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ABSTRACT

The open cluster NGC 6791 is among the oldest, most massive, and metal-rich open clusters in the Galaxy. High-
resolution H-band spectra from the Apache Point Observatory Galactic Evolution Experiment (APOGEE) of 11 red
giants in NGC 6791 are analyzed for their chemical abundances of iron, oxygen, and sodium. The abundances of
these three elements are found to be homogeneous (with abundance dispersions at the level of ∼0.05–0.07 dex) in
these cluster red giants, which span much of the red-giant branch (Teff ∼ 3500–4600 K), and include two red clump
giants. From the infrared spectra, this cluster is confirmed to be among the most metal-rich clusters in the Galaxy
(〈[Fe/H]〉 = 0.34 ± 0.06) and is found to have a roughly solar value of [O/Fe] and slightly enhanced [Na/Fe].
Our non-LTE calculations for the studied Na i lines in the APOGEE spectral region (16373.86 Å and 16388.85 Å)
indicate only small departures from LTE (�0.04 dex) for the parameter range and metallicity of the studied stars.
The previously reported double population of cluster members with different Na abundances is not found among
the studied sample.
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1. INTRODUCTION

The open cluster NGC 6791 is a notable object, being one
of the oldest (∼8 Gyr old; e.g., Harris & Canterna 1981; King

33 Visiting Astronomer at NOAO

et al. 2005; Brogaard et al. 2012) and most metal-rich open
clusters in the Galaxy ([Fe/H] ∼ +0.4;34 e.g., Peterson & Green
1998; Gratton et al. 2006; Carraro et al. 2006; Origlia et al.
2006; Carretta et al. 2007; Boesgaard et al. 2009). This cluster’s

34 [X/Q] = (A(X)Star − A(X)�) − (A(Q)Star − A(Q)�).
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Table 1
Derived Stellar Parameters and Abundances

2MASS ID SBG Ks0 (J − Ks )0 Mbol Teff log g ξ A(Fe) A(O) A(Na)
(K) (km s−1)

J19204557+3739509 5583 11.49 0.71 0.72 4500 2.45 1.3 7.89 ± 0.09 9.15 ± 0.06 6.75 ± 0.05
J19204971+3743426 6963 7.77 1.16 −2.41 3530 0.80 1.8 7.85 ± 0.09 9.02 ± 0.04 6.78 ± 0.05
J19205338+3748282 8266 9.72 0.89 −0.76 4075 1.70 1.7 7.87 ± 0.16 9.11 ± 0.03 6.78 ± 0.05
J19205510+3747162 8904 9.54 0.93 −0.89 4000 1.62 1.7 7.83 ± 0.12 9.13 ± 0.03 6.80 ± 0.08
J19205530+3743152 8988 11.04 0.79 0.42 4300 2.27 1.7 7.87 ± 0.04 9.15 ± 0.03 6.66 ± 0.05
J19210112+3742134 10898 10.89 0.81 0.31 4255 2.21 1.6 7.78 ± 0.09 9.10 ± 0.01 6.76 ± 0.03
J19210426+3747187 11814 10.05 0.84 −0.50 4200 1.85 1.8 7.85 ± 0.12 9.14 ± 0.01 6.72 ± 0.03
J19210483+3741036 11957 11.51 0.68 0.68 4590 2.48 1.5 7.94 ± 0.08 9.20 ± 0.03 6.83 ± 0.05
J19211007+3750008 13260 11.92 0.74 1.24 4435 2.66 1.3 7.86 ± 0.08 9.07 ± 0.05 6.62 ± 0.09
J19211606+3746462 14379 7.66 1.13 −2.54 3575 0.76 1.8 7.74 ± 0.16 9.03 ± 0.09 6.83 ± 0.05
J19213390+3750202 15966 8.75 1.02 −1.59 3800 1.25 1.7 7.73 ± 0.06 9.02 ± 0.10 6.68 ± 0.05

Note. SBG: Stetson et al. (2003).

color–magnitude diagram displays a few unusual features that
heighten interest in this object, including a well-defined binary
sequence falling above the main sequence, several alleged blue
horizontal branch stars (Platais et al. 2011), which is unusual for
a metal-rich stellar population (Brogaard et al. 2012), along with
a white-dwarf cooling sequence that exhibits two luminosity
peaks (Bedin et al. 2008a, 2008b).

