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ABSTRACT

The chemical composition of horizontal branch (HB) stars might help to clarify the formation history of individual globular clusters
(GCs). We studied the Na-O anti-correlation from moderately high resolution spectra for 91 stars on the bimodal HB of NGC 1851;
in addition we observed 13 stars on the lower red giant branch (RGB). In our HB sample, 35 stars are on the blue HB (BHB), one is
an RR Lyrae, and 55 stars are on the red HB (RHB). The ratio of BHB to RHB stars is close to the total in the cluster (35 and 54%,
respectively), while RR Lyrae variables are under-represented, (they are ∼12% of the NGC 1851 stars). We also derived abundances
for He and N in BHB stars. For RHB stars we derived Ba abundances and a few interesting upper limits for N. The RHB stars clearly
separate into two groups: the vast majority are O-rich and Na-poor, while about 10–15% are Na-rich and moderately O-poor. Most
(but not all) Na-rich RHB stars are also Ba-rich and there is an overall correlation between Na and Ba abundances within the RHB.
The group of Ba-rich RHB stars resides on the warmer edge and includes ∼10% of the RHB stars. We propose that they are the
descendant of the stars on the RGB sequence with very red v − y colour. This sequence is known also to consist of Ba and perhaps
CNO-rich stars and consistently includes ∼5–10% of the RGB stars of NGC 1851. However, the upper limit we obtain for N ([N/Fe] <
1.55) for one of the Ba-rich stars coupled with the low C-abundances for RGB Ba-rich stars from the literature suggests that the total
CNO might not be particularly high ([(C+N+O)/Fe] ≤ 0.15). The other Na-rich RHB stars are also at the warm edge of the RHB and
the only RR Lyrae is Na-rich and moderately O-poor. We also find a Na-O anticorrelation among BHB stars, partially overlapping that
found among RHB stars, though generally BHB stars are more Na-rich and O-poor. However, there is no clear correlation between
temperature and Na and O abundances within the BHB. The average He abundance in BHB stars is Y = 0.29 ± 0.05, which excludes
a large population of extremely He-rich stars from our sample. N abundances are quite uniform at [N/Fe] = 1.16 ± 0.14 among
BHB stars, with a small trend with temperature. This value is consistent with normal CNO abundance and excludes that BHB stars
are very CNO-rich: this leaves an age spread of ∼1.5 Gyr as the only viable explanation for the split of the SGB. To help clarifying
the formation history of NGC 1851, we computed synthetic HB’s trying to identify which HB stars are the descendant of the bright
and faint subgiant branch (b-SGB and f-SGB) stars identified by Milone et al. (2008, ApJ, 673, 241), with respectively 2/3 and 1/3 of
the stars of NGC 1851. While most BHB stars likely descend from f-SGB stars and are older, and most RHB stars from b-SGB ones
and are younger, the correspondence is probably not one-to-one. In particular, the Ba-rich RHB stars should be less massive than the
remaining RHB stars, and the location of their progenitors on the SGB is uncertain. If they descend from f-SGB stars, number counts
then require that RR Lyrae variables and possibly some mild BHB stars descend from b-SGB stars; this suggestion is supported by
a few circumstantial facts. An investigation of the composition of a large enough sample of SGB stars is required to firmly establish
these relations.

Key words. stars: evolution – stars: abundances – stars: Population II – globular clusters: general –
globular clusters: individual: NGC 1851

1. Introduction

The distribution of stars along the horizontal branch (HB)
of globular clusters (GC) provides a wealth of information
that can be used to understand their formation and evolution.
It is well known that several parameters are required to ex-
plain the shape of the HBs (van den Bergh 1967; Sandage &
Wildey 1967; see discussion in Gratton et al. 2010), the two
most important being the overall metallicity (usually defined by
[Fe/H]: Sandage & Wallerstein 1960; Faulkner 1966), and age

� Based on observations collected at ESO telescopes under program
386.D-0086.

(see e.g. Dotter et al. 2010). In the recent years, it has become
clear that star-to-star variations in He content also play an im-
portant role (D’Antona et al. 2002; D’Antona & Caloi 2004;
Carretta et al. 2009; Gratton et al. 2010). They are related to
the phenomenon of multiple populations (Gratton et al. 2004,
2012; Piotto et al. 2008), that is the presence of several gener-
ations of stars in GCs, the ejecta of a fraction of the stars from
the earliest one polluting the material from which younger stars
formed. Together with He, the abundances of several other ele-
ments change, including those produced by p-capture reactions
in high-temperature H-burning that can then be used as tracers
of this phenomenon. Anti-correlations are expected between C
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and N, O and Na, Mg and Al, depending on the temperature at
which the H-burning occurred (which in turn is related to the
mass of the polluters) and then on the timescale of the whole
process. The abundance of these elements may then be used as a
powerful diagnostics of the early phases of GC evolution.

Clusters with extended or even discontinuous distribution of
stars along the HB (see Catelan et al. 1998) may be particu-
larly interesting. In this general frame, it should be expected that
there is an overall correlation between the colour (i.e. temper-
ature) of the stars along the HB and the abundances of He and
p-capture elements (D’Antona & Caloi 2004). While many cir-
cumstantial evidence favour this scenario (see e.g. Gratton et al.
2010, and references therein), few GCs have been studied with
adequate data to provide a more direct confirmation. Very re-
cently, the existence of a clear correlation between HB morphol-
ogy and Na-O anticorrelation have been soundly proved for M4
(Marino et al. 2011) and by our team for NGC 2808 (Gratton
et al. 2011). However, data on additional GCs are required be-
cause there are other mechanisms that might potentially cause
spreads in colours of stars along the HB (spread in mass loss,
age, metallicity). For instance, such an effect may be produced
by the merging of clusters of different age/chemical composition
(van den Bergh 1996; Catelan 1997), a phenomenon that might
possibly occur within a dwarf galaxy, later accreted by the Milky
Way (Bellazzini et al. 2008; Bekki & Yong 2012). Disentangling
the effects of these various mechanisms is basic to a proper un-
derstanding of GC formation and evolution.

NGC 1851 is one of the most interesting GCs on this respect.
Its HB is very peculiar, with a pronounced bimodal distribution
of stars: a red HB (RHB), comprising ∼54% of the stars, a blue
HB (BHB: ∼35%) and quite few RR Lyrae variables (∼12%:
Walker 1998; Saviane et al. 1998; Milone et al. 2009, who ob-
tained a slightly higher fraction of RHB stars)1. While this might
be explained by He abundance variations, in analogy with the
case of NGC 2808 (D’Antona & Caloi 2004), the blue HB is
actually only slightly brighter than the red one, much less than
it should be expected for the difference in He content required
to explain the large spread in colours (see Salaris et al. 2008).
NGC 1851 shows other important differences from NGC 2808.
First, the BHB is much shorter, lacking the long blue tail which is
very prominent in NGC 2808. This agrees with its much fainter
total absolute magnitude, because there is a good correlation be-
tween the maximum temperature of the HB stars and cluster lu-
minosity (Recio-Blanco et al. 2006). It is an additional indication
that NGC 1851 lacks very He-rich stars, a fact which is also de-
rived from the absence of any discernible split of the MS (Milone
et al. 2008). Second, the same Milone et al. (2008) showed that
the subgiant branch splits into two sequences, the faint (f-SGB)
one including 34 ± 3% of the stars, the remaining being on the
brighter one (b-SGB). This splitting might be interpreted either
as a spread of age (about 1 Gyr: Milone et al. 2008) or as the f-
SGB being overabundant in CNO elements by ∼0.3 dex or more
(Cassisi et al. 2008; Salaris et al. 2008; Ventura et al. 2009).
In the first case, the progeny of the f-SGB could be identified
with the BHB, while the b-SGB might correspond to the RHB;

1 The different radial distribution of RHB and BHB stars within the
cluster makes an exact estimate of the relative fractions quite compli-
cate (Saviane et al. 1998; Milone et al. 2008, 2009). Here, we use the
fractions derived at rather large distances from the center (typically in
the range 2–10 arcmin) because our spectroscopic data mainly sample
this region. For comparison, the core and half light radii of NGC 1851
are 0.09 and 0.51 arcmin, respectively (Harris et al. 1996).

the opposite should hold in the second case2. The number ratio
favours then the first hypothesis, though the abundance analyses
discussed below possibly support the second one. Furthermore,
Strömgren photometry of RGB stars (Grundahl & Bruntt 2006;
Villanova et al. 2009; Carretta et al. 2011a,b) shows a peculiar
sequence with very red v − y colours that includes some 5–10%
of the stars. This sequence could also be explained by an over-
abundance of CNO elements (Carretta et al. 2011b); however
its relation with the splitting of the SGB and HB is not clear,
because the fraction of f-SGB stars is much higher than that of
stars on the red v − y RGB sequence.

Various spectroscopic studies of red giants of NGC 1851
have been carried out in the last few years. They provided very
interesting results, but not yet a final understanding of this clus-
ter. Yong & Grundahl (2008) and Yong et al. (2009) studied a
few stars with high resolution and high S/N spectra. At variance
from what is typical of GCs, they found a correlation between
p-capture and n-capture elements, as well as hints for a spread
in CNO elements. The correlation between p- and n-capture el-
ements has been confirmed by Villanova et al. (2010) using a
slightly larger sample of stars; they however did not find any
spread in CNO elements, possibly because of uncertainties in the
transformation from relative to absolute abundances required for
this determination (see Yong et al. 2011). They also found that
stars on the red v − y sequence are typically Ba-rich. Carretta
et al. (2010, 2011) considered a much larger sample of red gi-
ants, albeit at lower resolution and S/N. They found a spread in
[Fe/H] values larger than typical in GCs, which they interpreted
as due to different populations; this agrees with what found from
narrow band Ca II photometry (Lee et al. 2009). They also con-
firmed the correlation between n- and p-capture elements, and
found that Ba-rich stars are typically more metal-rich than aver-
age. The stars on the red v − y sequence are indeed Ba-rich, but
they found also some Ba-rich stars among the normal sequence
(admittedly, these Ba abundances have rather large errors being
based on a single, less than optimal line).

The overall pattern of abundances of NGC 1851 is clearly
peculiar and cannot easily fit into the scheme adopted for more
typical GCs such as M4 or NGC 2808. The only other cluster
where a spread of Fe and a correlation between p- and n-capture
elements have been found is M22, if we leave aside the two more
massive ones, ω Cen and M54. Developing earlier similar con-
cepts by van den Bergh (1997) and Catelan (1998), Carretta et al.
(2010, 2011a) proposed that NGC 1851 is actually the result of
the merging of two clusters, each one having their own Na-O an-
ticorrelation, differing in age (by about 1–2 Gyr) and with a
small difference in [Fe/H]. In their picture, the f-SGB, the Fe
and Ba-poor RGB population, and the BHB are related to the
older cluster; and the b-SGB, the Fe and Ba-rich RGB, and the
RHB to the young one. Since there are however indications that
NGC 1851 hosts also CNO-rich stars, it is possible that some of
the f-SGB stars are actually CNO-rich stars of a younger popu-
lation. In this scheme, there should be a complex correlation be-
tween chemical composition and colours of stars along the RHB,

2 While acknowledging the problem related to number counts, Salaris
et al. (2008) and Ventura et al. (2009) explored the possibility that a
CNO-rich f-SGB coeval with a CNO-normal b-SGB is connected to the
BHB. Everything else held constant, CNO-rich HB’s should be redder
and not bluer than CNO-poor ones. While a corresponding variation in
He might result in a bluer HB, the variation proposed by Ventura et al.
of ΔY ∼ 0.04 is not enough to justify the proposed connection. With this
hypothesis, the only possibility to reconcile models with observations
would then be to assume that CNO-rich stars experience a larger mass
loss along the RGB.
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at variance with the cases for M 4 and NGC 2808. An explicit
study of the chemical composition of stars along the HB might
then help clarifying which is the correct scenario. In this paper
we present the results of such a study.

