-06-25 03:20:48 2700 1.012 0.91” H14-2
2019-06-25 05:35:43 2700 1.097 0.93” H14-3
2019-06-25 06:24:35 2700 1.223 0.93” H14-4

This work is organised as follows. The spectroscopic and
photometric data are described in Section[2]along with the mem-
bership analysis of the observed stars. Section[3|gives the deriva-
tion of photometric stellar parameters as a first guess for the
spectroscopic analysis. The final spectroscopic stellar parame-
ters and abundance derivation are presented in Section @] The
photometric analysis and derivation of the fundamental param-
eters age and distance are described in Section [5} The orbital
analysis and discussion on the origin of Pal 6 are presented in
Section@ Finally, our conclusions are drawn in Sectionm

2. Data

In this section, we describe the spectroscopic and photometric
data, and the proper motion analysis.

2.1. Spectroscopy

The UVES spectra were obtained using the FLAMES-UVES
setup centred at 580 nm in the ESO programme 0103.D-0828
(A) (PI: M. Valentini). The ESO programme was coordinated
with programme GO11126 (PI: M. Valentini) for Campaign 11
of the K2 satellite (K2 is the re-purposed Kepler mission; [How-
ell et al|2014)): the goal was to obtain asteroseismology for the
giants in the proposed GCs. K2 observed four giants in Pal 6, but
their UVES spectra were not collected due to clouds and strong
winds that affected ESO observations. UVES spectra have a cov-
erage ranging from 480 nm to 680 nm. Six giant stars of Pal 6
were observed, and the log of observations is given in Table 1.
The JHKjg-combined image of Pal 6 is shown in Figure 1 and
was obtained from the Vista Variables in the Via Lactea VVV
survey (Saito et al.|2012)).

The data were reduced using the ESO-Reflex software with
UVES-Fibre pipeline (Ballester et al.|2000; Modigliani et al.
2004). After reduction, we are left with six spectra for each star.
The corresponding spectra of each star were corrected by the
radial velocity. To compute the radial velocities and the barycen-
tric corrections, we used the python library PyAstronomy cross-
correlating the spectra with the Arcturus spectrum (Hinklen et
al.[2000).

The values of heliocentric radial velocity of each spectrum
and their mean are presented in Table 2] From these values,
we calculate a mean heliocentric radial velocity for Pal 6 of
1743 + 1.6 km s~ !, excluding the stars ID730 and ID®30 for
which the radial velocities are very discrepant compared with
the other stars. Our mean radial velocity determination is in good
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Fig. 1. JHK -combined colour image from the VVV survey for Pal 6.
The image has a size of 2 x 2 arcmin®. North is at 45°anticlockwise.

Table 2. Radial velocity obtained for each extracted spectra and the
average value for each star.

Target Vhel oy, Target Vhel oy,
km s~ km s~! km s~! km s7!
730_1  -87.83 6.12 2431  +172.80 6.06
7302 -87.79 6.10 243 2 +172.34 6.38
7303  -87.61 5.84 2433 +172.50 6.18
7304  -86.73 6.05 243_4  +172.85 5.87
730_5  —86.56 5.87 243.5 +172.84 6.00
730_6 —87.43 6.02 243 .6  +173.02 6.54
730 —-87.33 2.65 243 172.73 2.61
030_1  -62.94 6.34 785_1 +175.41 8.79
030_2  +14.63 9.36 785_2  +175.72 7.71
030_3 -32.31 9.82 785_3  +174.17 5.56
030_4 -56.20 6.81 785_4 +174.01 6.58
030_5  +14.36 8.82 785_5 +175.50 7.20
030_6  +14.86 12.0 785_6  +174.69 7.80
030 -12.36 17.44 785 174.99 3.25
145_1  +179.81 7.07 401_1  +170.16 6.12
145_2  +178.59 7.39 4012 +170.82 7.13
145_3 +178.38 6.27 401_3  +169.62 6.82
145_4  +178.33 5.67 401_4  +168.72 6.18
1455  +179.65 6.51 401_5  +170.87 6.06
145_6  +179.23 7.27 401_6  +171.00 6.34
145 179.02 2.98 401 170.21 2.96

agreement with the recent value of 176.3 + 1.5 km s~! given by
Baumgardt et al. | (2019). Finally, each spectrum is normalised
and combined through the median flux to obtain the final stellar
spectrum.

2.2. Photometry

For the photometric analysis, we used the HST data collected
during the GO-14074 (PI: Cohen, Cohen et al.|2018) in F110W
and F160W (WFC3-IR), and in F606W (ACS-WFC) (first panel
of Figure [2). Data were reduced using the pipeline described in
Nardiello et al.|(2018). We also followed their recipe (based on
the use of the quality-of-fit and photometric error parameters) to
select well-measured stars and reject poor photometric measure-
ments. Additionally, we selected the stars within a radius of 300

Table 3. Gaia EDR3 information about the observed stars; the last col-
umn shows the membership probabilities.

ID +/vtz Ms G GRP Pmemb

(mas/yr) (mas/yr) (mag) (mag) (%)
730 -6.18+£0.10 -2.61+0.06 17.187 15.873 0
243 -9.32+0.07 -5.37+0.04 15.859 14.493 100
30 +0.04+0.10 -2.11+0.06 16.913 15.820 0
785 -9.26+0.14 -5.12+0.08 17.598 15.997 97
145 -949+0.12 -5.58+0.07 17.141 15.788 93
401 -9.33+0.08 -4.92+0.05 16.430 15.056 83

T, = pg cosé.

pixels from the cluster centre that is equivalent to a core radius of
~ 0.66 arcmin (Harris|1996| 2010 edition). The cleaned CMD is
shown in the second panel of Figure [2] which contains the final
selected stars.

Another important effect in the photometric data is the differ-
ential reddening. Mainly for the clusters with a high reddening
value, differential reddening increases the spread on the CMD.
This is the case of Pal 6, which has an extinction of Ay > 4.
We perform a reddening correction with a method similar to that
described in Milone et al| (2012). The third panel of Figure [2]
presents the final CMD after the reddening correction is applied,
and the map of differential reddening is on the last panel of Fig-
ure 2] The contamination by field stars, combined with the high
extincted region, results in low values of differential reddening.
However, we obtained clearer main-sequence (MS) turn-off (TO)
and sub-giant-branch (SGB) structures for the Pal 6 CMD.

2.3. Membership selection

We performed a membership analysis to find out which stars
observed spectroscopically are members of Pal 6. We selected
the Gaia Early Data Release 3 (EDR3;|Gaia Collaboration et al.
2021) stars within 10" of the cluster centre (top left panel of Fig-
ure [3). For the proper-motion distribution presented in the bot-
tom left panel of Figure[3] we applied the Gaussian mixture mod-
els (GMMs; Pedregosa et al.|2011) clustering method to sepa-
rate the cluster members from the field stars. The derived mean
proper motion for Pal 6 is < u* >= —9.19 + 0.06 mas yr~! and
< ps >= —5.30 £ 0.05 mas yr™', in excellent agreement with the
new values computed by [Vasiliev & Baumgardt| (2021).

The membership probabilities are computed taking into ac-
count both cluster and field distributions, which are derived us-
ing GMMs (see Bellini et al.|[2009, for the mathematical de-
scription of the membership distribution). Once we obtained the
membership probability, we cross-matched our sample stars with
the Gaia data (Table 3), indicated as green stars in Figure [3] We
found that two stars of our sample have zero membership prob-
ability (non-members) and four stars have probabilities above
80%. The non-member stars are the same stars with discrepant
radial velocities (ID730 and ID030).

3. Atmospheric stellar paramaters

The photometric effective temperature (7.g) and surface gravity
(log g) are derived from the VIJHKg magnitudes given in Table
For comparison purposes, we also obtained the effective tem-
perature from the Transiting Exoplanet Survey Satellite (TESS)
input catalogue (TIC;|Stassun et al.|2018)) for five of our six ob-
served stars. We collected the 2MASS J, H, and Ky magnitudes

Article number, page 3 of 23
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Fig. 2. Procedure to obtain the photometry of Pal 6. First panel: HST photometry from (2018). Second panel: Stars selected by
the quality method within a radius of ~ 0.66 arcmin from the cluster centre. Third panel: Differential reddening corrected CMD. Last panel:

Differential reddening map.
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Fig. 3. Proper motion analysis to obtain the cluster members. Top left
panel: Sky distribution of stars within 10 arcmin of the cluster centre.
Bottom left panel: Vector point diagram with the cluster (coloured dots)
and field (grey dots) stars; the green star symbols are the observed stars
with FLAMES-UVES, and the insert plots show the density distribu-
tions found using GMMs. Right panel: Gaia EDR3 G versus Gp — Ggp
CMD; the green star symbols are the observed stars. From the bottom
left and right panels, we can identify that two observed stars have zero
membership probability (yellow star symbols).

from [Skrutskie et al.| (2006) and the VVV survey (Saito et al|
2012). Finally, according to|Alonso et al.|(1999), the colour V -1

is the best colour index to derive the effective temperature of gi-
ant stars. To obtain the V —1 colour for our sample, we employed
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the photometric systems’ relationships G — V = f(Ggp — Ggp)

and G — I = f(Gpp — Ggp) from Gaia EDR3 (Riello et al[2021).

3.1. Effective temperatures

Effective temperatures 7.4 were derived from V — I, V — K, and
J—K using the colour-temperature calibrations from|Casagrande|
(2010). The VVV JHK colours were transformed into
the 2MASS JHKj system using relations given by
(2013). For Pal 6, the distance modulus of (m—M), = 13.87, ex-
tinction Ay = 4.53, and metallicity [Fe/H]= —0.91 were used
2010 edition) to perform the reddening correction
of the colours. Table [5] lists the derived photometric effective
temperatures. The < T.g > is the mean effective temperature
considering only values below 5000 K.