Other unusual aspects of NGC 6791 are the color width of
the red giant branch (RGB; Kinman 1965) and color variations
of the main-sequence turn-off stars (Twarog et al. 2011). These
features could be explained as either extended star formation
(over ∼1 Gyr), a process not identified in any other open cluster,
or spatial variations in the reddening (Twarog et al. 2011; Platais
et al. 2011; Brogaard et al. 2012). A recent result that relates to
the possibility of extended star formation in NGC 6791 is from
Geisler et al. (2012), who found two distinct groups differing in
their respective sodium abundances. These two Na-abundance
groups were proposed to be two separate stellar populations
within NGC 6791; this would be the first time such distinct
stellar populations were identified in an open cluster, although
this is now commonly found in most globular clusters (Gratton
et al. 2012). These distinct populations are responsible for the Na
and O abundance anti-correlations, which are the signature of a
globular cluster. As NGC 6791 is among the most massive open
clusters, whether it has anti-correlations in the light elements is
critical for setting the lower limit in mass where such variations
appear (e.g., Geisler et al. 2012). In this context, Bragaglia et al.
(2014) found that the Na abundances in a sample of NGC 6791
members can be described by a single Na abundance to within
∼0.1 dex.

Due to its high metallicity (as well as location within the
Kepler field of view), NGC 6791 was targeted as a calibration
cluster by the Apache Point Observatory Galactic Evolution
Experiment (APOGEE; Majewski 2012; Zasowski et al. 2013),
one of four experiments that are part of the Sloan Digital Sky
Survey III (SDSS-III; Eisenstein et al. 2011). APOGEE obtained
H-band high-resolution spectra of red giants with the goal of
measuring radial velocities and chemical abundances of up to
15 elements in over 100,000 stars in the Galactic bulge, disk,
and halo. NGC 6791 was selected for the present analysis due
to both its high metallicity, which places it at the high end
of the APOGEE target metallicities, and the possibility that
it contains more than one stellar generation. In this Letter,
abundance results for iron, oxygen, and sodium are presented
to investigate whether the selected sample reveals two sodium
populations.

2. THE APOGEE DATA

APOGEE data are obtained with a cryogenic, bench-
mounted, 300 fiber spectrograph (Wilson et al. 2010) attached
to the Sloan 2.5 m telescope (Gunn et al. 2006). The APOGEE
spectra are high-resolution (R = λ/Δλ ∼ 22,500) and span the
wavelength range from 15100 to 17000 Å, with spectra recorded
on three separate detectors. Gaps between the detectors re-
sult in three spectral regions covering roughly 15100–15800 Å,
15900–16400 Å, and 16500–16900 Å. An automated data
processing pipeline for APOGEE (D. Nidever et al., in prepa-
ration) produces one-dimensional, wavelength-calibrated, flux-
calibrated spectra. These spectra have had terrestrial airglow
lines removed via dedicated sky fibers in each field, and have
telluric absorption lines (from H2O, CO2, and CH4) corrected
using measurements from fibers placed on early-type stars in
each field.

Twenty-nine red-giant members of NGC 6791 have been
observed with APOGEE; their membership has been discussed
in Frinchaboy et al. (2013). All of the observed spectra were
inspected and had similar signal-to-noise ratio (S/N) at a given
magnitude; overall S/N increased for the brighter targets and
was roughly the same (10%–20%) across the three detectors.
Eleven targets with stellar parameters covering the RGB, as well
as the red clump (RC), were selected for this study (Table 1).
The selected targets had spectra with S/N from ∼90–130 (for
the faintest targets) to ∼200–700 (for the brightest targets),
depending on their location on the RGB. Tofflemire et al. (2014)
have recently performed a radial-velocity membership study of
NGC 6791 and their results indicate that all targets analyzed
here are cluster members.