The structure of the paper is the following: in Sect. 2 we
present the observational data; in Sect. 3 we explain our analy-
sis methods; in Sect. 4 we discuss the results of the abundance
analysis; conclusions are drawn in Sect. 5.

2. Observation

We acquired spectra for 35 stars on the BHB, 1 RR Lyrae vari-
able3, 57 stars on the RHB, and 13 on the lower RGB (luminos-
ity below the bump) of NGC 1851 using the GIRAFFE fibre-fed
spectrograph at VLT (Pasquini et al. 2004). All stars were chosen
to be free from any companion closer than 2 arcsec and brighter
than V + 2 mag, where V is the target magnitude. The remaining
fibres were used to acquire sky spectra. The median spectra from
these last fibres were subtracted from those used for the stars.
This was of particular relevance here, because the observed stars
are typically very faint. We used two spectral configurations:
HR12 (spectral range from 5808 to 6138 Å) and HR19 (from
7728 to 8317 Å), providing high resolution spectra including the
strongest features of O I (the IR triplet at 7771–74 Å) and Na I
(the resonance D doublet at 5890–96 Å, as well as the subordi-
nate strong doublet at 8183–94 Å) accessible from ground and
the only ones that might be used to determine O and Na abun-
dances without a prohibitively long observing time. A few lines
of N, Mg, Al, Si, Ca, Fe, and Ba were also included in the se-
lected observing ranges. Different fibre configurations were used
in order to observe a quite large number of RGB stars with the
UVES spectrograph; these observations will be described else-
where. We have observations with both gratings only for a sub-
set of stars because a change in the UVES fibers placements re-
quires a repositioning also of the GIRAFFE fibers to maximize
the number of UVES RGB stars.

Our program was executed in service mode. We obtained a
total of 6666 s (3 × 2222 s exposures) and 7500 s (3 × 2500 s)
of observation with the gratings HR12 and HR19, respectively.
The S/N of the summed spectra for the two gratings is typically
∼35 and ∼60, ∼22 and ∼32, and ∼30 and ∼50, for RHB, BHB,
and RGB stars, respectively. The spectra were reduced by the
ESO personnel using the ESO FLAMES GIRAFFE pipeline ver-
sion 2.8.7. Sky subtraction, combination of individual exposures
for each star, translation to rest-frame and continuum tracing
were performed within IRAF4. Telluric lines were removed from
the longest wavelength spectra by dividing the average spectrum
of the warmer BHB stars (those with Teff > 11 500 K). This
combined spectrum has a S/N much higher than those of the in-
dividual program stars, and was obviously taken with the same
airmass, so that the excision of the telluric lines turned out to be
excellent. Examples of spectra are shown in Fig. 1.

3 In our original strategy we avoided observing RR Lyrae because it
is difficult to optimize multi-object observations in service mode for
variable stars. However, one RR Lyrae star was mistakenly included in
the sample. Luckily, all spectra turned out to be taken close to minimum,
in the most favourable phase for abundance analysis. This star was then
kept in the analysis.
4 IRAF is distributed by the National Optical Astronomical
Observatory, which are operated by the Association of Universities
for Research in Astronomy, under contract with the National Science
Foundation.
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Fig. 1. Portion of the spectra of an RGB star (#50876: upper row), a
RHB (#22164: middle row), and a BHB star (#18358: bottom row).

Fig. 2. Colour–magnitude diagram of the inner 1.′5 ≤ R ≤ 10.5 arcmin
region of NGC 1851. Circled stars are those observed in this paper. The
colour code is: blue = BHB; green = RR Lyrae variable; orange = RHB;
red = RGB.

Figure 2 shows the location of the program stars on the
colour magnitude diagram of NGC 1851. Our NGC 1851
ground-based photometric catalogue (see Momany et al. 2004)
consists of UBV observations obtained at the Wide-Field Imager
(WFI) mounted on the 2.2 m ESO-MPI telescope (La Silla,
Chile). Photometric data for the program stars are listed in
Table 1. The K magnitudes are from the 2MASS point source
catalogue (Skrutskie et al. 2006), and Strömgren photometry is
from Calamida et al. (2007).

No information on membership of the program stars to the
cluster was available prior to the observations. The very high
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Table 1. Basic data for program stars.

Star RA (J2000) Dec (J2000) B V K Vr S/N S/N
(mag) (mag) (mag) (km s−1) HR12 HR19

Blue HB
3515 5 13 59.619 –39 54 21.26 16.342 16.342 15.688 322.9 26 37

13787 5 13 42.355 –40 09 16.69 16.512 16.538 15.273 316.6 15 30
13858 5 13 44.039 –40 08 48.36 16.312 16.276 15.765 322.6 26 38
20690 5 14 15.237 –40 06 28.88 16.501 16.497 15.742 323.4 17 31
21036 5 14 15.823 –40 06 11.17 16.430 16.394 16.096 320.7 27 35
21285 5 14 21.844 –40 06 00.42 16.723 16.737 15.678 321.3 22
22551 5 13 59.713 –40 05 20.51 16.864 16.912 320.2 20 26
26345 5 14 12.125 –40 04 11.96 16.196 16.131 15.447 320.9 40
26374 5 14 17.214 –40 04 11.43 16.871 16.917 16.753 314.5 12 27
26686 5 14 01.152 –40 04 07.72 16.461 16.458 15.019 321.4 25
27792 5 14 02.175 –40 03 53.79 16.945 16.979 330.9 21
27813 5 13 54.243 –40 03 53.69 16.750 16.776 15.131 328.4 25
28043 5 14 09.589 –40 03 50.38 16.433 16.456 319.3 33
28078 5 14 14.805 –40 03 49.81 16.766 16.817 322.0 18
28346 5 14 05.052 –40 03 46.82 16.267 16.187 322.6 25 44
29743 5 13 57.151 –40 03 30.37 17.025 17.104 324.9 22
31860 5 14 19.417 –40 03 06.26 16.765 16.824 318.2 17
33688 5 13 54.712 –40 02 46.31 16.507 16.526 320.8 32
34973 5 13 55.740 –40 02 32.45 17.005 17.093 326.5 14
35774 5 14 15.818 –40 02 22.70 16.471 16.468 16.166 321.5 34
35868 5 14 00.891 –40 02 22.26 16.075 16.057 14.014 322.7 35
36193 5 13 58.666 –40 02 18.30 17.175 17.282 309.2 18
39268 5 14 12.776 –40 01 43.00 16.476 16.529 321.0 21 31
40227 5 14 07.034 –40 01 31.43 16.826 16.902 328.3 16 24
40232 5 14 20.176 –40 01 30.91 16.795 16.859 322.5 18 29
40454 5 14 13.145 –40 01 28.07 16.737 16.801 321.6 17 30
41678 5 14 11.662 –40 01 11.22 16.792 16.886 16.294 321.8 22
41796 5 14 05.087 –40 01 09.76 16.436 16.491 321.7 30
41951 5 13 58.932 –40 01 07.55 16.258 16.211 329.0 44
43888 5 14 08.812 –40 00 33.76 16.636 16.715 16.590 321.8 23 31
46632 5 14 07.635 –39 59 05.32 16.708 16.787 15.395 320.5 22
46902 5 14 12.335 –39 58 48.16 16.202 16.098 15.739 315.7 32 39
48007 5 14 03.922 –39 56 57.08 16.284 16.160 15.473 320.1 32 47
52011 5 14 33.081 –40 03 06.99 16.650 16.665 15.861 321.1 27
52576 5 14 53.221 –40 01 53.03 16.767 16.818 15.683 319.8 18 20

RR Lyrae
28738 5 13 59.846 –40 03 41.98 16.488 16.122 350 51

Red HB
13627 5 13 31.981 –40 10 16.86 16.750 16.120 14.266 318.5 26 51
20785 5 13 56.295 –40 06 23.96 16.859 16.203 14.436 322.0 32 62
21988 5 13 54.295 –40 05 37.13 16.911 16.241 14.381 318.4 36 54
22164 5 13 47.857 –40 05 31.91 16.902 16.210 14.155 319.9 39 62
22393 5 14 07.400 –40 05 24.86 16.851 16.188 14.262 320.9 36 54
22548 5 14 15.569 –40 05 20.03 16.855 16.196 14.258 316.6 40 60
23088 5 14 03.290 –40 05 07.11 16.831 16.169 14.259 318.1 38 65

radial velocity of NGC 1851 (+320.5 ± 0.6 km s−1, Harris
1996) allows to easily rule out field stars: a comparison with
the Galactic model by Robin et al. (2003) indicates a probabil-
ity of ∼2% to find one field interloper among the whole RHB
and RGB samples in the same velocity range while the contam-
ination among BHB stars is negligible (P < 10−5). So, stars
with radial velocities consistent with that of the cluster can be
quite safely considered cluster members. On the other hand,
all stars observed on the BHB and lower RGB have velocities
consistent with that of the cluster, while two of the candidate
RHB stars turned out to be disk interlopers. The average radial
velocity of the RHB stars is +319.7 ± 0.5 km s−1 (rms scat-
ter of 3.7 km s−1), that of BHB stars is +321.6 ± 0.7 km s−1

(rms scatter of 4.1 km s−1), and that of the lower RHB stars is
+320.3± 1.0 km s−1 (rms scatter of 3.6 km s−1). All these values
agree with the value listed by Harris (1996).

Most of the BHB stars of NGC 1851 are cooler than the
Grundahl et al. (1999) u-jump, and could be used in our anal-
ysis. Only five stars are warmer than this limit. We did not anal-
yse them because surface abundances for these stars are heav-
ily influenced by the effects of diffusion and radiation pressure,
and then results are very difficult to be used in a discussion of
original abundances. In addition, while in general we tried to
avoid observation of variable stars, star #28738 turned out to be
a known RR Lyrae (V12 of Walker 1998), which was shifted out
of the instability strip in our photometry. Using data by Walker
(1998), we estimated that all our three observations for this star
were luckily obtained close to the minimum of the light curve,
and could be used for abundance analysis. For this star we then
adopted a B − V = 0.47, which is the average colour at the ob-
served phases, according to Walker (1998).
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Table 1. continued.