3.2. Surface gravities

To derive the photometric surface gravities log g, we used the
ratio log(g./go) where log go = 4.44:

T M.
log g, = 4.44 + 4log — + 0.4(Myoy — Mpgio) + log —=. (1)
T@ MO

We adopted the values of <7.g> from Table B| M, =
0.85M, and My = 4.75. The derived values of the photo-
metric Teq and log g are given in the left columns of Table[3]

4. Abundance analysis

We carried out a detailed abundance analysis by means of ionisa-
tion and excitation equilibrium to derive stellar parameters, and
line-by-line spectrum synthesis for the derivation of abundance
ratios.
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Table 4. Identifications, coordinates, and magnitudes. JHK| are given from both 2MASS and VVV surveys.

ID ID RA DEC Kp Vv V-1 J H K J H K
2MASS ( hh:mm:ss ) (dd:mm:ss) 2MASS VVV

730" 17433876 — 2612551 17:43:38.75 -26:12:552 16.05 18.29 322 1343 1223 11.83 13.22 1221 11.82
243 17434250 — 2614101 17 :43:42.51 -26:14:10.2 1475 1691 3.12 11.86 10.66 10.25 11.95 11.32 10.73
307 17433862 —2615013 17 :43:3847 -26:15:04.8 1582 17.62 219 1358 1246 11.93 14.02 13.53 13.26
785 17434440 — 2612418 17:43:4438 -26:12:425 1644 1856 294 13.35 1236 11.87 13.65 12.77 12.37
145 17433889 — 2614359 17:43:38.86 —-26:14:34.7 1598 18.07 2.87 12776 11.61 11.51 13.28 12.27 11.98
401 17433806 — 2613426 17:43:38.05 -26:13:427 1528 1743 3.03 12.55 1146 11.08 1252 1145 11.23

T Stars classified as non-members based on proper-motion and radial velocities.

Table 5. Atmospheric parameters derived from photometry using calibrations by|Casagrande et al.|(2010) for V-1, V—-K, J—K, and spectroscopic

analysis of Fe lines.

Photometric parameters

Spectroscopic parameters

2MASS VVV
ID  Tress Tow-n Tw-xy Tu-xy Tow-xvp Tu-xy <Ter > BCy My logg T logg [FeyH] [Few/H] [Fe/H] Vi
K & K (K) (K) (K) (K) (K) (kms™)
730 3973 4267 4764 4240 4742 4534 4535 -0.721 -0.89 1.67 4857 140 -1.09 -1.10 -1.10 2.5
243 4323 4385 4592 4212 5024 5304 4385 -0.623 -2.18 1.09 4350 0.80 —-0.93 -0.91 -0.92 1.0
30 5058 7610 5632 4103 8780 8095 4103 —-0.093 -0.94 1.48 4800 1.50 -1.65 -1.61 -1.63 2.3
785 - 4659 4568 4601 5013 4985 4630 -0.446 -0.35 1.92 4860 240 -1.21 -1.20 -1.21 2.0
145 4865 4790 4676 5455 5120 4871 4790 -0.380 -0.77 1.81 4800 1.90 -1.31 -1.26 -1.28 2.5
401 4387 4511 4866 4634 5002 4888 4750 -0.534 -1.57 148 4500 1.50 -1.00 -0.99 -1.00 1.0
4.1. Spectroscopic stellar parameters L Ry —— % ¥ =

To determine the final stellar parameters Teg, log g, metallicity
[Fe/H], and microturbulence velocity v; of Pal 6, we measured
the equivalent width (EW) for a list of Fe1 and Feu lines using
DAOSPEC (Stetson & Pancino|2008)). With the purpose of eval-
uating the impact of blending lines, we remeasured some lines
with IRAF, mainly for Fe . In the line list of Table[B.T] we also
give the adopted oscillator strengths (log gf) for Fe1 lines ob-
tained from VALD3 and NIST databases (Piskunov et al.|[1995}
Martin et al.|2002) and for Fe i1 lines from Meléndez & Barbuy
(2009).

Using the MARCS grid of atmospheric models (Gustafs-
son et al.|[2008), we extracted the 1D photospheric models for
our sample. These CN-mild models consider [@/Fe]= +0.20 for
[Fe/H]= -0.50, while [a/Fe]= +0.40 for [Fe/H]< —1.00. For
the solar Fe abundance, we adopted e(Fe) = 7.50 (Grevesse &
Sauval|/1998)).

Adopting the mean photometric <T.g> and log g calculated
in Section [3] as initial guesses, we derived the spectroscopic
parameters. Through an iterative method, we obtained the ex-
citation and ionisation equilibrium. The excitation equilibrium
means a constant distribution of Fe1 versus yex. and is obtained
iterating the value of T.s. The similar values of [Fei/H] and
[Fe n/H] indicate that the ionisation equilibrium is reached, ob-
tained by iterating in log g. Finally, the microturbulence velocity
v, is obtained by imposing a constant distribution of Fe1 abun-
dance versus EW. Figure [4] shows the excitation and ionisation
equilibrium for the four member stars.

The derived spectroscopic parameters Teq, logg, [Fei/H],
[Fen/H], [Fe/H], and v, are presented in the right columns of Ta-
ble E} Our metallicity determination, based on the four member
stars, is [Fe/H]= —1.10x0.09 dex. This metallicty is in excellent
agreement with the spectroscopic determinations of [Lee & Car-
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Fig. 4. Excitation and ionisation equilibria of Fe1 and Fe m lines for the
four member stars. The black dots are the values considered to compute
the metallicity of Fer1 lines after a sigma-clipping of 1 — . The crosses
are the omitted values. The red squares are the values of Fe 1 lines. The
a values show the slope of the trends of Fer1 lines.

ney|(2002) and[Lee et al.|(2004), which are [Fe/H] = —1.08+0.06
and —1.0 = 0.1, respectively.
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4.2. Spectrum synthesis

We derived the abundance ratios for the elements C, N, O, Na,
Mg, Al Si, Ca, Ti, Y, Zr, Ba, La, and Eu. For the spectrum syn-
thesis, we employed the PFANT code described in [Barbuy et al.
(2018c). The code is an update of the Meudon code by M. Spite,
and it adopts the local thermodynamic equilibrium (LTE). The
basic atomic line list is from VALD3 (Ryabchikova et al.|2015).
To obtain the best abundance value, we performed a chi-square
minimisation algorithm that fits different values to a region of the
spectrum. When needed, a variation on the level of the contin-
uum was taken into account. Figure [5] shows an example of the
result obtained with this algorithm for the line of Y 16435.004 A
of star 243. The blue shaded region represents the best-fit spec-
trum within 1 — o, while the grey vertical stripe shows the fit
region. The solar abundances A(X) were taken from Grevesse et
al|(2015).

The CNO abundances are listed in Table[] as detailed below.
For the odd-Z, @, and heavy elements, we used the line list from
Barbuy et al|(2016). In Table[B.2] we give the line-by-line abun-
dance ratios of the odd-Z elements Na and Al; the a-elements
Mg, Si, Ca, and Ti; neutron-capture dominant s-elements Y, Zr,
La, and Ba; and the r-element Eu. We did not measure Sr lines
because they are faint in the observed spectra. The mean values
for each star, as well as the cluster mean (considering only the
mean of the member stars), are given in Table m

4.3. CNO abundances

To measure the CNO abundances we performed an iterative fit-
ting of C, N, and O abundances. For the C abundance, we use
the extended C»(1,0) Swan molecular bandhead at 5635.3A. We
considered the average fit of the region (left panel, Figure[6) and
assumed the abundances as upper limits. For the oxygen (Fig-
ure EI) forbidden line at [OI] 6300.31 /DX, a selection among the
original spectra where telluric lines did not contaminate the line
was needed, since most of the observations were contaminated,
showing that these spectra seem to have been observed at too
high air masses. A few spectra could be retrieved showing a
clean [OI] 6300.31A line, and the oxygen abundance could be
derived. The nitrogen abundance is derived from the CN(5,1) at
6332.2 A and CN(6,2) at 6478.48 A of the A2TIX2E system band-
heads (Figure[7). The derived abundances are listed in Table [6]
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Table 6. Carbon, nitrogen, and oxygen abundances [X/Fe] from C,, CN
bandheads, and [OI], respectively.

[C/Fe] [N/Fe] [O/Fe]

Star C, CN(5,1) CN(6,2) [O1]
5635.50 A 633226 A 6478.60A A 6300.31 A

730 < +0.04 — +0.98 +0.37
243 < -0.18 +0.52 +0.64 +0.28
030 < +0.00 +0.82 +0.77 +0.16
785 < +0.10 +0.34 — +0.38
145 < +40.05 +0.62 — +0.42
401 < -0.12 +0.90 +0.74 +0.45

4.4. Odd-Z elements

We derived the sodium abundances using three Nal lines, one
of which is located in the blue arm at 5682.633A. The blue-arm
spectrum has a S/N lower than the red-arm one. Due to the lower
S/N values in all stars, these lines show a higher noise. For this
reason, the abundance ratios were essentially derived from the
lines located in the red arm, 6154.23 A and 6160.753 A.



Souza et al.: The Globular Cluster Palomar 6

1.00 . :
s NGC6558
0.75¢ NGC 6522
0.50F HP1 T
T M62 O T @
S 025f @ Pal6-243 g—k_‘
Z @ Pal6-785 g&» + |
0.00f & pal6-145
_o250 '® Pal6-401
~— Mean of Pal 6 23
—0.50 : : :
1.00}
0.75F
L o.s50f
>
< o025}
0.00}
—-0.25}
-16 “1.4 1.2 1.0 ~0.8
[Fe/H]

Fig. 8. Odd-Z elements, Na (top panel) and Al (bottom panel), abun-
dances as a function of metallicity [Fe/H]. Symbols: Crosses correspond
to M 62 (gold;|Yong et al.|2014), NGC 6558 (red; Barbuy et al.[2018b),
NGC 6552 (green; Barbuy et al., 2021), and HP 1 (purple; Barbuy et al.
2016)). The pink square shows the mean value of Pal 6. The filled dots
are the mean abundances, together with the error bars.