3. STELLAR PARAMETERS

Fundamental stellar parameters for the NGC 6791 targets are
presented in Table 1. Effective temperatures were derived from
the dereddened Two Micron All Sky Survey (2MASS) (J −Ks)
colors and the Teff–color calibrations from both Bessell et al.
(1998) and Gonzalez Hernández & Bonifacio (2009), with the
tabulated Teff being the average of the two scales. The adopted
reddening, E(B − V ) = 0.14, is an average from two recent
determinations (Brogaard et al. 2012; Geisler et al. 2012) and
translates to E(J − Ks) = 0.07 (Cardelli et al. 1989). Brogaard
et al. (2012) found variable reddening across the cluster with
ΔE(J − K) = 0.025. A change in reddening of this amount
translates to a maximum change in Teff of ∼50–60 K and a
corresponding change in the Fe, O, and Na abundances of 0.02,
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0.12, 0.03 dex, respectively; such changes are within the overall
uncertainties and a mean reddening has been adopted.

Surface gravities were derived from the effective tempera-
tures, along with the red-giant masses and luminosities. The
luminosities were calculated using the distance modulus found
in Basu et al. (2011) of (m − M) = 13.1, with bolometric cor-
rections from Bessell et al. (1998), and using a cluster red giant
mass of 1.2 M� (Basu et al. 2011). Two of the target stars are
RC giants, and there is evidence for a small mass difference
between the RGB and RC in NGC 6791 (Miglio et al. 2012),
with MRGB−MRC = 0.08 M�. This small mass difference re-
sults in a difference in log g of 0.03 dex, small enough to be
ignored in computing the surface gravities. It is noted that both
the Basu et al. (2011) and Miglio et al. (2012) masses are within
∼0.05 M� of RGB mass determinations from eclipsing binaries
in NGC 6791, MRGB = 1.15 M� (Brogaard et al. 2012).

4. ABUNDANCE ANALYSIS

The model atmospheres adopted here are one-dimensional
static models computed with Kurucz’s ATLAS9 code (Kurucz
1993) for the APOGEE Stellar Parameter and Chemical Abun-
dance Pipeline (ASPCAP) by Mészáros et al. (2012). Synthetic
spectra were calculated in LTE using the spectrum synthesis
code MOOG (Sneden 1973) and the APOGEE line list (M. D.
Shetrone et al., in preparation). The oscillator strengths for the
transitions of CO, OH, and CN are from Goorvitch (1994),
Goldman et al. (1998), and Kurucz (1993), and Melendez &
Barbuy (1999), respectively.

Iron abundances and microturbulent velocities (ξ ) were de-
rived using the sample of nine Fe i lines selected in Smith et al.
(2013). Although there are many Fe i lines in the APOGEE re-
gion, the advantage of using this smaller set of iron lines is that
they suffer less from blending with other features, thus being to
a certain degree independent of the adopted C, N, and O abun-
dances. In addition, these lines cover a range in line strength,
which makes them suitable for estimating the microturbulent
velocity parameter. Iron abundances were derived for a range of
microturbulent velocities; the adopted microturbulence was the
one that produced the smallest iron abundance scatter, which
also corresponds to near-zero slopes between A(Fe) and line
strength.