Star RA (J2000) Dec (J2000) B V K Vr S/N S/N
(mag) (mag) (mag) (km s−1) HR12 HR19

23344 5 14 09.552 –40 05 01.23 16.847 16.211 14.312 319.7 78
24623 5 13 59.896 –40 04 38.47 16.851 16.193 14.273 324.2 38 58
25243 5 14 10.185 –40 04 27.63 16.797 16.149 14.144 322.4 41 61
25336 5 14 16.616 –40 04 26.05 16.812 16.191 14.425 319.8 34 56
25504 5 13 54.500 –40 04 24.52 16.842 16.221 14.291 329.3 35
25631 5 14 11.546 –40 04 22.25 16.825 16.207 14.325 318.3 33 85
25715 5 13 55.153 –40 04 21.52 16.845 16.182 14.194 320.3 69
25793 5 13 51.233 –40 04 20.51 16.781 16.173 14.383 319.8 78
27604 5 14 04.052 –40 03 56.00 16.849 16.217 14.552 319.0 29 75
28175 5 13 56.135 –40 03 49.23 16.895 16.198 14.195 319.7 72
28746 5 14 01.579 –40 03 41.84 16.828 16.195 14.420 319.7 64
29078 5 14 02.880 –40 03 37.87 16.771 16.111 14.159 317.8 36
29962 5 14 14.102 –40 03 27.43 16.819 16.181 14.444 317.5 32
30838 5 14 13.425 –40 03 17.88 16.801 16.179 14.293 321.2 54
31469 5 14 15.520 –40 03 10.78 16.832 16.189 14.317 327.4 36 66
31496 5 13 57.321 –40 03 11.17 16.802 16.188 14.308 333.6 36
31651 5 13 57.827 –40 03 09.35 16.860 16.210 14.400 319.2 67
31903 5 13 56.378 –40 03 06.35 16.717 16.159 14.477 312.5 36
32245 5 14 13.430 –40 03 01.87 16.815 16.204 14.461 322.2 34 61
33196 5 14 12.798 –40 02 50.98 16.808 16.185 313.0 38 67
34314 5 14 13.683 –40 02 39.14 16.824 16.183 14.317 321.2 36 68
34386 5 13 54.296 –40 02 38.91 16.746 16.084 14.176 321.6 36
35789 5 14 14.323 –40 02 22.58 16.756 16.111 14.432 324.1 37
36599 5 14 27.506 –40 02 12.94 16.822 16.199 14.140 317.6 35 61
37121 5 14 13.327 –40 02 07.68 16.754 16.124 14.372 322.2 34
37123 5 14 16.085 –40 02 07.57 16.781 16.177 14.358 321.1 34
38202 5 14 09.724 –40 01 55.85 16.824 16.191 14.321 320.4 41 55
39028 5 13 49.722 –40 01 46.79 16.833 16.229 14.349 318.5 56
39317 5 14 05.012 –40 01 42.74 16.646 16.091 14.119 322.2 33
39443 5 13 56.321 –40 01 41.54 16.859 16.245 14.338 314.5 39 61
39832 5 13 59.397 –40 01 36.81 16.748 16.118 14.319 317.0 34
39984 5 13 57.475 –40 01 34.81 16.830 16.215 14.456 325.2 38 63
40117 5 14 03.457 –40 01 32.92 16.815 16.212 14.418 317.4 21 49
40289 5 14 06.028 –40 01 30.55 16.824 16.214 14.466 319.1 64
40450 5 14 02.020 –40 01 28.55 16.790 16.187 14.304 317.4 32 72
40767 5 13 54.626 –40 01 24.45 16.820 16.214 14.313 319.1 34 60
40897 5 14 05.974 –40 01 22.55 16.778 16.183 319.1 40
41193 5 14 22.824 –40 01 17.83 16.772 16.157 14.308 316.5 39 72
41381 5 14 10.396 –40 01 15.82 16.792 16.222 14.599 313.1 38
42849 5 14 00.465 –40 00 53.43 16.755 16.169 14.420 316.7 38
44554 5 14 02.587 –40 00 18.74 16.825 16.227 13.147 317.2 34 64
47239 5 13 55.946 –39 58 23.80 16.832 16.214 14.290 316.5 30 57
47546 5 13 59.563 –39 57 52.78 16.822 16.199 14.442 321.7 33 60
50923 5 14 41.447 –40 05 43.73 16.699 16.129 14.483 319.9 26 61
51490 5 14 36.982 –40 04 16.38 16.829 16.162 14.281 316.2 40 71
51917 5 14 35.031 –40 03 19.04 16.850 16.195 14.524 319.4 56
54362 5 14 42.201 –39 56 59.38 16.687 16.144 14.591 317.3 31 48

Lower RGB
20189 5 14 04.735 –40 07 01.94 17.339 16.521 14.398 319.0 56
21830 5 14 06.475 –40 05 41.91 17.344 16.515 14.254 316.5 31
25497 5 13 59.227 –40 04 24.45 17.452 16.608 14.205 321.8 26 55
25799 5 14 20.707 –40 04 19.53 17.344 16.493 14.226 319.8 56
26532 5 14 11.335 –40 04 09.43 17.293 16.472 14.301 311.9 33
27085 5 14 08.569 –40 04 02.44 17.306 16.528 14.346 322.3 31
28445 5 13 56.961 –40 03 45.67 17.567 16.753 14.450 327.2 22
34604 5 13 50.776 –40 02 36.82 17.487 16.701 14.328 320.6 49
38250 5 14 02.111 –40 01 55.53 17.441 16.628 13.282 323.2 30
39992 5 14 00.846 –40 01 34.62 17.303 16.490 14.378 321.1 48
45111 5 14 09.575 –40 00 03.16 17.487 16.720 14.324 321.8 45
46657 5 14 10.036 –39 59 03.68 17.316 16.521 14.236 318.5 38
50876 5 14 35.997 –40 05 53.11 17.512 16.680 14.431 320.7 25 45
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Some HB stars rotate with velocities up to a few tens of
km s−1 (Peterson et al. 1995; Behr et al. 2000a,b; Carney et al.
2008). We checked for fast rotators in our sample examining the
FWHM of the lines, by cross correlating the spectra with those
of templates. No really fast rotator was found in our sample. The
only possible moderate rotator is star #27792, for which we ob-
tain a FWHM = 38.0 km s−1, with respect to typical values of
27 km s−1 for the other BHB stars. This might indicate that this
star rotates with V sin i ∼ 30 km s−1. However, star #27792 is
warmer than 11 500 K and was not included in our abundance
analysis.

3. Analysis

3.1. Atmospheric parameters

The analysis follows procedures similar to those adopted in the
case of NGC 2808 (Gratton et al. 2011). However, a few modi-
fications were made, so we describe them again.

For the RHB and RGB stars, effective temperatures were de-
rived from the B − V , b − y, and V − K colours, using the cali-
bration of Alonso et al. (1999; with the erratum of Alonso et al.
2001). The colours were dereddened using the E(B − V) val-
ues from the updated on-line version of the Harris (1996) cat-
alogue and the E(V − K)/E(B − V) value from Cardelli et al.
(1989). The calibrations require input values for the metallicity
[A/H]. We adopted the value obtained by Carretta et al. (2010).
We assigned weight 4 to the B − V colours, 5 to the b − y, and
1 to the V − K ones, because the program stars are very faint
for the 2MASS observations. The comparison between temper-
atures from b − y and those from the other two indices together
yields a mean difference of 0 ± 8 K (rms = 67 K) and 5 ± 20 K
(rms = 71 K) for the RHB and RGB stars, respectively. For the
RR Lyrae star #28738 = V12, we could only use the B−V value
from Walker (1998).

For the blue HB stars, we started from the (B − V) − Teff
calibration by Kurucz5, as in NGC 2808. Infrared colours from
2MASS are not reliable for these faint stars. Furthermore, B −
V colours saturate, so that errors in individual temperature val-
ues become very large. We then derived effective temperatures
from B − V for individual stars (Teff(B − V)), but then fitted a
quadratic relation between these temperatures and the V magni-
tudes, and extracted a temperature (Teff(V)) entering the V mag-
nitude into this relation. We repeated this procedure using u − y
colours from Strömgren photometry rather than V , obtaining a
second value for the temperature (Teff(u−y)). The adopted Teff’s
are the average of Teff(V) and Teff(u − y) for individual stars ob-
tained from these relation. Since they are ultimately calibrated
against Teff(B − V), these temperatures are on the same scale
used for NGC 2808, but they have much smaller internal errors.
Note that two stars (#35868 and #46902) are clearly brighter
than the mean line for the BHB; they are likely stars evolved off
the HB. For these stars, Teff(V) was not considered. On average,
Teff(V) − Teff(u − y) = 33 ± 52 K, with an rms of 280 K.

Given these comparisons, we assumed errors of 50, 50,
and 200 K as representative values for the internal errors in
the temperatures for RHB, RGB, and BHB stars respectively.
Systematic errors due to scale errors or incorrect parameters for
the cluster are likely larger. We come back later on their potential
impact.

The surface gravities were obtained from the masses, lumi-
nosities, and effective temperatures. For the masses, we adopted

5 See kurucz.harvard.edu

values of 1.00, 0.657, and 0.575 M� for stars on the RGB, RHB,
and BHB (see Gratton et al. 2010; and Sect. 4.5 for discussions
of values adequate for the different sequences). The bolomet-
ric corrections were obtained using calibrations consistent with
those used for the effective temperatures (Alonso et al. 1999 for
the red giant and RHB stars, and Kurucz for the BHB stars).
The adopted distance modulus has been taken from Harris’ cat-
alogue.

Errors in gravities are small. The assumption about masses is
likely correct within 10%, while those on the effective tempera-
ture and luminosity cause errors in gravities not larger than ∼2%
for the RHB stars and red giants, and ∼8% for the BHB stars.
The error in gravities is then not larger than 0.05 dex for the cool
stars and 0.10 dex for the warm ones.

The same metal abundance of [A/H] = –1.2 and microturbu-
lence velocity ξμ of 2.0 km s−1 were adopted for all RHB stars,
and 1.5 km s−1 for the RGB ones. The metal abundance is simi-
lar to the average value of our Fe abundances for the RHB stars:
[Fe/H] = −1.14 ± 0.01 (rms = 0.064 dex). Note that uncertain-
ties in the Fe abundances are much larger than represented by
this tiny error bar, which is simply the standard deviation of the
mean value. Our average Fe abundance is very close to that de-
rived for RGB stars by Carretta et al. (2010, 2011a: [Fe/H] =
–1.16). For the RGB stars we obtained a slightly lower value of
[Fe/H] = −1.18 ± 0.03 with a larger rms of 0.11 dex, which is
not surprising because on average we measured fewer lines due
to smaller spectral coverage and lower S/N of the spectra.