The aluminium abundances were derived from lines at
6696.185A and 6698.673A. In Figure[8| we show the Na and Al
abundances compared with literature abundances of four other
bulge GCs with similar [Fe/H]: M62 (gold; |[Yong et al.|2014),
NGC 6558 (red; |[Barbuy et al.|2018b), NGC 6522 (green; Bar-
buy et al. 2021), and HP 1 (purple; Barbuy et al.|2016). For Pal 6,
only the member stars are plotted. In general, the abundances are
consistent with the other GCs within the uncertainties. The mean
value of Pal 6 (pink square) is in good agreement with the other
GCs except for M62.

4.5. a-elements

The fast early enrichment of the proto-cluster gas by supernovae
type II (SNII) can be seen through the abundances of a-elements
0O, Mg, Ca, and Si, together with Eu produced through the rapid
neutron capture process. We obtained a consistent enrichment
for all a-elements with a mean value of [a@/Fe]= +0.35 and a
dispersion of 0.06.

Figure [9] shows the line profile fitting of the Mg1 6318.720
A, Si16142.494 A, Ca15867.562 A, and Ti16336.113 A for the
member star 243. The best fit is represented by the cyan line. We
also show the lines considering a variation of 0.20 dex plus (red)
and minus (blue) with regard to the best abundance.

We compare the literature abundances of a-elements for the
same four GCs NGC 6522, NGC 6558, HP 1, and M 62 in Figure
[T0] (Mg in the top panel and Si in the bottom panel) and Figure
(Ca in the top panel and Ti in the bottom panel). These GCs
show « enrichment and abundances between ~ 0.0 and ~ +0.60,
which means an average value of ~ 0.35. For all elements, the
abundances are uniform as functions of [Fe/H].

4.6. Heavy elements

We derived the abundances of the heavy neutron-capture ele-
ments Y, Zr, Ba, La, and Eu. The Eu abundance is essentially the
reference for the r-process. We measured the Y1 6435.004A and
the Y 1 6613.73A lines. For the final [Y/Fe] values, we assumed
that the ionised species of Y contributes 99% to the abundance.
Figure [12[ shows the line profile fitting of the Y1 6435.004 A,
Ban 6496.897 A, Lan 6390.477 A, and Eun 6437.640 A for
the member star 243. The [Y/Fe] is systematically enhanced for
Pal 6 and follows the same pattern observed for the bulge GCs
with the same metallicity (top panel of Figure[T3).

The barium abundance was measured considering only the
Ban 5853.675A and 6496.897A lines. In the bottom panel of
Figure we show the barium abundances as a function of
[Fe/H] compared with the other three bulge GCs. It is possible to
observe an opposite pattern compared with [Y/Fe]. The [Ba/Fe]
has an enhanced abundance value.

For Zoirconium, we ﬁot four Zr1 lines: 6127.47A, 6134.58A,
6140.53A, and 6143.25A. We neglected the strong lines of Zr1
located in the blue arm.

The lanthanum abundances are based on 1§ive Lam lineos,
which are located at 6172.72A, 6262.287A, 6296.079A,
6320.376A, and 6390.477A. In Figure [14} we show the com-
parison of La abundances with the bulge GCs (top panel). The
abundances are in good agreement with the values of the refer-
ence GCs. Finally, for the europium abundances, we adopted the
lines of Eun 6437.6A and 6645.1A. The literature comparison
of europium is shown in Figure [I4](bottom panel).

4.7. Errors

Uncertainties in spectroscopic parameters are given in Table [§]
for star 243. For each stellar parameter, we adopted the usual
uncertainties as for similar samples (Barbuy et al.|2014, 2016,
2018b): £100 K in effective temperature, +0.2 on gravity, and
+0.2 km s~! on the microturbulence velocity. The sensitivities
are computed by employing models with these modified param-
eters and recomputing lines of different elements considering
changes of ATeff = +100 K, Alog g= +0.2, Av; = 0.2 km s~
The given error is the difference between the new abundance and
the adopted one. Uncertainties due to non-LTE effects are negli-
gible for these stellar parameters as discussed in [Ernandes et al.
(2018)). The same error analysis and estimations can be applied
to other stars in our sample. The abundance derivations from
strong lines are, in general, avoided, since they are too sensitive
to stellar parameters and spectral resolution, as can be seen for
the sensitivity of the Bam lines in Table B} The La lines are, on
the other hand, faint, and they are at least not affected by the
same problem. Finally, it is important to note that the main un-
certainties in stellar parameters are due to uncertainties in the
effective temperature, as can be seen in Table [5] Other signifi-
cantly important sources of error are the EWs, given the limited
S/N of the spectra, which can be estimated by the formula from
Cayrel et al.[(2004): ocgw = 1.5 VFWHM.6, /(S /N), where 6, is
the pixel size.

4.8. Comparison with previous results

The metallicity derived in this work is in very good agree-
ment with the values derived by Lee & Carney| (2002) ([Fe/H] =
—1.08 + 0.06) and |Lee et al.| (2004) ([Fe/H] = —1.0 = 0.1) from
high-resolution spectroscopy. It is also in good agreement with
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Table 7. Abundances in the six UVES sample stars. The mean abundance for the clusters is computed using only the four member stars.

[X/Fe] | star 730 star 243 star 030 star 785 star 145 star 401 | <Pal 6>

C +0.04 £0.15 -0.18+0.15 +0.00+0.15 +0.10%+0.15 +0.05+0.15 -0.12+0.15 | -0.04 +£0.15
N +0.98 £0.15 +0.58 +0.16 +0.79+0.12 +0.34+0.15 +0.62+0.15 +0.82+0.08 | +0.59 +0.14
(6] +0.37 +£0.15 +0.28 +0.15 +0.16+0.15 +0.38+0.15 +0.42+0.15 +0.45+0.15| +0.38 +0.15
Na +0.29 +£0.22 +0.42+0.10 +0.17+0.26 +0.27+0.12 +040+0.12 +0.10+0.15| +0.30 £ 0.12
Al +0.44 +£0.12 +0.26+0.11 +0.49+0.10 +0.19+0.10 +0.11+0.14 +0.40+0.17 | +0.24 +0.13
Mg +0.43+0.12 +0.40+0.09 +0.53+0.14 +0.25+0.08 +0.48+0.16 +0.30+0.17 | +0.36 +0.13
Si +0.33+£0.19 +0.37+0.16 +0.32+0.15 +0.38+0.15 +0.38+0.19 +041+0.17 | +0.38 +£0.17
Ca +0.30+0.26 +0.37+0.19 +0.11+0.35 +0.19+0.21 +0.28 +0.17 +0.34 +0.18 | +0.29 +0.19
Ti +0.32 +£0.19 +0.44+£0.11 +0.29+£0.20 +0.27+0.21 +0.34+0.20 +0.32+0.18 | +0.34 +0.17
Y +0.33 +£0.16 +0.23+0.10 +0.49+0.32 +0.84+0.13 +0.57+0.16 +0.09 +0.15 | +0.43 +0.20
Zr +0.76 £0.17 +0.68 +0.19 +0.65+0.13 +0.61 £0.12 +0.74 £0.24 +0.41 £0.35 | +0.61 +£0.22
Ba — +0.58 +0.17 — +0.23 +£0.15 — +0.49 +£0.13 | +0.43 +0.18
La +0.46 +0.15 +0.24+0.13 +0.57+028 +0.69+0.12 +0.68+0.18 +0.24 +0.16 | +0.46 +0.15
Eu +0.43 +£0.12 +0.31+0.19 +0.49+0.12 +0.73+0.08 +0.74 +0.13 +0.58 +0.11 | +0.59 +0.13

the |Carretta et al.| (2009b) metallicity scale, where Pal 6 has
[Fe/H] = —1.06 £0.09. The metallicity scale of|Dias et al.|(2016)
gives a value of [Fe/H] = —0.85 = 0.11 for Pal 6. For comparison
purposes, we selected the stars of Dias et al.| (2016) and calcu-
lated their membership probabilities. The stars Pal 6-9 and Pal 6-
13 in their sample seem to be members of Pal 6 with metallicities
[Fe/H] = —0.76 + 0.18 and [Fe/H] = —1.14 + 0.28, respectively.
Therefore, we can suppose that the star Pal 6-13 is the most prob-
able member of Pal 6. This shows the power of Gaia, which was
not available until very recently, and membership should be ver-
ified in all samples preceding the Gaia data.

Recently, Kunder et al.| (2021) analysed Pal 6 in the context
of the data release 16 (DR16) of the Apache Point Observatory
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Galactic Evolution Experiment (APOGEE) survey for five ob-
served stars. We inspected the membership probabilities of their
sample. With our analysis, all stars are members of the cluster.
Their mean radial velocity of 174.5+1.5 is in agreement with our
derivation. Their mean metallicity given by the three stars with
good ASPCAPFLAG is [Fe/H] = —0.92+0.10, which is compatible
within 1 — o~ with our result.