Oxygen abundances were derived from vibration-rotation
lines of OH in five spectral regions: 15277–15282 Å; 15390–
15392 Å; 15504–15507 Å; 15568–15573 Å; and 16189–
16193 Å (Smith et al. 2013). A sample spectrum containing
one of the selected regions with two OH lines is presented in
Figure 1 (top panel). The star shown, 2M19211007+3750008, is
one of the hotter giants analyzed (Teff = 4435 K) and was chosen
for illustration because the OH lines become weak in the hotter
giants; here the lines reach about 10%–15% in depth. The small
∼1%–2% deviations from a smooth spectrum are caused by im-
perfect subtraction of telluric emission lines in these same OH
lines observed in the star. The solid curves are synthetic spec-
tra with three different oxygen abundances, as indicated in the
figure. The determination of oxygen abundances from OH lines
requires that the carbon abundances (derived from CO lines),
and to a lesser degree the nitrogen abundances (derived from
CN lines), are all solved self-consistently and that the molecular
equilibrium is satisfied (e.g., Cunha & Smith 2006; Ryde et al.
2009). The details concerning the CO and CN lines/bandheads
used in our analysis can be found in Smith et al. (2013); the
abundance results for C and N, along with a number of other

elements for our targets, will be presented in a future paper
(K. Cunha et al., in preparation).

Sodium abundances were obtained from the two well-defined
Na i lines falling in the middle APOGEE detector, with this
doublet arising from the 2p64p2P o level with χ low = 3.753 eV,
to the 2p66s2S1/2 level with χhi = 4.510 eV. The air wavelengths
are 16373.86 Å and 16388.85 Å, with values of log gf =
−1.318 and −1.018, respectively (M. D. Shetrone et al., in
preparation). One of the observed Na i lines is illustrated in
Figure 1 (bottom panel; solid circles). Synthetic spectra with
three different sodium abundances are also displayed as the
solid curves.

5. ABUNDANCE RESULTS

The mean Fe, O, and Na abundances, as well as the micro-
turbulent velocities adopted for the target stars, are found in
Table 1. In most instances, the line-to-line abundance scatter
(standard deviations) is less than 0.1 dex. The sensitivities of
the oxygen and iron abundances to uncertainties in the adopted
stellar parameters are discussed in our previous study (Smith
et al. 2013). Smith et al. (2013) did not include sodium, so the
abundance sensitivities of the two studied Na i lines to stellar pa-
rameters are presented here. The procedure used is the same as
Smith et al. (2013), and involves perturbing the stellar param-
eters of Teff , log g, ξ , and overall model metallicity ([m/H])
and determining how much these parameter perturbations
change the derived Na abundances. The relevant covariant terms
between primary stellar parameters are included with perturba-
tions of ΔTeff = ±50 K, Δlog g = ±0.2 dex, Δξ = ±0.2 km s−1,
Δ[m/H] = ± 0.1 dex. Two representative model atmospheres
were perturbed, with one a “hot” model (Teff = 4500 K, log
g = 2.50, ξ = 1.3 km s−1, [m/H] = +0.4) and the other a
“cool” model (Teff = 3530 K, log g = 0.8, ξ = 1.8 km s−1,
[m/H] = +0.4). Given these two models and perturbations, the
respective Na abundance changes are ΔA(Na) = ± 0.06 dex for
the hot model and ΔA(Na) = ±0.09 dex for the cool model.
These variations are similar to the abundance differences found
between the two individual Na i lines as listed in Table 1.

Non-LTE abundance corrections for Na lines were computed
using the statistical equilibrium and line formation codes de-
scribed in Bergemann et al. (2012a, 2012b, 2013) and the model
atom described in Gehren et al. (2004). In this previous work,
the model was applied to the analysis of optical Na i lines in
solar-type stars, and indicated a significant negative correction
relative to LTE at low metallicity, typically [Fe/H] < −1. Here,
we extend these calculations to the H-band Na i lines, and de-
rive non-LTE corrections for the transitions 16373.86 Å and
16388.85 Å. To our knowledge, these are the first non-LTE re-
sults for the sodium spectral lines in the H band; we find that
the two IR Na i lines are largely free from departures from LTE
over the Teff and log g ranges covered by the high-metallicity
red giants analyzed here. The individual lines have non-LTE
corrections (A(Na)non−LTE − A(Na)LTE) that range from −0.01
to −0.04 dex; corrections of this size have no significant impact
on our conclusions.