The microturbulence velocity ξμ is not well constrained by
our data, because the Fe I lines have only a moderate range in
equivalent widths. Practically, only the 6065 Å line is saturated
enough to really constrain it, so that its value is sensitive to the
atomic parameters (oscillator strength and damping constant) we
adopted for this line. The g f for this line is from VALD database
(Kupka et al. 2000)6, the damping constant is from Barklem et al.
(2000). Taken at face value, the Fe I lines yield a low value for
ξμ = 1.3 km s−1. On the other hand, some lines of other elements
are quite strong. For instance, the Ca I lines at 5857 and 6122 Å
are well on the flat part of the curve of growth (see Sect. 3.2 for
a discussion of the parameters we adopted for these lines). The
adoption of the low value of the microturbulence velocity indi-
cated by the Fe I lines would yield large overabundances of Ca
(on average [Ca/Fe] ∼ 0.9), inconsistent with the value derived
from giants ([Ca/Fe] = 0.30 ± 0.02: Carretta et al. 2011a,b),
which is a typical value for metal-poor stars. The value of ξμ we
adopted is a compromise, producing only a moderate trend of the
Fe abundances with EW and a more acceptable average value of
[Ca/Fe] = 0.48. However, these comparisons indicate that our
values of the microturbulent velocities have rather large sys-
tematic error bars attached, which we estimate at ±0.5 km s−1.
We note that the value we adopted is in the middle of the range
usually found in previous analysis of BHB stars (Lambert et al.
1992; Behr et al. 1999, 2000b; Kinman et al. 2000; Fabbian et al.
2005; Villanova et al. 2009; Marino et al. 2011).

Two Fe II lines (at 5991.38 and 6084.10 Å) could be mea-
sured in RHB spectra and only the first one in RGB ones.
Abundances derived from these lines are in fair agreement with
those obtained from the Fe I lines: on average we obtained
[Fe/H] = −1.20±0.01 and −1.23±0.08 for RHB and RGB stars
respectively. This supports the choice of the atmospheric param-
eters adopted throughout this paper.

Table 2 lists the effective temperatures Teff and surface grav-
ities log g we used in the analysis of the program stars, as well

6 See URL vald.astro.univie.ac.at
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Table 2. Atmospheric parameters and Fe abundances.

Star Teff log g [Fe/H]I [Fe/H]II

(K) (dex) lines 〈〉 rms lines 〈〉 rms
Blue HB

3515 9343 3.35
13787 10 025 3.50
13858 9142 3.34
20690 9981 3.54
21036 9459 3.44
21285 10 906 3.76
22551 11 517 3.83
26345 8767 3.23
26374 11 574 3.85
26686 9721 3.47
27792 11 986 3.67
27813 11 083 3.77
28043 9680 3.42
28078 11 094 3.72
28346 8789 3.26
29743 12 694 3.85
31860 11 695 3.79
33688 9976 3.51
34973 12 562 3.87
35774 9716 3.48
35868 9072 3.22
36193 13 670 4.03
39268 9980 3.41
40227 11 368 3.71
40232 11 316 3.73
40454 10 957 3.65
41678 11 762 3.68
41796 10 006 3.40
41951 8861 3.27
43888 10 647 3.50
46632 10 980 3.59
46902 8902 3.26
48007 8751 3.25
52011 10 730 3.70
52 576 11 216 3.74

RR Lyrae
28738 6014 2.70 3 –1.22 0.28

Red HB
13627 5441 2.44 16 –1.06 0.13 2 –0.99 0.21
20785 5405 2.46 16 –1.10 0.13 2 –1.06 0.10
21988 5348 2.46 16 –1.17 0.20 2 –1.25 0.05
22164 5306 2.42 16 –1.29 0.22 1 –1.14
22393 5384 2.45 16 –1.10 0.17 2 –1.14 0.02
22548 5412 2.46 16 –1.14 0.18 2 –1.21 0.06
23088 5369 2.43 16 –1.21 0.14 2 –1.27 0.14
23344 5445 2.48 7 –1.16 0.08
24623 5415 2.46 16 –1.25 0.16 2 –1.36 0.05
25243 5394 2.44 14 –1.14 0.13 2 –1.24 0.14
25336 5519 2.50 16 –1.07 0.19 2 –1.24 0.23
25504 5411 2.48 9 –1.22 0.18 2 –1.12 0.09
25631 5500 2.50 16 –1.08 0.18 2 –1.16 0.03
25715 5386 2.44 7 –1.22 0.07
25793 5537 2.50 7 –1.17 0.11
27604 5471 2.50 16 –1.12 0.18 2 –1.16 0.00
28175 5289 2.41 7 –1.13 0.17
28746 5424 2.47 7 –1.18 0.13
29078 5341 2.40 9 –1.13 0.20 2 –1.26 0.06
29962 5464 2.48 9 –1.01 0.14 2 –1.22 0.02
30838 5479 2.48 7 –1.07 0.14
31469 5417 2.46 16 –1.14 0.22 2 –1.41 0.24
31496 5482 2.49 9 –1.14 0.23 2 –1.17 0.10
31651 5401 2.47 7 –1.15 0.14
31903 5691 2.55 9 –1.13 0.23
32245 5497 2.50 16 –1.06 0.20 2 –1.32 0.00

A19, page 7 of 20



A&A 539, A19 (2012)

Table 2. continued.

Star Teff log g [Fe/H]I [Fe/H]II

(K) (dex) lines 〈〉 rms lines 〈〉 rms
33196 5455 2.48 16 –1.05 0.18 2 –1.12 0.09
34314 5408 2.46 16 –1.10 0.19 2 –1.23 0.08
34386 5339 2.39 9 –1.18 0.06 2 –1.13 0.02
35789 5428 2.44 9 –1.10 0.16 2 –1.29 0.04
36599 5436 2.47 16 –1.13 0.16 2 –1.14 0.05
37121 5452 2.45 9 –1.11 0.17 2 –1.21 0.04
37123 5528 2.50 9 –1.11 0.20 2 –1.30 0.14
38202 5414 2.46 16 –1.20 0.12 2 –1.33 0.16
39028 5477 2.50 7 –1.12 0.12
39317 5654 2.51 9 –1.04 0.20 2 –1.19 0.10
39443 5456 2.50 15 –1.10 0.12 2 –1.18 0.25
39832 5405 2.43 9 –1.07 0.19 2 –1.28 0.02
39984 5487 2.50 16 –1.07 0.13 2 –0.98 0.08
40117 5472 2.50 15 –1.18 0.26 1 –0.98
40289 5459 2.49 7 –1.20 0.19
40450 5483 2.49 15 –1.14 0.16 2 –1.14 0.04
40767 5474 2.50 16 –1.20 0.18 2 –1.31 0.06
40897 5569 2.52 9 –1.11 0.18 2 –1.18 0.02
41193 5477 2.48 16 –1.12 0.18 2 –1.10 0.21
41381 5603 2.55 8 –1.15 0.22 2 –1.14 0.01
42849 5538 2.50 9 –1.22 0.13 2 –1.34 0.09
44554 5520 2.52 15 –1.19 0.13 1 –1.42
47239 5431 2.48 16 –1.18 0.15 2 –1.25 0.00
47546 5508 2.50 16 –1.13 0.20 2 –1.15 0.01
50923 5653 2.53 14 –1.18 0.25 2 –1.27 0.25
51490 5345 2.42 16 –1.18 0.13 2 –1.14 0.12
51917 5431 2.47 7 –1.36 0.18
54362 5755 2.57 15 –1.15 0.19 2 –1.31 0.15

RGB
20189 4957 2.58 5 –1.35 0.16
21830 4928 2.56 8 –1.15 0.16 1 –1.55
25497 4909 2.58 10 –1.13 0.11 1 –1.28
25799 4932 2.55 7 –1.17 0.15
26532 4948 2.56 10 –1.09 0.12 1 –1.04
27085 5015 2.61 10 –1.02 0.13 1 –1.16
28445 4965 2.67 9 –1.10 0.12
34604 4983 2.66 7 –1.28 0.19
38250 4936 2.62 10 –1.09 0.17 1 –1.08
39992 4937 2.56 5 –1.39 0.14
45111 5023 2.70 6 –1.24 0.23
46657 4946 2.58 10 –1.14 0.17 1 –1.13
50876 4908 2.62 14 –1.25 0.23

as the abundances for Fe I, Fe II. Table 3 gives the abundances
for N I, O I, Na I, Mg I, Mg II, Si I, Ca I, and Ba II. Abundances
were estimated from equivalent widths. The analysis is very sim-
ilar to that described in Gratton et al. (2011) for NGC 2808. In
the following section we give details for a few elements, outlin-
ing what was changed from that paper.

3.2. Analysis for individual elements

Nitrogen: N abundances were derived only for BHB stars (up-
per limits were obtained for the cooler stars). They are based on
the two high excitation lines at 8216.3 and 8242.4 Å. The first
one has been used in the recent analysis of the solar N abun-
dance by Caffau et al. (2009), who obtained a N abundance
of log n(N) = 7.85 from this line (for the 1D LTE analy-
sis, which is within 0.01 dex from the value they obtain from
the 3-D NLTE one), very close to their recommended value of
log n(N) = 7.86. We use the VALD log g f for this line, which is
0.13 dex lower than the NIST one; with this value, we obtain a

solar N abundance of log n(N) = 7.99 using the Kurucz 1D solar
spectrum, which is consistent with the difference in the adopted
g f ’s. We conclude that these lines yield abundances consistent
with the best estimate of N abundances for the Sun.

On the other hand, non-LTE corrections are likely not neg-
ligible for these lines for BHB stars. Statistical equilibrium cal-
culations for N in population I A-type stars have been presented
by Przybilla & Butler (2001), who also made comparisons with
previous determinations. The stars considered by these authors
bracket the surface gravity and line strength range of the stars
studied here, though they are more metal-rich. While they do
not provide non-LTE corrections for the two lines considered
in this analysis, they provide data for many lines of the same
lower and close upper levels, which are most likely very close to
those appropriate for the lines we could measure. The non-LTE
abundance corrections they obtained for these lines are nearly
proportional to the EWs, being well reproduced by the same
relation Δ[N/Fe] = −0.0036 × EW for all stars in their sam-
ple. We then adopted the corrections given by this relation to the
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Table 3. Abundances of other elements.