We also have abundances for C, N, O, Na, Mg, Si, and
Ca elements from APOGEE DR16. The CNO abundances are
[C/Fe]= —-0.05 + 0.04, [N/Fe]= +0.31 + 0.27, and [O/Fe] =
+0.22 + 0.05. These values agreed with our results consider-
ing our derived errors; the carbon abundance, which is in ex-
cellent agreement with our determination. The abundances of
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of metallicity [Fe/H]. The colour code is the same in Figure@}

a-elements [Mg/Fe]= +0.34 + 0.03, [Si/Fe]= +0.22 + 0.07,
and [Ca/Fe]= +0.20 + 0.03, individually are following the re-
sults of Table Additionally, the abundances of a-elements
give a value of [@/Fe]= +0.25 + 0.06, which agrees with our
UVES analysis. This value is also in agreement with Coelho et
al| (2005): [@/Fe]= +0.28 + 0.05. Finally, only the two stars
with ASPCAPFLAG# 0 have [Na/Fe] values with a mean of
[Na/Fe] = +0.35 + 0.10. However, it is expected that Na should

Table 8. Sensitivity in abundances due to variation in atmospheric pa-
rameters for the star 243, considering uncertainties of ATy = 100 K
and Alog g = 0.2, Av, = 0.2 km s~!. Last column is the total error. The
errors are to be added to reach the reported abundances.

Element AT Alog g Av, xH)1/?
100K 0.2dex 0.2kms™!

(D 2 (3 4 &)
[Fel/H] -0.05 +0.03 +0.06 +0.08
[Fell/H] +0.13  -0.15 +0.02 +0.20
[C/Fe] +0.02  +0.02 +0.00 +0.03
[N/Fe] +0.15 +0.10 +0.00 +0.18
[O/Fe] +0.00  +0.05 +0.00 +0.05
[Nal/Fe] +0.13  +0.05 +0.04 +0.15
[All/Fe] +0.10  +0.03 -0.01 +0.10
[Mgl/Fe] +0.07 +0.03 +0.00 +0.08
[Sil/Fe] +0.02  +0.12 +0.08 +0.14
[Cal/Fe] +0.18  +0.10 -0.05 +0.21
[Til/Fe] +0.25  +0.09 -0.04 +0.27
[Till/Fe] -0.04  +0.10 -0.03 +0.11
[YI/Fe] +0.13  +0.13 -0.12 +0.22
[YII/Fe] +0.07  +0.08 -0.02 +0.11
[Zr]/Fe] +0.22  +0.06 -0.12 +0.26
[Ball/Fe] +0.05 +0.12 -0.16 +0.21
[Lall/Fe] +0.08 +0.16 +0.07 +0.19
[Eull/Fe] -0.01 +0.10 +0.00 +0.10

show variations due to the probable presence of first and second
generation stars, as discussed below.

4.9. Heavy element analysis

The presence of heavy elements in old stars can be explained
through the r-process contribution to these elements, as first sug-
gested by Truran|(1981). Otherwise, if an s-process contribution
can be identified, the early enhancement of heavy elements can
be explained by the ignition of the s-process for the first gener-
ation of stars with high rotation, the fast-rotating massive stars
(Chiappini et al.|2011; (Cescutti et al.|[2013] 2015}, |[Frischknecht
et al.[2016; |Choplin et al.|[2018). The rotation transports the *C
from the internal layers to external ones to burn into '*N and '*C.
The activation of the s-process occurs when the '*N is converted
into 2*Ne. Therefore, this mechanism does not predict carbon
enhancements.

An alternative explanation is an s-process contribution
within a binary system in which the main companion has gone
through the asymptotic giant branch (AGB) phase (Beers &
Christlieb|2005;|Sneden et al.[2008|, and references therein). Due
to the mass transfer from AGB, the second companion receives
s-process yields (see discussion in ?).

The top panel of Figure [T5]highlights the region for the So-
lar System r-process abundance ratio of [Eu/Ba]= +0.60 + 0.13
(Simmerer et al.|2004)), which would characterise r-1I stars. Oth-
erwise, r-I stars are defined to have 0.3 < [Eu/Fe] < +1.0 and
[Ba/Eu] < 0, and 1/s stars to have 0.0 < [Ba/Eu] < +0.5 (Beers &
Christlieb|2005). These ratios are shown for the present sample
of stars in the bottom panel of Figure[T5]

We also tentatively investigated the nature of heavy element
enhancement through the diagnostic plots of Figure [15] using
the [Zr/Ba] ratio. The use of [Zr/Ba] as presented by [Siqueira-
Mello et al.| (2016) consisted of using [Y/Ba] and values from
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B

the six r-rich halo stars compiled in|Sneden et al.|(2008)), as rep-
resentatives of the main r-process, which have a mean of [Y/Ba]
= —0.42 + 0.12. On the other hand, [Siqueira-Mello et al.| (2016))
gathered another six halo metal-poor stars showing enhance-
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ment of the first peak of heavy elements, which have [Y/Ba]
+0.58 + 0.18 on the other extreme. The same is applied to
Zr-to-Ba, with [Zr/Ba] = —0.18 + 0.12 and +0.95+0.15 in the
two extremes.
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Fig. 15. Heavy-element enhancement diagnostic. Top panel: [Eu/Ba]
versus [Fe/H] diagram for the four reference GCs. The Solar System r-
process region is highlighted by the orange strip for [Eu/Ba]= +0.60 +
0.13 (see text). Middle panel: [Zr/Ba] versus [Y/Ba] diagram for the
three reference GCs that have Zr, Y, and Ba abundance determinations.
The main r-process stars region is represented with the red-square (3 —
o). Bottom panel: [Ba/Eu] versus [Eu/Fe] diagram for the selected r-rich
stars from the upper panel (see text). The light green region represents
the regime of enhancement by both the r- and s-processes. The cyan and
magenta regions show the domains of mainly r-process enhancement.
The dot and cross colour code is the same as in Figure[§]

In the middle panel of Figure we show the [Zr/Ba] versus
[Y/Ba] diagram for Pal 6 and three other reference bulge GCs.
For diagnostics, we highlighted the region of main r-process
stars (red region) at [Y/Ba], = —0.4 £ 0.1 (Sneden et al.|2008))
and [Zr/Ba], = —0.2 + 0.1 (Siqueira-Mello et al.|2016)). Only
three of the six observed stars are plotted due the absence of Ba
abundance. The member stars 785 and 401 are consistent with
r-rich stars considering the errors. Besides that, the star 401 is
located at the highest star density; consequently, it is compatible
with the reference GCs.

The bottom panel of Figure [I5] shows the further inspec-
tion of the r- and s-process to the r-rich stars selected by the
[Eu/Ba] versus [Fe/H] and [Zr/Ba] versus [Y/Ba] diagrams. The
two member stars (785 and 401) classified as r-rich are compat-
ible with the definition of r-I, which is in agreement with that
observed for the reference GCs.
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Fig. 16. Anti-correlations N-O (left) and Na-O (right) for Pal 6 member
stars.

4.10. Are there two stellar populations?

According to [Martocchia et al.| (2018, 2019), stellar clusters
older than 2 Gyr show a presence of multiple stellar popula-
tions (MPs), evidenced by their chemical abundances. From a
spectroscopic point of view, Osborn|(1971)) observed anomalous
variations in carbon molecules in one star of M5 and another
of M10. Later, Hartwick & McClure| (1972) also discovered the
anomaly in nitrogen. Currently, it is known that the phenomenon
of MPs is also caused by star-by-star variations in light elements
and helium mass fraction (Y) (Gratton et al.[[2004; [Carretta et
al. 2010; |Gratton et al. [2012; [Milone et al.|[2018; [Mészaros et
al.|[2020). Specifically, the major variation is in N with a max-
imum enrichment of §[N/Fe] ~ 1.20 dex (Milone et al.[2018]).
For that reason, many works have sought N-enhanced stars in
field stars and GCs as evidence of second-generation stars (e.g.
Barbuy et al.|2016}; Schiavon et al.[2017b;|da Silveira et al. 2018}
Fernandez-Trincado et al.[2020] 2021).

It is important to determine whether the GC hosts MPs be-
cause this is related to the origin of the GC itself. For example,
Bellini et al.| (2017) analysed the complex Type II GC (Milone
et al.[[2017) w—Cen (NGC 5139). They found that this cluster
hosts at least five stellar populations, and that the populations
can be split into 15 sub-populations. Their results show that
w—Cen is much more complex than the majority of GCs. Addi-
tionally, [Massari et al.| (2019) associated w—Cen with the Gaia-
Enceladus (Belokurov et al.|2018; Helmi et al.[2018)) progenitor.
This could be pointing to a cluster that originated from a merger
event. However, w—Cen seems to be more compatible with a
core of a dwarf galaxy (Mészaros et al.|2021)). For the ‘normal’
(Type I; Milone et al.|2017) GCs, we could expect them to have
an origin from main components of the Galaxy, as observed in
Massari et al.| (2019) with 62 GCs associated with a so-called
main-progenitor.

The expected N-O anti-correlation (Carretta et al.| 2010
Gratton et al|[2004] [2012) is given in left panel of Figure [I6]
We also found two N-rich non-member stars, which are possi-
ble field members, with [N/Fe]> +0.70. These could be stars
that were Pal 6 or other cluster members trapped by the Galactic
bulge (Schiavon et al.|2017a). Another indicator of MPs is the
Na-O anti-correlation. [Carretta et al.| (2009a) demonstrated that
this anti-correlation is more likely to be seen in massive clusters.
Since Pal 6 is a relatively low-mass cluster (with an absolute
magnitude of My = —6.79;Harris[1996| 2010 edition), in Figure
[16] (right panel) we can observe a slight Na-O anti-correlation.