6. DISCUSSION

The sample of 11 RGB and RC stars studied in the open cluster
NGC 6791 have Fe abundances that are quite homogeneous: the
mean value is A(Fe) = 7.84 ± 0.06. The abundance dispersion
is consistent with the expected errors in the derivation of
A(Fe). The mean iron abundance for the target stars is quite
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Figure 1. Sample portions of APOGEE spectra (filled circles), along with synthetic spectra (solid curves) showing two of the OH lines (top panel) and one of the Na i
lines (bottom panel) in the NGC 6791 red giant 2M19211007+3750008 (Teff = 4435 K).

enhanced relative to solar, confirming previous results in the
literature that NGC 6791, although very old, is among the most
metal-rich populations in the Galaxy. The oxygen and sodium
abundances are also found to be homogeneous, with mean values
and standard deviations of A(O) = 9.10 ± 0.06 and A(Na) =
6.75 ± 0.07, which yield a near-solar [O/Fe] = +0.01 and a
slightly enhanced [Na/Fe] = +0.17.

Very few studies in the literature have derived both Na and
O abundances for NGC 6791 members. As discussed pre-
viously, Geisler et al. (2012) obtained the unexpected result
of two populations in sodium in this open cluster from an
analysis of optical spectra obtained with Keck/HIRES and
WIYN/Hydra. Figure 2 shows the [Na/Fe] versus [O/Fe] abun-
dances for our 11 stars (blue circles), in comparison with the
bracket abundances taken directly from Geisler et al. (2012; red
triangles). The two studies adopted slightly different solar ref-
erence values; the solar abundances adopted here are: A�(Fe) =
7.50; A�(O) = 8.75; A�(Na) = 6.24 (Caffau et al. 2008;
Asplund et al. 2009). If the Geisler et al. (2012) results were
put on this scale, their [Na/Fe] and [O/Fe] values would in-
crease by +0.08 and +0.05 dex, respectively. Although the
[O/Fe] abundances in the two studies are in reasonable agree-
ment, it is clear that the Na abundance distribution of NGC 6791

members obtained here does not overlap with the behavior of
Na found in the Geisler et al. (2012) sample. The two studies
have six stars in common (the green lines in Figure 2 connect
these results) and the [Na/Fe] abundances for these six stars are
systematically lower in this study relative to Geisler et al., with
an average difference of Δ[Na/Fe] = −0.20 dex. In addition,
Geisler et al. (2012) find a population of stars with lower Na
abundances that is not matched by the results obtained for our
sample.

As a further comparison, Figure 3 shows [Na/Fe] versus Teff
for this study and Geisler et al. (2012). It is not expected that
there would be a dependence of the Na abundance with Teff ,
which maps stellar evolution along the RGB. The values of
[Na/Fe] derived here exhibit a small increase with decreasing
temperature, but the change is rather small, at about 0.15 dex
over ∼1100 K. The two hottest stars in our sample are clump
giants, and have already evolved up the RGB, to low values of
Teff , and then moved to the higher-temperature RC after having
undergone the He-core flash. In contrast, the results by Geisler
et al. (2012) exhibit a discontinuity in [Na/Fe] abundance at
around Teff ∼ 4500 K. The NGC 6791 members from Geisler
et al. (2012) that have elevated values of [Na/Fe], representing
the Na-rich population, are only found for red giants with Teff �
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Geisler et al. (2012) 

0.40.20-0.2-0.4

Figure 2. Values of [Na/Fe] vs. [O/Fe] for NGC 6791. Blue circles are results
from this study, red triangles are from Geisler et al. (2012). The solid green lines
connect the abundance results for the six stars in common between this study
and those of Geisler et al. (2012).