Star [N/Fe] [O/Fe] [Na/Fe] [Mg/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [Ca/Fe] [Mn/Fe] [Ba/Fe]
I II

Blue HB
3515 1.21 0.24 0.44
13787 1.19 0.08 0.11 0.68
13858 1.05 0.12 0.79 0.81
20690 1.31 –0.50 0.72 0.53
21036 1.32 0.56 0.45 0.61
21285 0.31
22551 1.13 –0.12 <0.81 0.45
26345 1.12 0.20 0.30 0.72
26374 1.44 0.02 <0.81 0.71
26686 <0.02
27813 1.37 –0.02 0.76
28043 1.07 0.26 0.62
28078 1.17
28346 0.91 –0.10 0.60 0.51
33688 1.18 –0.04 0.34
35774 1.15 0.18 0.42
35868 0.33
39268 1.18 –0.01 0.69 0.80
40227 1.23 0.06 1.48 0.52
40232 1.11 –0.27 <0.76 0.64
40454 1.25 –0.03 0.73 0.07
41796 1.10 –0.37
41951 1.12 0.15 0.55
43888 1.04 –0.12 <0.56 0.58
46632 0.56
46902 –1.20 –0.56
48007 0.81 0.31 0.99 0.12
52011 1.31 0.37 1.10
52576 <0.71

RR Lyrae
28738 1.03 0.17 0.51 <–0.34

Red HB
13627 0.26 –0.07 0.41 0.16 0.64 0.23
20785 0.37 –0.10 0.41 0.16 0.45 0.16
21988 0.15 –0.17 0.34 0.12 0.23 0.20 0.22
22164 0.27 –0.10 0.25 0.18 0.20 0.13
22393 0.16 –0.20 0.35 0.30 0.30 –0.17
22548 0.39 –0.07 0.24 0.21 0.17 –0.10
23088 0.46 –0.21 0.40 –0.16 0.19 0.16 –0.02

abundances we derived from the LTE analysis. The corrections
are quite uniform, with a mean value of –0.28 dex. Although it
is clear that this is a rough procedure that may bring some ad-
ditional uncertainty, we deem unlikely that these corrections are
in error by more than half this value. After this correction, the
N abundances are very uniform among the BHB stars, with an
average value of [N/Fe] = 1.16 ± 0.15. The error bar is here the
rms scatter of individual values and agrees with internal errors.
We plotted these N abundances against various quantities (in-
cluding O and Na abundances); we only found a small trend for
increasing N abundances with effective temperature, with stars
with Teff < 9000 K having N abundances some 0.1–0.2 dex be-
low the average, and those with Teff > 11 000 K with N abun-
dances higher than average by a similar amount. This small trend
might either be real (warmer stars on the HB might indeed be ex-
pected to be more N-rich), or an artifact of the analysis, since the
trend is at the level where we expect possible systematic errors.

We looked for the N lines in the spectra of the RHB stars.
The line at 8216.3 Å is in a difficult region, with strong telluric
lines that must be subtracted with care. We looked for but did

not detect the 8242.6 Å line in the summed spectrum of the
RHB stars; we may set an upper limit of EW < 3 mÅ, which
yields [N/Fe] < 1.1. We also looked for this line in individ-
ual spectra but we did not detect it in any. For instance, the ro-
bust upper limit of 15 mÅ we get for the warm, Ba-rich star
#54362 implies [N/Fe] < 1.55, which is distinctly lower than
the value for the most N-rich bright red giant observed by Yong
et al. (2009). In order for this upper limit to coincide with such
a high N abundance, our temperature scale for RHB should be
lowered by 200 K, which we deem quite unlikely.

Oxygen: Oxygen abundances have fairly large errors, espe-
cially for BHB stars. This is because, due to the geocentric ra-
dial velocity of NGC 1851 stars, the telluric emission line at
7780.4 Å (Hanuschik 2003) falls very close to the strongest line
of the triplet. This makes the sky subtraction uncertain for the
faintest stars (the BHB ones) in our sample. As in the case of
NGC 2808, we applied the non-LTE corrections by Gratton et al.
(1999) for RHB and RGB stars and the RR Lyrae variable, and
from Takeda (1997) for BHB stars.
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Table 3. continued.

Star [N/Fe] [O/Fe] [Na/Fe] [Mg/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [Ca/Fe] [Mn/Fe] [Ba/Fe]
I II

23344 0.36 0.03 0.38 0.09
24623 0.46 –0.08 0.36 0.04 0.25 –0.13
25243 0.38 –0.03 0.38 0.25 0.44 0.12
25336 0.29 –0.01 0.51 0.01 0.51 0.01
25504 –0.17 0.10 0.55 0.32
25631 0.14 0.16 0.48 0.24 0.37 0.68
25715 0.37 –0.17 0.31 0.09
25793 0.39 0.46 0.43 0.07 0.23
27604 0.31 0.08 0.42 0.26 0.71 0.22
28175 0.47 0.03 0.39 0.25
28746 0.39 –0.18 0.13
29078 0.10 0.14 0.52 0.29
29962 –0.03 0.07 0.40 0.38
30838 0.19 0.51 0.43 0.16
31469 0.26 0.01 0.32 0.26 0.51 0.34
31496 0.06 0.23 0.28 0.05
31651 0.34 –0.09 0.43 0.19
31903 0.93 0.23 0.64 1.19
32245 0.54 0.07 0.37 0.18 0.25 0.25
33196 0.31 0.00 0.40 0.21 0.26 0.13
34314 0.47 –0.04 0.40 0.11 0.55 0.26
34386 0.02 0.32 0.39 0.08
35789 –0.10 0.25 0.42 0.34
36599 0.33 0.04 0.43 0.21 0.30 0.13
37121 0.40 0.39 0.52 1.18
37123 0.42 0.39 0.32 1.19
38202 0.07 –0.15 0.38 0.07 0.52 –0.08
39028 0.25 –0.04 0.42 0.19
39317 0.44 0.37 0.47 0.01
39443 0.30 –0.04 0.47 0.19 0.44 0.28
39832 0.04 0.22 0.62 0.15
39984 0.32 0.11 0.33 0.27 0.38 0.34
40117 0.32 0.21 0.49 0.22 0.64 –0.02
40289 0.28 0.03 0.42 0.12
40450 0.46 –0.17 0.43 0.28 0.42 0.22
40767 0.17 –0.11 0.31 0.11 0.50 0.03
40897 –0.01 0.25 0.51 0.17
41193 0.37 –0.08 0.45 0.00 0.37 0.06
41381 0.25 0.13 0.54 1.10
42849 0.20 0.30 0.23 0.26
44554 0.31 0.14 0.34 0.16 0.22 0.63
47239 0.38 –0.13 0.38 0.31 0.42 0.06
47546 0.32 0.51 0.48 0.12 0.51 1.10
50923 0.12 0.48 0.36 0.01 0.60 –0.36
51490 0.35 –0.20 0.37 0.29 0.24 –0.10
51917 0.25 –0.23 0.35 0.04
54362 <1.55 0.00 0.43 0.48 0.28 0.46 0.93

RGB
20189 0.48 0.06 0.31 0.12
21830 0.12 0.33 0.26 –0.47 0.02
25497 0.02 0.07 0.22 –0.50 0.02
25799 0.72 –0.19 0.27 –0.07
26532 0.25 0.44 0.26 –0.41 0.73
27085 0.16 0.24 0.21 –0.26 0.80
28445 0.02 0.38 0.33 –0.36 1.24
34604 0.50 0.05 0.42 0.18
38250 –0.19 0.29 0.27 –0.36 0.48
39992 0.22 –0.02 0.39 0.10
45111 –0.11 0.33 0.21
46657 –0.25 0.08 0.15 –0.46 0.01
50876 0.30 0.05 0.43 0.04 –0.01 –0.64 0.69
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Sodium: In all spectra the D1 line is blended with the in-
terstellar D2 line, and cannot be measured accurately7. In ad-
dition, we could use the doublet at 8183–94 Å in all RHB and
RGB stars, and in cooler BHB ones.

For RHB stars we adopted the non-LTE corrections by
Gratton et al. (1999). For the stars of interest here they are
typically negative and small in absolute value: ∼−0.15 and
∼−0.05 dex for the D2 line and the 8183–94 Å doublet respec-
tively. Had we applied the updated corrections by Lind et al.
(2011), these would have been much larger in absolute value
(∼−0.55 and ∼−0.40 dex, respectively). However, we prefer to
keep the older values by Gratton et al. (1999) for uniformity with
the analysis of red giants by Carretta et al. (2009) and of the stars
in NGC 2808 (Gratton et al. 2011). This comparison shows that
quite large offsets can be present in our Na abundances, although
the star-to-star values are almost unaffected by this uncertainty.

For the BHB stars we used the non-LTE corrections by
Mashonkina et al. (2000), as done for the BHB stars in
NGC 2808. A discussion of the impact of these non-LTE cor-
rections can be found in Gratton et al. (2011).

On average, the D2 lines give higher Na abundances than
the doublet at 8183–94 Å: RHB: [Na/Fe]D2 – [Na/Fe]IR =
0.13 ± 0.03 dex (30 stars, rms = 0.16 dex); RGB: [Na/Fe]D2 –
[Na/Fe]IR = −0.35 dex (1 star); BHB: [Na/Fe]D2 – [Na/Fe]IR =
0.45±0.15 dex (3 stars, rms = 0.27 dex). This difference may be
attributed to the not perfect LTE corrections.

Magnesium: Mg abundances for RHB and RGB stars are
based on the Mg I line at 8213.04 (Gratton et al. 2011) and
those for BHB on the Mg II lines at 7877.06 and 7896.38 Å.
For RHB and RGB stars we obtain a very small star-to-star scat-
ter (only 0.06 dex), fully consistent with a single Mg abundance
of [Mg/Fe] = 0.39± 0.06. The abundance scatter is much larger
for BHB stars (0.23 dex). This may be interpreted either as a real
result (a Mg-Na anticorrelation) or as analysis scatter.

Aluminium: The high excitation doublet at 7835.3–36.1 Å
was not detected in our spectra for individual stars, either on the
RGB or RHB. This sets an upper limit of [Al/Fe] < 0.2. The
Al feature is not even unambiguously detected in the sum of all
the RHB spectra: in this case we detected a very weak feature
which might possibly be identified with the strongest component
of the doublet (the 7836.1 Å line) with EW = 1.7 mÅ, which
yields [Al/Fe] ∼ −0.6.

Calcium: We derived LTE Ca abundances for RHB and
RGB stars from the 5857 and 6122 Å lines. Accurate oscillator
strengths are available for these lines from VALD; we adopted
the same damping constants used by Mashonkina et al. (2007).
Non-LTE corrections are expected to be small (see Mashonkina
et al. 2007). Since the lines are quite strong, they are quite sen-
sitive to the adopted value for the microturbulent velocity. As
mentioned in Sect. 3.1, our Ca abundances for RHB stars are
quite high.

Barium: The Ba abundances are based on the Ba II line
at 5853.69 Å, which is quite strong in the spectra of RHB
and RGB stars (this line is not expected to be detectable in
BHB stars). The line parameters adopted in our analysis are
the same of Mashonkina & Zhao (2006), including the colli-
sional damping constant. Note that hyperfine structure should be

7 There are large star-to-star variations in the strength of the interstellar
D1 line. Large EWs were obtained for stars located along two filaments,
running approximately E-W and located north and south respectively of
the cluster center. These large variations make it impossible to use e.g.
the warmest HB stars to subtract the interstellar D2 component from the
blend with the stellar D1 line.
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Fig. 3. Run of the EW of the He I line at 5876 Å as a function of
Teff along the BHB of NGC 1851. Overimposed are lines of constant
He abundance (log n(He) = 10.6, 10.8, 11.0, 11.2 and 11.4). These
curves have been computed for gravities appropriate to the location
along the BHB.

negligible for this line (total width <8 mÅ). We are not aware of
statistical equilibrium computations for Ba appropriate for this
line and for model atmosphere parameters in the range of the
program stars. However, departures from LTE are not expected
to be very large (see Korotin et al. 2011).