To verify if our N-enhanced star 401 is a probable second-
generation member, we investigated the AI-NaON relations (Fig-
ure .IMészaros et al.| (2020) analysed stars observed with the
APOGEE for 31 GCs. They observed that at [Al/Fe]= +0.30,

Article number, page 11 of 23



A&A proofs: manuscript no. PALOMARG6

[Na/Fel

T e
0.2} + S

slope =1.10 £ 0.37

0.0 0.1 0.2 0.3 0.4 05 0.6
[Al/Fe]

Fig. 17. Al-NaON (anti)correlations. The dots are coloured according to
the same colour code of Figure [T6] The dotted grey line represents the
generation split around [Al/Fe] = +0.30 (Mészaros et al.[2020). The
black dashed lines show the obtained linear regression.

the stars are split reasonably well into two populations. We in-
vestigated these patterns and observed that our N-enhanced star
has [Al/Fe]> +0.30, while the other three member stars have
[Al/Fe]< +0.30. Even though the phenomenon of MPs (Bastian
& Lardo|2018)) is a characteristic of the majority of GCs (Piotto
et al.|2015), |Lagioia et al.| (2019) presented the first evidence of
a GC consistent with hosting a simple stellar population (Terzan
7). For that reason, the abundance pattern observed for Pal 6 is
important in order to check if it hosts at least two stellar popula-
tions.

5. Age and distance

Previous photometric studies did not attempt to derive the age of
Pal 6, and there are controversies on its distance in the literature.
These are largely due to the absence of observed standard candle
stars in Pal 6, and different values result from different methods.
Ortolani et al.| (1995) derived a distance of ~ 8.9 kpc from the
horizontal branch (HB) magnitude method with an extinction of
Ay = 4.12.|Lee & Carney|(2002), comparing the Pal 6 HB mag-
nitude to the 47 Tuc one, obtained a distance of ~ 7.2 kpc with
Ay = 4.1 mag. Harris| (1996) gave a distance of 5.80 kpc, which
was adopted by Baumgardt et al. (2019) and used in Massari et
al. (2019) and Pérez-Villegas et al. (2020).

With the final corrected CMD (Section 2.2), we used the
SIRIUS code (Souza et al. |2020) to perform the statistical
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Table 9. Coefficients for effective temperature second-order correction
to different passbands. The coeflicient orders are given by the following
equation: AC; = ag X (log Tei)? + a; X log Te + as.

AC,l ap aj a

F606W —-0.325 +2.555 -5.041
F110W +0.056 -0.365 +0.571
F160W +0.012 -0.078 +0.127
% -0.328 +2.515 -4.840
1 -0.056 +0.442 -0.878
G -0.506 +4.129 -8.495
Gpp -0.191 +1.723 -3.847
Grp -0302 +2.342 -4.584

isochrone fitting to obtain the accurate probability distribu-
tions for the fundamental parameters of Pal 6. We employed
isochrones from the MESA Isochrones & Stellar Tracks database
(MIST; |Dotter| 2016; |Choi et al|[2016) with the metallicity
[Fe/H] ranging from 0.0 to -2.0 dex in steps of 0.01 dex and ages
from 10 Gyr to 15 Gyr with an interval of 0.1 Gyr; the redden-
ing and distance modulus can vary freely. To obtain a consistent
analysis, we used a Gaussian prior for the metallicity with infor-
mation from the high-resolution spectroscopic determination by
this work.

We also obtained the temperature-dependent second-order
extinction corrections AC, (AA, /A’Ve“) by comparing the MIST
isochrones with Ay = 0.00 and 6.0 for each value of Tes.
The correction is given by the second-order polynomial function
AC) = ag x (log Te)? + a1 X log Te + a2, and the ALT = 6.0.
As mentioned in [Oliveira et al.| (2020), the second-order correc-
tion is obtained by interpolation considering the desired Ay. The
coeflicients ag | » are listed in Table [9}

We adopted the 50" percentile as the best solution and 50" —
16" and 84" — 50" percentiles for the uncertainties. The red line
in Figure [T8]represents the best fit, while the red strip shows the
region of 1—o solutions. We want to stress that the HB model fits
well to the HB region in the CMD. Also, this technique allows
us to obtain a better distance determination with low uncertainty.
The best distance, reddening, and well-constrained metallicity
values provided us with the first derivation of age for Pal 6 as
12.4+0.9 Gyr, therefore it is among the oldest GCs in the Galaxy.

The reddening E(606 — 160)= 3.38 +0.04 and distance mod-
ulus (m—M)gps = 18.55 = 0.07 obtained from isochrone fitting
can be converted in E(B—V) and (m—M), using the following
relations:

E(606 — 160) = Ry X E(B - V) X (Ceos,r, — Ci60,ry)>
(m — M)eps = (m — M)o + Ry X Cepe g, X E(B—V),

(@)
3

where C,r, is the ratio of temperature- and gravity-dependent
coefficients at the A for an extinction law with Ry (Pallanca et
al.|[2021, and references therein). Since the extinction is given
by Ay = Ry X Cpr, X E(B — V), the reddening is inversely pro-
portional to Ry. Therefore, the assumption of Ry will affect the
fundamental parameters of the cluster.

For the isochrone fitting, it is common to use the extinc-
tion law setting Ry = 3.1, which is the case for all the funda-
mental parameters calculated for Pal 6 in the literature. With
this extinction law, our determination is Ay = 4.56 + 0.06
(E(B-V) = 1.47+0.02), which is compatible with the redden-
ing used to derive the photometric temperatures. However, Nataf]
et al.| (2016)) argue that a lower value of Ry is more compatible
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Fig. 18. Best-fit from isochrone fitting (solid line) and results for 1o
(red region).

with the Galactic bulge population, where it could reach down
to Ry = 2.5 at least for (absolute) Galactic latitudes between 2
and 7 degrees and —10° < [ < 10°.|Vasiliev & Baumgardt| (2021
compared the distance from literature to the Gaia EDR3 paral-
laxes. They found a discrepancy between the photometric dis-
tances and the inverse of parallaxes for the bulge GCs, precisely
those with high reddening values (E(B—V)>1.0). Also, Pallanca
et al.| (2021) show that the Ry = 3.1 needs different values of
reddening and distance moduli to fit the CMD well with different
colours in the case of the bulge GC Liller 1. They demonstrated
that to fit the three CMDs simultaneously with a unique set of
reddening and distance values, it is necessary to adopt an extinc-
tion law with Ry = 2.5. They also conclude that the variation
in the extinction law results in variations in the reddening and
distance modulus determinations (consequently in the distance).

To determine the value of Ry for Pal 6, we compare the opti-
cal (VI;|Ortolani et al [|1995)), Gaia Ggp — Ggp versus G, and NIR
HST CMDs using the best-fit parameters of Figure [A.1] Since
we varied the Ry, we re-derived the extinction coeflicients in the
adopted bands (Areosw/Av, Ariiow/Av, Arisow/Av, Ag./Av,
Ag,,/Av, Ag/Ay, and A;/Ay) using the extinction laws from
Cardelli et al.| (1989). The corresponding extinction law to a
given Ry value has been done by interpolating the curves in a
grid with the values Ry = 2.1,3.1,4,5 (Figure[I9). We derived
Ry = 2.6 by maximising the negative y? for the optical and Gaia
CMDs (first and second panels of Figure 20). Finally, we deter-
mined an extinction of Ay = 4.21+0.05 (E(B-V) = 1.62+0.02)
and a distance of d,, = 7.67+0.19 kpc (Figure[21)), a result within
the range between 5.8 kpc (Harris|[1996] 2010) and 8.9 kpc (Or-
tolani et al.|[1995) and very close to the [Lee & Carney| (2002)
value of 7.2 kpc. We stress that the latter distance determination
derived from near-IR JHK photometry is independent of the Ry
optical value.

To confirm our determination, we performed the dis-
tance calculation using two other methods. From the relation
Mv—[Fe/H] derived by ? for RR Lyrae stars, we can obtain the
HB absolute magnitude of 0.758 + 0.086 in the V band. Assum-
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Fig. 19. Extinction law curves’ derivation. The effective wavelengths
are computed from A5 = f AT dA/ f AT dA.

ing the apparent V-magnitude value of 19.70+0.15 calculated for
the HB of Pal 6 by Ortolani et al.|(1995), we obtain the distance
modulus of (m—M)y = 18.94 + 0.18. Finally, with the extinction
value found in the present work (Ay = 4.21 + 0.05, compatible
with the average calculated with dust map of the Galaxy using
the DUST web too, we have a distance of d((DHB) =8.73+0.75
kpc.

Using the Gaia EDR3 membership analysis (Section [2.3)),
we identified five stars with distances derived by the StarHorse
calculations (with Gaia EDR3 and APOGEE DR16; |Queiroz et
al.|2020a, Queiroz et al. in prep). Due to the low statistics, we
expanded the sample with a bootstrapping method taking into
account the uncertainties. The mean distance derived from the
expanded sample is dgH) =73 +0.8 kpc.

The individual distance determinations through the HB and
StarHorse are already compatible within 1.50 with our determi-
nation from the isochrone fitting of 7.67 + 0.19 kpc. In addi-
tion, the average of these determinations results in a distance of
< do >mB.su)= 8.0+ 1.1 kpc, compatible with the distance of the
present work. Finally, we added the average of the literature of
7.05+0.46 kpc given by Baumgardt & Vasiliev|(2021 EI, resulting
in < do >mB suB&vai= 7.5+1.0kpc, which is in good agreement
with our determination. Therefore, these results reinforce the one
we found through the isochrone fitting of dgal 9 =767+0.19
kpc calculated with the derived extinction law (Ry = 2.6).