4500 K, with the lower Na abundance giants falling at higher
Teff’s. Geisler et al. (2012) argue, however, that the most direct
evidence for an Na spread in their sample is among the RC stars,
where half of their sample of RC stars showed significant Na
enhancement.

The Na and O abundances obtained here, and their respec-
tive abundance dispersions, agree well with those of the recent
study by Bragaglia et al. (2014), who analyzed optical spec-
tra of 35 stars in NGC 6791 from Keck/HIRES and WIYN/
Hydra. Bragaglia et al. (2014) find average abundances (and
abundance dispersions) of A(Fe) = 7.87 ± 0.06 (Δ(this study—
Bragaglia) = −0.03), A(O) = 9.00 ± 0.09 (Δ(this study—
Bragaglia) = +0.10) and A(Na) = 6.70 ± 0.10 (Δ(this
study—Bragaglia) = +0.05). The comparison between the re-
sults from their optical and our H-band abundance analyses are
very good, with differences of less than 0.1 dex and similar dis-
persions (σ ∼ 0.06—0.10 dex). Earlier results from the optical
for two RC stars by Carretta et al. (2007) were much lower
(they found [O/Fe] = −0.35 for the two stars analyzed). The
Na abundances for their two studied stars differed by 0.3 dex
([Na/Fe] = +0.28 and −0.02), possibly indicating an intrinsic
abundance scatter for Na, but this scatter is not confirmed in the
much larger sample by Bragaglia et al. (2014).

Within the sample of 11 stars analyzed in this study, we
do not find evidence of two distinct populations in sodium in
NGC 6791. On the contrary, our results are well represented by
a single population, with an abundance scatter of the order of the
expected abundance analysis errors. We note that we have not
analyzed any of the stars that Geisler et al. (2012) found to be

0053000400540005

-0.5

0

0.5

1

This study
Geisler et al. (2012)

Figure 3. [Na/Fe] vs. Teff for NGC 6791 targets in this study (blue circles),
with error bars illustrating the estimated uncertainties. Results from Geisler
et al.(2012; red triangles) are also shown. There is no significant trend of
APOGEE [Na/Fe] with effective temperature beyond the estimated errors for
this analysis, and the magnitude of departures from LTE is very small (less than
0.04 dex at most). The Geisler et al.(2012) results indicate a significant change
in [Na/Fe] values at Teff ∼ 4500 K.

Na-poor. It is not impossible that only stars from one population,
from an underlying two-population distribution, were selected
for this study, as well as in the sample of Bragaglia et al. (2014).
However, this is unlikely given that roughly 40% of the stars in
Geisler et al. (2012) were from the low-Na population, while
60% from the high-Na population.

7. CONCLUSIONS

Based on H-band high-resolution APOGEE spectra of 11 red-
giant members of NGC 6791, this old open cluster is found to be
quite metal-rich and chemically homogeneous, with a mean and
standard deviation of 〈[Fe/H]〉 = +0.34 ± 0.06. We also find
that both oxygen and sodium are enhanced along with iron, as
well as being chemically homogenous, with 〈[O/H]〉 = +0.35 ±
0.06 and 〈[Na/H]〉 = +0.51 ± 0.07.

We do not find evidence of two populations in sodium in
this cluster. Although the sample observed here with APOGEE
is relatively small, it does cover the temperature range from
3500 K (well up the luminous part of the RGB) to roughly
4500 K (for stars near the base of the RGB, as well as two
stars in the RC). This sample is well-represented by a single Na
abundance, with a star-to-star abundance scatter consistent with
the expected uncertainties in the analysis.

Our results from non-LTE calculations indicate that the two
Na i lines used in this analysis (16373.86 Å and 16388.85 Å) are
largely free from departures from LTE over the Teff and log g
ranges covered by the high-metallicity red giants analyzed here
(with all corrections being at most 0.04 dex) and so non-LTE
corrections have no significant impact on our conclusions.
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