3.3. He abundances

He abundances were obtained using the narrow multiplet at
5875.6 Å. Figure 3 compares the run of the EWs for this line
with that expected for model atmospheres of different temper-
atures, computed with parameters appropriate for the HB of
NGC 1851, and different values of the He abundances. The
points relative to individual stars display a rather large scatter,
mainly due to errors in the EWs, which are quite large given
the fairly low S/N of the spectra. This rather large scatter pre-
cludes the use of the He abundances to discuss properties of
individual stars. However, the rather large number of stars avail-
able allows to derive a sensible average value of log n(He) =
11.01 ± 0.10, which corresponds to an abundance in mass of
Y = 0.291 ± 0.055. While the error bar of this average value is
still quite large, it agrees fairly well with expectations for a pop-
ulation with an initial He abundance as given by the Big Bang
alone (Y = 0.248: Cyburt 2004) and later modified by the effect
of the first dredge-up, which is ΔY ∼ 0.015 for the stars under
consideration (Sweigart 1987). The error bar is large enough to
accommodate a moderate He enhancement; however very large
initial He abundances (Y > 0.33) are not compatible with the
present result. This agrees with the lack of evidence for a broad-
ening of the main sequence (Milone et al. 2008). A normal he-
lium was also found using the R-parameter (Salaris et al. 2004).
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Table 4. Sensitivity and error analysis.

Parameter Teff log g [A/H] vt EW Total

Variation +100 K +0.5 dex +0.1 dex +0.5 km s−1 +10 mÅ
Error BHB 200 K 0.1 dex 0.05 dex 0.5 km s−1 13 mÅ
Error RHB 50 K 0.05 dex 0.05 dex 0.5 km s−1 8 mÅ
Error RGB 50 K 0.05 dex 0.05 dex 0.5 km s−1 8 mÅ

Blue HB
[N/Fe] 0.018 0.049 –0.001 –0.057 0.092 0.138
[O/Fe] 0.021 –0.002 –0.012 –0.154 0.099 0.205
[Na/Fe] 0.087 –0.169 0.000 –0.057 0.162 0.281
[Mg/Fe] 0.000 0.052 –0.004 –0.056 0.144 0.196

Red HB
[Fe/H] 0.065 –0.020 –0.001 –0.098 0.050 0.078
[O/Fe] –0.095 –0.181 0.000 –0.081 0.080 0.095
[Na/Fe] 0.095 –0.125 0.003 –0.126 0.049 0.098
[Mg/Fe] 0.025 –0.015 0.000 –0.022 0.160 0.129
[Si/Fe] 0.030 0.005 0.001 –0.027 0.094 0.078
[Ca/Fe] 0.075 –0.100 0.000 –0.200 0.158 0.155
[Ba/Fe] 0.056 0.181 0.006 –0.169 0.181 0.180

Notes. Variation is the change in each parameter used in the sensitivity analysis (Cols. 2–6), while error is the change used to estimate the total
error (Col. 7).

3.4. Error analysis

Error analysis was done in the usual way, by repeating the abun-
dance derivation by modifying a single parameter each time.
Relevant data are given in Table 4. The last column gives an es-
timate of the total internal errors obtained using the sensitivities
listed above, as well as the errors in the individual parameters
given on lines 2 and 3 for blue and red HB stars, respectively.

4. Discussion

4.1. The Na-O anticorrelation

Figure 4 shows the Na-O anticorrelation we obtain for the
HB stars of NGC 1851. Different symbols are used for blue and
red HB stars. For comparison, we also plotted the Na-O anticor-
relation for red giants by Carretta et al. (2011). We remind that
the HB stars hotter than 11 500 K are not considered here be-
cause their surface abundances are not related in a simple way to
their original composition. However, only ∼5% of the HB stars
of NGC 1851 are that warm.

On the whole, we obtain a clean Na-O anticorrelation with
an inter-quartile of IQR(Na/O) = 0.70±0.41, which is very sim-
ilar to the value obtained for the RGB by Carretta et al. (2011:
IQR(Na/O) = 0.69). On the other hand, the relation between O
and Na abundances with colour/temperature is not as clear as it
was the case for NGC 2808 and there is considerable overlap be-
tween the range of O and Na abundances covered by BHB and
RHB stars (see Fig. 5).

More in detail, we compare in Fig. 6 the distribution in
[Na/Fe] of BHB and RHB stars. For comparison the same dis-
tribution using the abundances of RGB stars by Carretta et al.
(2011b) are also shown. It is apparent that RHB stars distribute in
two well defined groups: a “majority” group (including 36 stars)
have [Na/Fe] < 0.3 and a small group (5 stars) have [Na/Fe] >
0.3. The statistics is improved by considering also the stars that
have not been observed with HR19, and then have no O abun-
dance. The subdivision in two groups is still very clean after this
addition: there are in total 46 Na-poor and 8 Na-rich stars. In
addition, one star (#31903) has a very high [Na/Fe] = 0.93.

The RR Lyrae variable has Na and O abundances very close
to that found for the group of Na-rich and moderately O-poor
RHB stars.

The BHB stars also define a Na-O anticorrelation, including
both O-rich ([O/Fe] ∼ 0.3) stars with moderate Na excesses
([Na/Fe] ∼ 0.5) and a prominent group of O-poor ([O/Fe] ∼
0.2) and Na-rich ([Na/Fe] ∼ 0.7) stars. However, the large errors
associated to individual BHB stars do not allow to understand
if the distribution is continuous or bimodal: this ambiguity is
even more evident if we consider also the stars for which no
information about the O abundance was available, which spread
over a large range of Na abundances (see Fig. 6). There are even
two stars (#28078 and #40227) for which we get [Na/Fe] > 1.

On the whole, we obtain a correlation between the
[Na/O] abundance ratio and colour of the stars (see Fig. 5).
However, while this correlation is very clean for the RHB stars
(the Spearman ranking test gives a probability smaller than
0.05% that the observed correlation is random), it is much less
clear within the BHB ones (in this case the probability is only
smaller than 7%), although on average they have lower O and
higher Na abundances (for the whole sample, the probability
of a random result is smaller than 0.05%; see Fig. 5). To fur-
ther complicate the interpretation of observational data, we must
take into account the possibility of systematic offsets between
the abundances obtained for RHB and BHB stars, mainly re-
lated to uncertainties in the non-LTE correction. This result of
our analysis should then be taken with some caution, and it is
well possible that there is no real offset in Na abundances be-
tween RHB and BHB stars. However, we deem the conclusion
that O-Na anticorrelations do exist separately for both BHB and
RHB stars robust.

4.2. CNO in BHB stars

Cassisi et al. (2008) and Ventura et al. (2009) suggested that the
f-SGB is due to a CNO rich population that is also responsi-
ble for the BHB. We may compare the prediction of this hy-
pothesis (the BHB are CNO-rich) with our results. We obtain
average values of [N/Fe] = +1.16 and [O/Fe] = 0.00 for the
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Fig. 4. Left panel: Na-O anticorrelation for HB stars of NGC 1851. Filled squares are BHB stars (filled triangles are upper limits for Na); the
open star is the RR Lyrae variable; open squares are RHB stars; the asterisks are red giants. Right panel: the same distribution for RGB stars from
Carretta et al. (2011b).

BHB stars. We have not determined the C abundances. However,
both Yong et al. (2009) and Villanova et al. (2010) have obtained
C abundances for several stars on the RGB, and did not find any
stars with [C/Fe] > −0.2; the average values are [C/Fe] ∼ −0.7
in both studies, with little dispersion. If we then assume that C
gives a negligible contribution to the total CNO abundance in the
BHB stars of NGC 1851, we find a total of [(C + N + O)/Fe] ∼
0.24, a value which is fairly typical for metal-poor stars. Since
we get a lower limit of [(C+N+O)/Fe]> 0.12 simply considering
the O abundance of the Na-poor stars, we conclude that there is
no evidence for a significant (Δ[(C+N+O)/Fe] > 0.2) excess of
CNO elements among BHB stars in NGC 1851, at variance with
the prediction of the Cassisi et al. and Ventura et al. scenario.

4.3. Ba and N abundances in RHB stars and their relation
with Na abundances

The Ba abundances also provide useful information in
NGC 1851. Yong et al. (2008, 2009), Villanova et al. (2010),

and Carretta et al. (2011a) have obtained clear correlations be-
tween Na and Ba abundances and have shown that the large
Ba abundances found in several RGB stars of NGC 1851 can
be attributed to the s-process. This suggests an important contri-
bution by thermal pulsing AGB stars to the chemical evolution
of this GC. Here, we measured Ba abundances for 44 RHB and
eight RGB stars but we have no information about Ba in the
BHB stars and the RR Lyrae variable. We obtain a clear correla-
tion between Na and Ba abundances (see Fig. 7). A small part of
this correlation might be explained by scatter in the appropriate
value for the microturbulent velocity for individual stars, since
these lines are quite strong and we adopted the same value for
this parameter in all stars. However, the correlation extends over
a very broad range and extreme values cannot be explained in
this way.

We recall that Carretta et al. (2011a) found a large spread
in Ba abundances along the RGB. Ten stars in their sample
(9±3%) are clearly Ba-rich ([Ba/Fe] > 0.7), while the remaining
ones distribute over the range 0.1 < [Ba/Fe] < 0.7. This latter
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Fig. 5. Upper panel: run of the [Na/O] abundance ratio with B−V colour
along the HB of NGC 1851 (left panel). Lower panel: the same, but with
Teff . Symbols are the same as in Fig. 4.

scatter might be related to the use of a not optimal line (the
6141 Å one, which is blended with a Fe I line). However, in
that work the group of Ba-rich stars tends to have on average
larger abundances of Na (0.2 < [Na/Fe] < 0.5; see Fig. 6). On the
other hand, our RHB stars clearly divide into two groups: seven
stars are Ba-rich ([Ba/Fe] > 0.7), the remaining are Ba-poor
([Ba/Fe] < 0.4). Since RHB makes up ∼60% of the HB stars in
NGC 1851, Ba-rich RHB stars should be ∼10 ± 4% of the stars,
while Ba-poor correspond to ∼50 ± 4%. The identification of
Ba-rich RHB and RGB stars is quite obvious. For exclusion, we
then suggest that the BHB stars (for which we did not measure
Ba abundances) join the remaining RHB stars being Ba-poor.

Fig. 6. Distribution of [Na/Fe] abundances for the HB stars analyzed
in this paper (bottom panels) and for the RGB stars of Carretta et al.
(2011b) (upper panel). Grey histograms indicate the distribution of
RHB (bottom-left panel) and BHB (bottom-right panel) stars. Black his-
tograms indicate the distribution of stars with [Ba/Fe] > 0.6.
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Fig. 7. Correlation of the [Na/Fe] and [Ba/Fe] abundance ratios for
stars of NGC 1851. Left panel: HB stars; right panel: RGB stars from
Carretta et al. (2011b). Symbols are the same as in Fig. 4.