6. The origin of Pal 6

With the chemical information, age, and distance obtained in
the previous sections, it is possible to infer a plausible origin
of Pal 6. Using the distance of Harris (Harris||1996), which was
adopted by Baumgardt et al. | (2019)), Pérez-Villegas et al.|(2020)

2 https://irsa.ipac.caltech.edu/applications/DUST/

3 They considered the distances from |Ortolani et al.| (1995), [Barbuy
et al| (1998), [Lee & Carney| (2002), and |Lee et al.[(2004). Because of
the expected distance for Pal 6, they did not consider the inverse of the
parallax given by |Vasiliev & Baumgardt|(2021).
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Fig. 20. Posterior fitting to obtain the best value of Ry. First panel: Optical CMD V — [ versus I from Ortolani et al.|(1995). Second panel: Gaia
EDR3 Gpp — Ggp versus G CMD. Third panel: Corrected NIR HST CMD. The cyan dotted lines are the isochrones considering the best fit from
the standard isochrone fitting and standard extinction coefficient (Ry = 3.0). The embedded plots show the y? function to the variation of Ry. The
solid red lines are the isochrones with the best Ry value. Finally, the blue horizontal lines denote the isochrone HB and turn-off mean locus.
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Fig. 21. New distance and reddening determinations using the best ex-
tinction law.

classified Pal 6 as belonging to the Galaxy thick disc with a prob-
ability of 98%. Caution was recommended given other distance
estimations in the literature (e.g. Ortolani et al.|1995).

Given the much more reliable distance now derived in the
present paper, we carried out the calculations of orbits for the
cluster. We employed the same Galactic model of
let al.| (2018}, [2020) that includes a triaxial Ferrers bar of 3.5 kpc
(major axis). The total mass of the bar is 1.2 x 10'° Mg, with
an angle of 25° with the Sun-major axis. We also assume three
pattern speeds of the bar: Q, = 40, 45, and 50 km s~ kpc~!.

We generated a set of 1000 initial conditions employing a
Monte Carlo approach. In order to do that, we considered the
observational uncertainties of distance, heliocentric radial veloc-
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ity, and absolute proper motion components, with the purpose of
evaluating the errors in those observational parameters. We inte-
grated the orbits forward for 10 Gyr using the NIGO tool
2015). In Table [I0] we give the new orbital parameters as the
median values of the perigalactic distance < r,,;, >, apogalactic
distance < r,,,, >, mean eccentricity < e > (where the eccentric-
ity is defined as ¢ = (Fmax — "min)/(Fmax + Fmin) )» and maximum
vertical excursion from the Galactic plane < |z|,,qx >. The error
of each orbital parameter is given as the standard deviation of
the distribution.

In Figure 22} we show the probability density map of the or-
bits of Pal 6 in the x —y and R — z projections co-rotating with the
bar. The gold colour displays the space region that the orbits of
Pal 6 cross more frequently, while the black curves are the orbits
considering the central values of the observational parameters.
We can observe that Pal 6 is mostly confined within ~ 2.1 kpc,
and therefore has a high probability of belonging to the bulge
component (> 99%), when we adopt the distance of 7.67 kpc
estimated in this work. Our new distance determination points
out that Pal 6 is also a very inner cluster due to its maximum
height of |z < 1.3 kpc and a high eccentric orbit. Those char-
acteristics were also found for the GCs NGC 6522, NGC 6558,
and HP 1, which are very old and moderately metal-poor GCs of
the Galactic bulge.

Based on our analysis, we are confident that Pal 6 is con-
fined within the Galactic bulge. However, it remains unclear if
this cluster is originated from the Galaxy or due to some merger
process that occurred in the early stages of the Milky Way. To
elucidate whether Pal 6 was formed in situ or accreted, we fol-
lowed the method described in[Massari et al.| (2019) to determine
the probable progenitor of Pal 6. The classification is based on
the integrals of motion space L, and E, and the age-metallicity
relation (AMR). It is important to mention that these integrals of
motion are only conserved by Galactic potential in an axisym-
metric model. Because of that, we employed the axisymmetric

potential of [McMillan| (2017) and recalculated the orbital pa-
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Fig. 22. Probability density map for the x — y and R — z projections of
the set of orbits for Pal 6 using three different values of Q, = 40,45,
and 50 km s~! kpc~!. The orbits are co-rotating with the bar frame. The
gold colour corresponds to the higher probabilities, while the black lines
show the orbits using the central observational parameters.

rameters of Pal 6 using the python-package galpy (Bovy|2015).
For this case, we also integrated forward for 10 Gyr and em-

ployed a set of 1000 initial conditions. The reason for adopting
the McMillan| Galactic potential is to compare our results
with Massari et al|(2019) and to relate Pal 6 with its plausible
progenitor. The orbital parameters with the axisymmetric poten-
tial are listed in last column of Table

We found L, = 7.88 + 1322 kms'kpc and E=
(—2.40 +0.05) x 10° km?s~2. Pal 6 is compatible with three
progenitors due to its low values of E, L., and z-perpendicular
angular momentum L,,,, (see Figure : the main progeni-
tor (in situ), a low-energy progenitor (low-energy), and Gaia-
Enceladus. [Massari et al| (2019) classified Pal 6 as having been
formed by the low-energy progenitor due to the previous values
of distance employed. Since the classification of a main-bulge
progenitor is related to the apogalactic distance ry.x < 3.6 kpc
(maximum 3D radius of the orbit), Pal 6 is clearly compatible
with this definition.

On the other hand, with our new determination of [Fe/H]
from high-resolution spectroscopy and the age derivation of
Pal 6, we can observe the location of the cluster in the AMRs.
Figure[24]shows the AMR:s for the clusters according to its asso-
ciated progenitors for the ones more compatible with Pal 6. We
found that Pal 6 is located in a possible ridge line of the main-
progenitor distribution. Therefore, according to the classification
of the present work, in combination with the classifications pre-
sented in[Massari et al.|(2019), we conclude that Pal 6 is a cluster
of the Galactic bulge having been formed in situ.
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Fig. 23. Integrals of motion space of 82 Galactic GCs. The colour-code
relates to the association with their probable progenitor (Massari et al.|
[2019); Gaia-Enceladus is marked in red, low-energy in pink, and the
main progenitor in blue. The magenta square represents Pal 6 with the
values of the present work.

This result could also give us an explanation about the possi-
ble formation scenario of the MPs in Pal 6. Since the cluster was
formed in situ, the most compatible formation scenarios of MPs
are those predicted by internal pollution of the cluster. This hy-
pothesis is in agreement with the results described in the chem-
ical abundances of heavy elements found in this work. A more
detailed analysis of the stellar ages is required to provide a con-
straint on the most probable formation scenario (Nardiello et al.

20135}, [Souza et al. |[2020;; [Oliveira et al.][2020}; [Lucertini et al.
2021).

7. Conclusions

We present a complete and detailed analysis of the GC Pal 6,
through the analysis of high-resolution spectra of the UVES
spectrograph, HST photometry, and a dynamical analysis. Based
on Gaia EDR3, we determined that four of our six sample stars
are members of Pal 6 and give a heliocentric radial velocity con-
sistent with values from the literature.

With the UVES spectroscopic data, we determined the final
stellar parameters and abundances for the six sample stars. The
metallicity of [Fe/H]= —1.10+0.09 and @-element enhancement
of [a@/Fe]= +0.35 + 0.06 were derived. One of the member stars
is N-enhanced, indicating a presence of second-generation stars,
confirmed from a separation into two populations based on a
[Al/Fe]= +0.30 threshold. We can also observe that the abun-
dance pattern of Pal 6 is very similar in many aspects to the GCs
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Fig. 24. Age-metallicity relation (AMR) for 82 GCs (black dots) anal-
ysed by Massari et al.|(2019)) (plot based on their Figure 4). The ages are
taken from |Vandenberg et al.|(2013) and the metallicities from |Carretta
et al.| (2009b). In each panel, one progenitor is highlighted. From top
to bottom: First panel, main-progenitor (disc and bulge); second panel,
low energy; third panel, Gaia-Enceladus. The magenta square repre-
sents Pal 6 with metallicity and age of the present work.

typical of the bulge population such as NGC 6266 (M 62; Yong
et al.[2014), HP 1 (Barbuy et al.|2016), NGC 6558 (Barbuy et
al|2018a), and NGC 6522 (Barbuy et al.|[2014, Barbuy et al.
2021), as illustrated in Figure @ The Si, Ca, and Ti abundances
are also low enhanced. The abundances of the first-peak of heavy
elements are relatively high, while the second-peak of heavy ele-
ments is moderately high. Finally, the r-element Eu is enhanced.
It is interesting to note that the four reference bulge GCs are rep-
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Table 10. Orbital parameters of Pal 6 for the McMillan| (2017) poten-
tial and the potential employed in|Pérez-Villegas et al.| (2020) assuming
three different bar pattern speed values. The energy units are [E]=km?
s~2 and angular momentum [L]=km s~! kpc.

Parameter PVQ,=40 PVQ,=45 PVQ, =50 McMillanl7
<Tin> [kpc] 0.08£0.03 0.09+0.04 0.10+£0.04 0.07 +0.04
<Tax> [kpe] 206+0.07 206+007 210+0.09 2.14+0.19
<zlmax> [kpe]  1.07+£0.10  1.14+0.05 1.16+0.07 1.29 +0.04
<e> 0.92+0.03 091+0.03 090+0.03 0.96=+0.05
<E> [10°E] — — — -2.40 +0.05
<L.> [L] — — — 7.88 £13.2
<Lberp> [102L] — — — 1.67 £0.22
<L, > [10%L] — — — 3.07+£0.19
Phulge [%] 99.4 99.4 99.3 99.1

Ppise [%] 0.6 0.6 0.7 0.9

+ The L., is not conserved for axisymmetric potentials; however, it is a good
parameter to describe the origin of a group of stars (Helmi & de Zeeuw|2000;
Massari et al.[2019).

resentatives of moderately metal-poor GCs with a BHB, whereas
Pal 6 has an RHB.