We notice that the fraction of Na/Ba-rich RGB stars is con-
sistent with the fraction of stars along the anomalous v − y se-
quence (∼7%: see Carretta et al. 2011b). Indeed all stars on
the anomalous red RGB in the v, (v − y) diagram are Ba-rich
(Villanova et al. 2010; Carretta et al. 2011a). The Strömgren
colours of this sequence indicate very strong CN bands, which
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might be explained either by an extremely large N abundance8,
or by a C abundance comparable to that of O in the atmospheres
of these stars, leaving a lot of C available for the formation of
C-bearing molecules such as CN and CH in cool RGB stars
(see Carretta et al. 2011b). In the second case, since Ba-rich
stars are Na-rich and moderately O-poor, C abundances do not
need to be extraordinary large, and even a moderate excess of
C+N+O might explain observations. The direct determination of
the CNO content for a few stars of this sequence by Yong et al.
(2011) indicates a low C ([C/Fe] ∼ −0.7) and a very high N con-
tent (up to [N/Fe] ∼ +2.2), favouring the first explanation, since
they find [(C+N+O)/Fe] ≥ 1.0 for the most extreme stars. The
same Yong et al. (2011) caution however that use of NH rather
than CN (the specie considered for the NGC 1851 analysis) pro-
vide fairly lower N abundances (up to 0.44 dex) for RGB stars in
NGC 6752. Were this same difference be valid for NGC 1851, a
less spectacular but still quite high [(C+N+O)/Fe] ∼ 0.6 would
be obtained for the same stars. Villanova et al. (2009) only pub-
lished the sum of the CNO abundances (which they found to be
[(C + N + O)/Fe] ∼ 0.2 for both the Ba-rich and Ba-poor stars),
but they kindly provided us with the values they obtained for the
individual elements. They also found low C abundances in all
the stars they examined, the mean value for the stars on the Ba-
rich sequence being [C/Fe] = –0.58. For the same stars they also
found [N/Fe] = 1.09 and [O/Fe] = –0.15. For stars in the Ba-
poor sequence they obtain [C/Fe] = –0.88, [N/Fe] = 0.71 and
[O/Fe] = 0.09. While C and O abundances agree fairly well with
those of Yong et al., the N abundances are very different, which
is surprising since the same CN lines are used in both analyses.
We conclude that the exact values of the CNO abundances in the
RGB Ba-rich stars is still uncertain, although they are definitely
more N-rich and C- and O-poor than the RGB Ba-poor stars.

We have not measured the sum of C+N+O for the RHB stars.
However, the lack of detection of the N I line at 8216 Å yields
an upper limit to the N abundance of [N/Fe] < 1.55 for the warm
Ba-rich star #54362, which has [O/Fe]=0.00. Given the possible
systematic errors in N abundances from CN lines and the error
bar of our determination, this is perhaps not incompatible with
the results of Yong et al. for Ba-rich RGB stars, and agrees with
that of Villanova et al. If we now assume that the C contribu-
tion to the sum of C+N+O is negligible, as found for stars along
the RGB, we get an upper limit of [(C+N+O)/Fe] < 0.5 for this
star. Taken literally, the comparison between the upper limit for
the Ba-rich RHB star and the BHB ones indicates an excess of
C+N+O smaller than a factor of 2 for the first star. This is lower
than the range in CNO abundances estimated by Yong et al., and
in agreement with that by Villanova et al. On the other hand, as-
suming [(C+N+O)/Fe] ∼ 0.15 is however enough to explain the
anomalous v − y colours of these stars. There are several possi-
ble sources of errors in this determination, including systematic
errors in the atmospheric parameters or departures of real atmo-
spheres from the model ones. Also, it is possible that star #54362
is not a typical Ba-rich star (the Ba excess of [Ba/Fe] = +0.93

8 We estimated the impact of a very large N abundance on v − y com-
puting synthetic Strömgren colours for for a red giant with the same ap-
proach of Carretta et al. (2011b). We considered the case of a red giant
with MV = −1, [Fe/H] = –1.3, [C/Fe] = –0.6, [N/Fe] = 1.7, and [O/Fe]
= –0.1, and compared its v − y colour with those obtained for a more
normal composition ([C/Fe] = –0.6, [N/Fe] = 1.4, and [O/Fe] = –0.1).
We found that an extremely N-rich star has a v − y colour 0.41 mag
redder than the “normal N-rich” one. This comparison shows that the
anomalous v − y sequence can be produced by [N/Fe] ∼ 1.55, which
implies a CNO excess of only ∼0.15 dex with respect to normal stars in
NGC 1851.

is lower than that obtained for a few other stars). However, this
comparison suggests that after all the Ba-rich RHB stars might
possibly be not particularly rich in the sum of C+N+O.

4.4. The Na/Ba poor and Na/Ba-rich RHB stars
in the colour-magnitude diagram

The Na-poor RHB stars have a very small range in B − V
and Strömgren colours, and hence Teff (∼200 K peak-to-valley).
They appear as a very compact group in all diagrams we plot-
ted. The Ba-rich RHB stars are bluer (by 0.044 ± 0.012 mag in
B−V), warmer (by 148±32 K), and on average slightly brighter
than the other RHB stars: the difference in V magnitude is small
(−0.035 ± 0.012 mag) but significant at almost 3−σ. The two
groups of RHB stars separate clearly in the colour-magnitude
diagram, because differences of average values are larger than
the internal scatter of each group.

The luminosity difference between Ba-rich and Ba-poor
RHB stars might in principle be explained in various ways. For
instance, it might be attributed to a difference of ΔY ∼ 0.008
in the He content. However, a difference in He abundance alone
would not explain why the RGB Ba-rich stars (likely the progen-
itors of the RHB Ba-rich stars) have anomalous v − y colours.
This hypothesis is then not enough to justify all observations.

A difference in HB luminosity similar to that observed would
also be produced by a change of 0.1 dex in metallicity, were the
Na-rich more metal-poor than the Na-poor ones. However Na-
rich RHB stars have [Fe/H] = −1.121± 0.015, rms = 0.045 dex,
and Na-poor ones [Fe/H] = −1.147 ± 0.010, rms = 0.066 dex.
This is not likely to produce appreciable differences in both lu-
minosity and colours. Therefore this hypothesis does not agree
with observations.

Furthermore, since CNO abundance variations have been
widely proposed to explain the SGB and HB of NGC 1851
(Salaris et al. 2008; Cassisi et al. 2008; Ventura et al. 2009),
it is useful to consider if they can justify these observations.
However, while CNO-rich HBs are indeed brighter than CNO-
normal ones, they are expected to be also much redder (Lee et al.
1994; Pietrinferni et al. 2009), while they are bluer. This solution
is then not acceptable too.

We finally note that there are two Na-rich and Ba-poor
RHB stars (#39317 and #50923). They are ∼300 K warmer
and ∼0.1 mag brighter than the average RHB stars. We sug-
gest that these two stars evolved well off their ZAHB locations,
which were possibly on the BHB or within the instability strip.
Incidentally, the only RR Lyrae variable is Na-rich, but unluckily
we do not have Ba abundance determination for this star.

4.5. Comparison with simulated HBs

To look for an explanation of the conundrum of the Ba-rich
RHB stars, we have to consider differences in more than a
single parameter between Ba-rich and Ba-poor RHB stars. For
instance, we may assume that the Ba-rich stars are not only
more rich in CNO elements (which may explain the anomalous
v − y colour on the RGB), but also older (and then less massive)
than the Ba-poor RHB stars. In the scenario where the separa-
tion between BHB/f-SGB and RHB/b-SGB sequences is due to
an age difference of about 1 Gyr, this corresponds to attributing
to the Ba-rich stars an age more similar to the first group or at
least intermediate between the two. To explore this possibility,
we ran some simulation for the HB of NGC 1851. They were
performed as described in Salaris et al. (2008) and we adopted
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Fig. 8. Comparison between observed (upper panel) and a synthetic HB for NGC 1851. The synthetic CMD has been obtained by considering:
〈M〉 = 0.670 ± 0.005 M�, Y = 0.248 (red open squares); 〈M〉 = 0.640 ± 0.006 M�, Y = 0.265 (filled red circles); 〈M〉 = 0.650 ± 0.004, M�,
Y = 0.248 (cyan filled triangles); 〈M〉 = 0.590 ± 0.005 M�, Y = 0.280 (blue open circles). These populations have been selected in order to
reproduce the observed distribution of stars on the HB and SGB, as well as the anomalous red sequence on the RGB in the (v, (v − y)) diagram
(see text for further details). Solid and dashed lines in the upper panel represent the average brightness of, respectively, the horizontal part of the
blue HB and the red HB, as derived from the synthetic CMD. For ease of comparison, the dashed line is also displayed at the colour range of the
horizontal part of the blue HB.

Walker (1998) VI photometry to create the reference observa-
tional CMD, for it includes also mean magnitudes of RR Lyrae
stars, that fill the gap seen in Fig. 2 between the RHB and the
more extreme BHB. We will denote as ’horizontal part of the
BHB’ this section of the observed HB.

We have employed as reference set the HB evolutionary
tracks for [Fe/H] = −1.31, Y = 0.248, [α/Fe] = 0.4 from the
BaSTI database9 (Pietrinferni et al. 2006). In addition, we have

9 http://www.oa-teramo.inaf.it/BASTI

interpolated among the α-enhanced BaSTI models at Y = 0.248
and Y = 0.300, to determine HB tracks for intermediate values
of Y, at [Fe/H] = −1.31. Finally, we have also interpolated be-
tween the reference set and the CNO and Na anticorrelated mod-
els with CNO sum enhanced by 0.3 dex (Pietrinferni et al. 2009)
to determine HB tracks with a milder CNO-enhancement, equal
to 0.15 dex. We adopted E(B − V) = 0.02 (Walker 1998) and
employed a distance modulus (m − M)V = 15.58 obtained from
matching the mean magnitude of the RHB with our synthetic
counterpart.
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In our simulations we have considered as constraints a num-
ber ratio between b-SGB and f-SGB stars equal to 70:30, and
a 30:10:60 ratio between stars at the blue side, within, and at
the red side of the instability strip, respectively. Figure 8 dis-
plays a realization of our synthetic calculations of the cluster HB
(bottom panel) compared to the observed CMD (upper panel).
The number of stars in the synthetic HB is approximately equal
to the observed numbers. We considered the observed HB of
NGC 1851 formed by the contribution of four different stellar
populations, with a Gaussian mass distribution for each compo-
nent:

– the BHB/f-SGB population: it is associated to the f-SGB and
makes up therefore ∼25% of the cluster stellar content. To
match both color and magnitude of the BHB we adopted a
HB mass of 〈M〉 = 0.590 ± 0.005 M� (corresponding to a
total mass loss of the RGB progenitor equal to ∼0.20 M� for
a ∼12 Gyr population with the chemical composition speci-
fied below) a normal [C+N+O]/Fe abundance and an helium
content Y = 0.280 (blue circles in Fig. 8);

– the RHB population: this population is the dominant cluster
population (∼55%) and represents the vast majority of the
progeny of b-SGB stars. It has been assumed to be ∼1.5 Gyr
younger than the BHB one, with a cosmological helium con-
tent Y = 0.248 and the same [C+N+O]/Fe abundance of the
BHB. The observed CMD is reproduced with a HB mass of
〈M〉 = 0.670±0.005 M� (open red squares in Fig. 8) consis-
tent with the same total RGB mass loss as for the progenitors
of BHB objects;

– the population of Ba-rich stars: this population is ∼10% of
the cluster stellar content. It has been reproduced with a mass
of 〈M〉 = 0.650 ± 0.004 M� (consistent with an interme-
diate age between the two above populations), assuming a
cosmological helium content Y = 0.248 and an enhanced
[C+N+O]/Fe by 0.15 dex (cyan filled triangles in Fig. 8).
This mean mass corresponds to a progenitor age intermedi-
ate between the RHB and BHB populations, when the same
total RGB mass loss is assumed;

– a fourth population constituting∼10% of the cluster stars has
been added to populate the horizontal part of the BHB visi-
ble in Walker (1998) CMD, that includes the instability strip
(filled red circles in Fig. 8). We employed for these stars a
HB mass of 〈M〉 = 0.640±0.006 M�, Y = 0.265 and normal
[C+N+O]/Fe abundances, to reproduce both the color exten-
sion and the magnitude of the HB at 0.25 < V−I < 0.55. Our
spectroscopic data do not cover this portion of the HB, but
this additional population is obviously necessary to repro-
duce the observed HB in the region of the instability strip,
and accounts for the two Na-rich Ba-poor stars brighter and
warmer than the bulk of RHB stars.