A photometric analysis combined with dynamics was per-
formed in order to determine the probable progenitor of the clus-
ter. For this, we derived an age of 12.4 + 0.9 Gyr and a distance
of 7.67 + 0.19 kpc. Due to the new and more reliable distance
value, the orbital analysis indicates that Pal 6 is confined within
the Galactic bulge. The dynamical analysis and the values of the
age and metallicity of Pal 6 show that the cluster was most prob-
ably formed in the main-bulge progenitor of the Galaxy (in situ).
Finally, considering that Pal 6 was formed in the Galaxy, it is
probable that the second generation of stars in the cluster could
be formed from internal pollution of the cluster, which is com-
patible with both the AGB star (Renzini et al.|2015} |Calura et al.
2019) and fast-rotating massive star (Decressin et al.|2007}; |Chi-
appini et al.| 2011} [Frischknecht et al.|2016) pollution scenarios.

The study of GCs is of great importance to understand the
formation and evolution of the Galaxy. Our analysis shows that
Pal 6 is a GC formed in the Galactic bulge progenitor present in
the early stages of the Milky Way, and it shares chemical prop-
erties with other well-known old-bulge GCs.
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Fig. A.1. Corner plots with the parameter correlations.

Appendix A: Fundamental parameter determination

Figure [A.T] shows the corner plots, which represent the 4D pa-
rameter space of the isochrone fitting (age, reddening, distance
modulus, and metallicity) represented in 2D density distribu-
tions. The cumulative best solutions (posterior distributions) of
each parameter are represented by the histograms, while the 2D
density maps show the correlations between the parameters. To
represent the distributions of each parameter, we assumed the
region of highest density as the representative value, and the un-
certainties were calculated from the 16th and 84th percentiles.
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Table B.1. Equivalent widths for Fe1 and Fe 11 lines.

Ton /l Xex logg f star 730  star 243  star 030 ostar 785 star 145  star 401
[A] [eV] [mA]

Feun 5991.38 3.15 -3.65 32.60 39.20 25.5 — 32.3 —
Feun 6084.11 320 -3.97 35.20 26.20 25.6 28.7 14.3 18.70
Fen 6149.25 3.89 -2.69 63.80 43.50 22.3 31.1 24.0 —
Fen 624756 3.89 -2.52 — — 27.3 25.9 49 4 35.20
Feun 641693 389 -2.64 68.90 36.90 27.1 — 354 29.10
Fen 643268 289 -3.57 22.70 31.90 10.2 34.7 28.3 30.10
Fen 6456.39 390 -2.31 — 37.30 29.6 23.3 474 54.00
Fen 651608 2.89 -3.31 62.20 59.2 30.8 43.1 26.7 47.80
Fer 590248 4.59 -1.81 — 5.10 2.6 — 8.7 —
Fer 5905.67 4.65 -0.73 40.90 — 28.5 — 31.9 —
Fer 5905.69 4.65 -0.73 — 40.60 — 46.7 — 43.90
Fer 590997 321 -2.78 — 84.90 — 32.7 — 59.80
Fer 591625 245 =297 59.50 — — — — —
Fer 591626 245 -2.99 — 91.10 30.9 25.1 32.0 72.10
Fer 592779 4.65 -1.09 38.50 37.70 44 .4 46.7 — —
Fer 5929.67 455 -141 45.50 44.90 31.3 — — 30.70
Fer 5930.18 4.65 -0.23 51.70 — — — —
Fer 5930.19 4.65 -0.23 — 78.70 — 68.3 — 68.70
Fer 5934.65 393 -1.17 34.30 — 54.0 — 70.4 —
Fer 593467 393 -1.17 — 76.40 — 28.8 — 62.30
Fer 595273 398 —-144  48.50 50.40 — 30.8 52.7 40.10
Fer 5956.69 0.86 -4.60 42.10 — 37.5 — — —
Fer 5956.71 0.86 —4.61 — 79.10 — — — 82.50
Fer 597535 4.84 -0.69 36.80 — 15.6 — 42.3 —
Fer 5983.69 455 -147 30.80 52.80 17.2 — 20.1 43.90
Fer 5987.06 4.80 -043 43.30 — 27.0 — — —
Fer 5987.07 4.79 -0.15 — 62.90 — — — 59.60
Fer 6003.01 3.88 -1.12 44.80 — — — — —
Fer 6003.02 3.88 -1.12 — 90.40 254 443 63.7 76.00
Fer 6005.54 2.59 -3.61 40.50 — 344 — 43.6 —
Fer 6008.56 3.88 -0.99 31.50 — 25.3 — 57.2 —
Fer 6020.17 4.61 -0.27 38.10 — 29.2 — 64.5 —
Fer 6024.05 4.55 -0.12 31.20 90.40 2.00 73.9 45.0 69.90
Fer 6027.06 4.08 -1.09 80.00 79.70 29.7 43.2 32.5 59.10
Fer 6054.08 4.37 -231 46.50 16.50 — — — —
Fer 6056.01 4.73 -0.46 — 62.30 35.7 419 23.8 41.70
Fer 606548 261 -1.53 66.00 — — — — —
Fer 606549 261 -1.53 — 132.60 — — — 101.5
Fer 607849 4.80 -0.32 57.70 — — — — —
Fer 6078.50 4.79 -0.40 — 65.90 18.0 49.5 41.5 65.40
Fer 6079.00 4.65 -1.13 — — — — 44.2 36.90
Fer 6079.01 4.65 -1.12 57.10 — — — — —
Fer 6082.71 222 -3.57 31.20 — — — — —
Fer 6082.72 222 -3.57 — 69.20 — 72.2 — 65.10
Fer 6093.64 461 -1.50 25.10 — 11.3 — 41.9 —
Fer 6093.67 4.60 -1.51 — 15.50 — — — 25.70
Fer 609436 4.65 -194 46.10 18.80 — — — —
Fer 6096.66 398 -1.93 — 43.00 — 39.1 — —
Fer 6105.15 454 -2.07 — 16.50 — — — 10.40
Fer 6137.70 259 -140  40.00 142.10 — — — 146.5
Fer 6151.62 2.18 -3.30 59.50 114.00 56.4 48.4 37. 110.8
Fer 6157.73 4.08 -1.25 — 67.10 27.9 37.8 35.1 58.30
Fer 615938 4.61 -1.97 26.40 — — — — —
Fer 616536 4.14 -1.47 43.50 64.90 43.1 — 17.7 —
Fer 617334 222 -2.88 — 122.80 — 46.9 — 96.80
Fer 6180.21 273 -2.59 56.30 89.50 36.3 — 58.5 63.90
Fer 6187.99 394 -1.72 63.80 60.10 34.2 48.4 — 62.90
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Table B.1 — continued

Ion A Xex loggf star 730 star 243 star 030 star 785  star 145  star 401
Fer 620032 2.61 -2.44 — 88.40 — — — 80.40
Fer 6213.44 222 -248 88.90 129.90 39.5 — — 105.50
Fer 621929 220 -243  96.80 134.10 — — 116.50
Fer 6220.78 3.88 -2.46  65.00 — — — — 24.60
Fer 622673 3.88 -222 4740 32.00 — 18.4 — —
Fer 622923 2.84 -297 — 83.70 11.7 58.5 31.3 52.30
Fer 6240.65 222 -3.21 — 97.30 17.9 44.6 40.6 77.20
Fer 624633 3.60 —0.88 — 34.30 — 89.4 — 87.30
Fer 625257 240 -1.69 54.20 162.20 — 137.8 — 110.40
Fer 625425 228 -244 2430 — — — — —
Fer 6265.14 2.18 -2.55 61.90 119.90 — 121.9 — 105.40
Fer 627023 2.86 -246 36.70 61.10 21. 324 90.8 61.50
Fer 6271.28 3.32 -270 23.20 40.70 19 36.4 24.6 39.70
Fer 6297.80 222 -2.74 — 130.10 — 58.6 84.8 101.60
Fer 630151 3.65 -0.72 13840 118.20 — 127.7 — —
Fer 630250 3.69 -091 — 94.40 148.5 — —
Fer 631150 2.83 -3.14 85.60 81.20 — 26.2 63.2 36.50
Fer 631531 4.14 -123 51.70 79.10 5.7 429 25.1 53.60
Fer 631581 4.08 -1.71 35.30 48.60 22.4 58.1 37.2 50.10
Fer 6322.69 259 -243 — 80.80 — 36.9 — 92.80
Fer 6330.84 473 -1.74 — 44.60 — — — —
Fer 633534 220 -2.18 434 143.30 1.5 88.4 — 119.30
Fer 6336.83 3.69 -1.05 — 105.70 38.7 84.5 60.5 102.80
Fer 6344.16 243 -292 8720 127.10 22.8 75.8 82.3 90.70
Fer 6355.04 2.84 -2.29 — 128.30 — — — 92.70
Fer 6358.69 0.86 —4.47 — 160.90 — — — 149.70
Fer 6380.75 4.19 -1.38  50.80 42.00 15.9 23.8 36.2 50.30
Fer 639254 228 —-4.03 5250 63.10 11.7 — — —
Fer 6393.61 243 -1.43 46.5 158.70 — — — —
Fer 6408.03 3.69 -1.00 — 101.50 — 74.9 95.80
Fer 6411.11 4.73 -1.92 40.10 13.70 — — — 5.0
Fer 6411.66 3.65 -0.60 48.50 121.10 — — 105. 98.70
Fer 6419.94 473 -0.24 4440 78.70 15.6 75.9 44.2 80.60
Fer 642135 228 -2.03 71.10 158.20 — — 107. 113.50
Fer 6430.86 2.18 -2.01 51.30 174.20 — — — 123.40
Fer 6469.21 4.83 -0.77 73.50 84.00 — 56.5 27.7 —
Fer 647563 256 -294  63.00 127.30 18.3 70.5 31.2 —
Fer 6481.88 228 -298 — 140.40 16.6 55.1 70.5 97.50
Fer 649499 240 -1.27 143.20 — 57.1 — — —
Fer 649895 096 —4.70 — 123.10 — 33.8 — 109.60
Fer 651837 2.83 -2.30 — 83.60 — 51.1 — 81.30
Fer 653393 456 -145 — 31.30 2.00 — 29.5 —
Fer 654625 275 -1.54 106.10  159.90 63.3 — — 141.80
Fer 6556.81 479 -1.72 — 19.00 — 28.1 — —
Fer 6569.22 473 -0.42 9940 77.60 31.6 — 55.9 69.30
Fer 657425 099 -5.02 — 116.30 — 26.7 — 93.60
Fer 6575.04 259 -2.71 — 121.80 — — — 80.90
Fer 6581.21 148 -4.68 8520 97.20 — 32.0 23.1 65.70
Fer 659131 459 -2.07 28.10 10.70 1.00 — — 11.50
Fer 6593.87 243 -242  39.60 136.20 69.4 — — 103.70
Fer 6597.56 4.80 -1.07 45.70 36.50 26.7 — — 36.00
Fer 6608.04 228 -4.03 74.30 62.60 10.0 — 49.4 45.40
Fer 6609.12 256 -2.69 73.40 132.60 24.5 73.0 — 131.60
Fer 6627.54 455 -1.68 36.80 42.40 5.1 — 9.9 —
Fer 6678.00 2.69 -142 45.00 157.60 — — — 118.10
Fer 6699.14 459 -2.10 2440 24.20 2.70 — — —
Fer 6705.11 4.61 -1.06 — — 16.3 — 30.8 —
Fer 6726.67 4.59 -1.09 — — 28.0 — 16.0 —

Article number, page 21 of 23



A&A proofs: manuscript no. PALOMARG6

Table B.2. Line-by-line abundance ratios in the six UVES sample stars for the
CNO, odd-Z (Na and Al), alpha- (Mg, Si, Ca, and Ti), and heavy elements (Y,
Zr, Ba, La, and Eu).

Species / Xex logg f star 730 star 243 star 030 star 785 star 145 star 401
[A] [eV] [X/Fe]

Na1 5682.633 2.10 -0.71 +0.07 +0.28 -0.09 +0.27 — —
Nar 6154230 2.10 -1.56 — +0.48 +0.43 +0.42 +0.42 —
Nai 6160.753 2.10 -1.26 +0.51 +0.51 — +0.13 +0.37 +0.10
Al1 6696.185 4.02 -1.58 +0.47 +0.37 +0.59 +0.09 +0.08 +0.33
Al1 6698.673 3.14 —-1.65 +0.42 +0.14 +0.39 +0.29 +0.15 +0.47
Mgi 5528.405 5.11 -2.10 — — — +0.14 — —
Mg1 6318.720 5.11 =236 +0.41 +0.48 +0.58 +0.34 +0.49 +0.24
Mg1 6319.242 5.11 -2.80 +045 +0.45 +0.53 — +0.40 +0.40
Mgi 6765450 575 -194 — +0.27 +0.47 +0.27 +0.55 +0.25
Sit 5665.555 492 -2.04 +048 +0.19 +0.38 +0.60 +0.51 +0.61
Sit 5666.690 5.62 -1.74 +0.41 +0.59 +0.50 +0.20 — +0.44
Si1 5690.425 493 -1.87 +0.07 +0.58 +0.12 — +0.43 +0.60
Sit 5948.545 5.08 -1.30 +0.21 +0.18 +0.13 +0.15 +0.54 +0.39
Si1 6142494 562 -1.50 +0.24 +0.22 — +0.50 +0.02 +0.29
Si1 6145.020 5.61 -1.45 +0.49 +0.19 — — +0.23 +0.42
Sit 6155.142 562 -0.85 +0.05 +0.40 +0.20 +0.30 +0.09 +0.25
Sit 6237.328 561 -1.01 +0.43 +0.48 +0.31 +0.29 +0.43 +0.48
Si1 6243.823 561 -130 +0.53 +0.46 — +0.42 +0.46 +0.06
Sit 6414987 587 -1.13 +0.12 +0.45 +0.42 +0.51 +0.67 +0.64
Sit 6721.844 586 -1.17 +0.60 +0.43 +0.52 +0.49 +0.40 +0.31
Car 5601.277 253 -0.52 -0.33 +0.07 — — — +0.22
Car 5867.562 293 —-1.55 +0.50 +0.02 +0.49 +0.40 +0.41 +0.40
Car 6156.030 2.52 -2.39 — — — +0.40 +0.56 +0.44
Car 6161.295 251 -1.02 +0.26 — +0.50 -0.10 -0.09 +0.48
Car 6166440 252 -090 +0.37 +0.53 -0.39 +0.30 +0.27 +0.11
Car 6169.044 252 -0.54 +045 +0.43 — +0.00 +0.11 +0.28
Car 6169.564 252 -0.27 +0.55 +0.44 — — +0.15 +0.42
Car 6439.080 2.52 +0.30 +0.24 +0.55 — — — +0.50
Car 6455.605 252 —-1.35 +0.47 +0.48 +0.43 +0.10 +0.40 +0.47
Car 6464.679 252 -2.10 — — — +0.49 +0.37 +0.55
Car 6493.788 252 -244  -0.07 +0.14 — — — -0.10
Car 6499.654 252 -0.85 +0.36 +0.58 +0.15 — +0.20 +0.43
Car 6572.779 0.00 —-4.32 — — -0.16 +0.20 +0.32 +0.08
Car 6717.687 271 -0.61 +0.46 — -0.23 -0.10 +0.33 +0.43
Ti1 5689.459 229 -044  +0.39 +0.39 +0.42 +0.49 +0.44 +0.58
Ti1 5866.449 1.07 -0.84 +0.36 +0.51 +0.12 +0.09 +0.48 +0.29
Ti1 5922.108 1.05 -1.46 — +0.43 +0.32 +0.40 +0.27 +0.35
Ti1 5941.750 1.05 -1.50 +0.49 +0.28 +0.50 +0.30 +0.23 +0.35
Ti1 5965.825 1.88 042 +0.54 +0.53 +0.47 +0.20 +0.30 +0.33
Ti1 5978.539 1.87 -0.53 +0.02 +0.36 +0.46 +0.60 +0.56 +0.13
Ti1 6064.623 1.05 -1.94 — +0.58 +0.48 — +0.44 +0.35
Ti1 6091.169 227 -042 +0.36 +0.43 +0.49 +0.40 +0.49 +0.33
Ti1 6126214 1.07 -143 +0.46 +0.57 +0.36 +0.00 +0.33 +0.22
Ti1 6258.110 144 -0.36 +0.11 +0.31 +0.22 +0.00 -0.08 -0.22
Ti1 6261.106 143 -0.48 +0.57 +0.45 +0.13 +0.00 -0.04 +0.06
Ti1 6303.767 144 -1.57 +0.56 +0.56 — +0.20 +0.57 +0.39
Ti1 6312240 146 -1.60 — — +0.09 +0.50 — +0.26
Ti1 6336.113 144 -1.74 — +0.25 — — — +0.56
Ti1 6508.150 143 -2.05 — +0.60 — — — +0.28
Ti1 6554238 144 -122 -0.10 +0.47 +0.33 +0.20 +0.37 +0.38
Ti1 6556.077 146 -1.07 +0.25 — +0.42 +0.40 +0.46 +0.59
Ti1 6599.113 090 -2.09 +0.52 +0.50 +0.46 +0.60 +0.68 +0.40
Tit 6743.127 090 -1.73 +0.39 +0.47 +0.10 +0.40 +0.49 +0.52
Tin 5418.751 158 -2.13 — — -0.23 — +0.20 +0.27
Tin 6491.580 206 -2.10 +0.18 +0.38 +0.23 -0.10 +0.00 +0.41
Tin 6559.576  2.05 -2.35 +0.14 +0.26 +0.48 +0.10 +0.26 —
Tin 6606.970 2.06 -2.85 +0.26 +0.39 +0.02 +0.40 +0.36 +0.23
Y1 6435.004 0.07 -0.82  +0.02 +0.44 +1.12 +0.78 +0.89 -0.01
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Table B.2 — continued

Species A Xex loggf star 730  star 243 star 030 star 785 star 145  star 401
Yn 6795414 174 -1.19  +0.33 +0.23 +0.48 +0.84 +0.57 +0.09
Zr1 6127475 0.15 -1.06 +0.71 +0.74 +0.58 +0.60 +0.85 +0.29
Zr1 6134.585 0.00 -142 +0.86 +0.37 +0.84 — +0.33 +0.48
Zr1 6140.535 052 -1.60 — +0.86 — — +0.95 +0.92
Zr1 6143252 0.07 -1.10 +0.71 +0.75 +0.54 +0.63 +0.84 -0.04
Ban 5853.675 0.60 -1.10 — +0.52 — — — +0.36

Ban 6496.897 0.60 -0.32 — +0.65 — +0.23 — +0.62
Lan 6172721 0.13 =225 +0.72 +0.03 +0.86 +0.78 +0.81 +0.32

Lamn 6262287 040 -1.60  +0.55 +0.30 — — +0.37 +0.16
Lan 6296.079 125 -0.84 +0.37 — — — — +0.19
Lan 6320.376  0.17 -1.56  +0.37 +0.29 +0.19 +0.52 +0.79 +0.21
Lamn 6390477 032 -141 +0.31 +0.10 +0.67 +0.77 +0.75 +0.30

Eun 6437.640 132 -032  +0.55 +0.50 +0.62 +0.65 +0.77 +0.57
Eun 6645.064 138 +0.12 +0.31 +0.12 +0.37 +0.82 +0.72 +0.59
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