Our synthetic HB simulations show that with a suitable choice
of age and CNO abundances we can reproduce the location of
the Ba-rich stars in the color–magnitude diagram for both RGB
and HB stars. Other pairs of parameters are not as successful.
The anomalous v − y colours of the RGB Ba-rich stars can only
be explained with overabundances of CNO elements. The small
differences in luminosity and [Fe/H] rule out pairs such as (He,
CNO) or ([Fe/H], CNO).

As outlined above, our selected distribution of initial
He abundances generates a satisfactory fit to the overall HB
morphology. In particular, the initial He adopted for the bulk
of RHB stars and for the horizontal part of the blue HB repro-
duces nicely the increase of the average HB brightness when

Fig. 9. Comparison between the photometry displayed in Fig. 8 re-
stricted to the bluest HB stars, and the corresponding synthetic HB sim-
ulations, for various assumptions about the initial He contents (see la-
bels). The two horizontal lines mark the region in the CMD that include
stars whose surface He abundance have been measured for this work.

moving away from the RHB towards higher effective tempera-
tures. On the other hand, as shown by Fig. 9, the bluest HB is
almost perpendicular in the V, (V − I) plane, and does not al-
low a clear-cut selection of the most appropriate initial He abun-
dance. One can safely conclude that the lower He mass fraction
Y = 0.26 is clearly ruled out, and there is some hint that Y = 0.30
generates a too steep sequence compared to the observed CMD,
but some constraints are required. They are indeed provided by
CMDs that make use of ultraviolet photometric bands, as has
been shown conclusively by Busso et al. (2007) and Dalessandro
et al. (2011). We have therefore compared our synthetic HB sim-
ulations with data in the Strömgren u, (u − y) CMD – obtained
from the same dataset used for determining the Teff of our star
sample (see the discussion in the previous sections). The com-
parison is shown in Fig. 10. In this CMD the morphology of the
bluer part of NGC 1851 HB puts strong constraints on the ini-
tial Y values: both the lower (Y = 0.26) and higher (Y = 0.30)
He abundances are clearly ruled out, whereas an initial He abun-
dance Y = 0.28 is able to reproduce the observed distribution
of stars in this CMD. This value of Y is consistent with the
central value of the He abundance distribution obtained from
spectroscopy. Notice the three stars located at (u − y) < 1.0,
that appear overluminous compared to trend set by the synthetic
calculations. Their colors correspond to Teff above 12 000 K, that
marks the onset of radiative levitation (Grundahl et al. 1999). It
is also important to remark that at the relatively high temper-
atures of the BHB stars displayed in Fig. 10 the effect of the
CNONa abundance anticorrelations on the bolometric correc-
tions to the u and y bands are expected to be negligible (see
Sbordone et al. 2011).

This discussion shows that many aspects of NGC 1851
can be derived by using the whole set of observations avail-
able for HB stars. However, we acknowledge that we had to
consider many different stellar populations, and this may then
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Fig. 10. As Fig. 9 but in the Stroemgren u, (u − y) CMD. The adopted
distance modulus and reddening are the same employed in Fig. 8. The
two horizontal lines have the same meaning as in Fig. 9.

appear quite contrived. In addition, we are aware that other
combinations of parameters are likely possible, including e.g.
suitable mass loss laws for different group of stars. Anyhow, we
think that any model trying to reproduce this whole set of ob-
servations must assume that NGC 1851 contains many stellar
populations and that its history was certainly complex. Finally,
we wish to notice that the difference of our derived HB He abun-
dance distribution compared to Salaris et al. (2008) results is
mainly due to the different photometric datasets we employed
here, as well as to the larger number of observational constraints
accounted for in our simulations.

4.6. Peculiar stars

It is very unlikely that stars with radial velocities compatible
with that of NGC 1851 are not member of the cluster. For this
reason, stars with peculiar abundances should be examined care-
fully. There are a few such stars. Along the BHB, star #46902
has very low abundances of both O and Na ([O/Fe] = −1.20,
[Na/Fe] = −0.56). Other stars of NGC 1851 with a similar tem-
perature have much stronger lines (see Fig. 11); we notice that
the Na D2 line is however detectable, and it is not wider than
those of other stars, excluding the possibility that this star is a
fast rotator. We have not a definite explanation for this anomaly,
but it is possible that this is a very metal poor star. This pos-
sibility would be most intriguing. We notice that it has a large
u − y colour, which might suggest a low gravity.

In addition, a few stars have very high Na abundances. Some
examples are shown in Fig. 12. Errors are large for BHB stars,
but anyhow star #40227 stands out as peculiar ([Na/Fe] = 1.48).
Results for RHB stars are much more robust. There are two
RHB stars that have large Na abundances and low Ba-ones. They
are warmer and brighter than typical RHB stars. They are then
likely stars evolved off the Zero Age HB. Their progenitors were
likely RR Lyrae or BHB stars. There is also one star with a very
large Na excess (#31903: [Na/Fe] = 0.93). This is a very Ba-rich
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Fig. 11. Comparison between the spectrum of star #46902 (solid line)
and that of a star with very similar temperature (#48007, dashed line)
in the regions of the Na D (left panel) and O I lines (right panel). Note
that the stellar D1 line at 5890 Å is blended with the interstellar D2 line
in these spectra.
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Fig. 12. Comparison between the spectra of three RHB stars: star
#50923 is a Na-rich and Ba-poor star; star #47546 is Na-rich and Ba-
rich; star #32245 is Na-poor and Ba-poor. Note that the stellar D1 line
at 5890 Å is blended with the interstellar D2 line in these spectra.

star. The nature of these extremely Na-rich stars should need a
special discussion, that is deferred to a forthcoming paper.

5. Conclusions

We presented an analysis of the abundances of several ele-
ments, including He, N, O, Na, Mg, Si, Ca, Fe, and Ba, in
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about a hundred stars along the HB of NGC 1851. We ob-
served 35 BHB stars, 1 RR Lyrae variable, 55 RHB stars, and
13 RGB stars for comparison. Results of this analysis helped to
better understand some of the critical issues concerning the for-
mation of this peculiar cluster, which has a bimodal distribution
of stars along the HB (about 2/3 RHB and 1/3 BHB), a split SGB
(about 2/3 b-SGB and 1/3 f-SGB), and an RGB with a sequence
of stars with anomalous v− y colours including some 10% of the
stars. The stars in this anomalous RGB are Ba-rich.

The main results we obtained may be summarized as fol-
lows:

– RHB stars divide into two groups: the vast majority is Na-
poor and O-rich; about 10–15% of the stars are Na-rich and
moderately O-poor, most, but not all, of them being Ba-rich.

– These two groups occupy distinct regions of the colour mag-
nitude diagram, the Na-rich stars being redder and slightly
brighter than the Na-poor ones.

– An Na-O anticorrelation exists also among BHB stars, that
are on average more Na-rich and O-poor than RHB stars.
However, there is no clear correlation with tempera-
ture/colours.

– The BHB stars are enriched in N, but not exceptionally so.
The total CNO abundance is unlikely to be anomalous.

– The He abundance of the BHB is Y = 0.29 ± 0.05. This
is consistent with both the cosmological value and a small
He enhancement. This confirms the lack of evidence for very
large He enhancements within NGC 1851.

When coupled with previous knowledge about this cluster, these
results clearly rule out the explanation of the splitting of the SGB
as due to variations in the total CNO abundance. A difference in
age thus remains the only plausible explanation. On the other
hand, we suggest to link the Ba-rich RHB stars with the Ba-rich
RGB ones. To explain the anomalous v − y colours, these stars
should be very N-rich ([N/Fe] ∼ 1.55). This upper limit to the
N abundance is not inconsistent with the abundance upper limit
of [N/Fe]< 1.55 we obtain for one Ba-rich RHB star.

On the whole, the observational frame suggests that most
BHB stars descend from the f-SGB stars and are old while most
RHB stars descend from the b-SGB and are young, the differ-
ence in age being of the order of 1 Gyr. However, the correlation
is possibly not one-to-one: it is in fact possible (though not at all
demonstrated) that Ba-rich RHB stars descend from f-SGB stars.
If this is the case, then some of the BHB stars and RR Lyrae vari-
ables descend from b-SGB stars, else there would be an excess of
b-SGB stars with respect to the observed RHB stars. A compar-
ison with the case of NGC 362, a GC with a metallicity and age
very similar to that of the young component of NGC 1851, shows
that this is not unlikely. In fact, while lacking any evident f-SGB,
NGC 362 has a significant population of RR Lyrae variables and
a scatter of stars along the BHB. Remarkably, the RR Lyrae of
NGC 362 and NGC 1851 are indistinguishable in the period-
amplitude diagram (Szekely et al. 2007; Walker 1998), suggest-
ing similar masses and luminosities. The presence of a group
of stars that might be identified with the second generation of
the young component of NGC 1851 at the cool end of the BHB
would contribute explaining the lack of correlations between Na
and O abundances with temperature along the BHB.

Several features of NGC 1851 are still unclear. The most rel-
evant is the exact composition (CNO enrichment) and dating of
the Ba-rich sequence. This sequence shows evidence for origi-
nating from polluters that experienced thermal pulses, and are
then likely of rather small mass, but given these uncertainties its

role in the formation scenario for this cluster is still to be under-
stood. Progress can be obtained by both a precise determination
of the CNO content of these stars and their identification along
the SGB of NGC 1851. In addition, the match between the two
RGB groups with different Fe abundance found by Carretta et al.
(2011a,b) and the evolutionary sequences requires further con-
firmation and clarification. Finally, the whole scenario for the
formation and evolution of this interesting cluster needs to be
put on a more sound basis.
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