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ABSTRACT

We study near-infrared properties of the old open cluster King 11, based on the 2MASS photometric
data. We determine the location of the red giant clump(RGC) in the (K, J − K) color-magnitude
diagram and derive the distance modulus of King 11 to be (m−M)0 = 12.50±0.10 using the mean K
magnitude of RGC. From the red giant branch slope − [Fe/H] relation we obtain the metallicity of this
cluster, [Fe/H]=−0.17±0.07. The age and interstellar reddening of this cluster are estimated to be log
t = 9.48±0.05, E(B − V )=0.90±0.03, by applying Padova isochrone fits to the data.

Key words : open clusters and associations: individual (King 11) — Galaxy: stellar content

1. INTRODUCTION

Open clusters (OCs) were formed from the same gi-
ant molecular cloud, and the member stars are of sim-
ilar age and chemical composition. Old OCs (age >∼ 1
Gyr), especially, are important in studying the forma-
tion and early evolution of the Galactic disk, since they
contain information on the environment of its early
evolutionary phase, for example, the Galacto-centric
metallicity distribution (Friel 1995; Friel et al. 2002;
Chen, Hou, & Wang 2003; Kim 2006). However, the
fraction of photometrically well-studied clusters among
all the OCs (N= 2140; Dias et al. 2002, version 3.1,
2010 November 24) is quite small : three parameters
(distances, reddenings, and ages) are known only for
58.5% (N= 1259) of OCs and four parameters (dis-
tances, reddenings, ages, and abundances) are known
even only for 8.5% (N= 187) of OCs. It is, therefore,
necessary to increase the number of clusters with the
physical parameters to study both the clusters them-
selves and the Galactic disk that contains the clusters
inside.

Although there have been various observational
works on the old OCs (e.g., Tosi et al. 2004; Kim,
Kyeong, & Sung 2009), studying the clusters at low
Galactic latitudes is not easy due to heavy interstel-
lar extinction. Near-infrared (near-IR) wavelength is
advantageous in this regard, since the interstellar ex-
tinction is much less in the optical wavelength (AK =
0.11AV ). Two Micron All Sky Survey (2MASS)1
project (Skrutskie 2006) imaging data, therefore, ob-
tained in the near-IR wavebands for 99.998% of the
celestial sphere are useful to study objects in or near
the Galactic plane. King 11 (α(J2000) = 23h 47m 48s,
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Fig. 1.— 2MASS Ks image of King 11. The field
of view is about 26′×26′. North is up and east is to the
left. The inner and outer circles represent r=5′ and 10′,
respectively. The symbol ’+’ means the center of King 11
given by 2MASS data sampler.

δ(J2000)= 68◦ 37′ 58.8′′, l = 117.163◦, b = 6.477◦)
is located at low Galactic latitude and naturally have
large reddening values (E(B − V ) >∼ 1). In this pa-
per, we have used the 2MASS near-IR imaging data
for photometric study of this high extinction, old OC.

Thus far, the highly reddened old OC King 11 has
been studied only in the visible wavelength. Kaluzny
(1989) found this cluster relatively old (∼ 5 Gyr)
and highly reddened using BV CCD photometry with
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Fig. 2.— (Ks, J − Ks)(left panel) and (J, J − H)(right panel) CMDs for the stars in the field (r< 5′ and r< 10′)
of King 11 using 2MASS photometry. Error bars represent the mean errors of the magnitudes and colors. The reddening
vector with AV =2.0 is also shown.

KPNO 0.9 m telescope. Aparicio et al. (1991) deter-
mined the metallicity to be solar from its optical color-
magnitude diagram (CMD) morphology but was not
able to get consistent values of metallicity from several
independent methods. Recently, Tosi et al. (2007) cal-
culated the ranges of physical parameters of this cluster
by employing BV I CCD photometry with Telescopio
Nazionale Galileo (TNG) and together with the syn-
thetic CMD method: Z = 0.01, age= 3.5 − 4.75 Gyr,
(m−M)0 = 11.67−11.75, and E(B−V ) = 1.03−1.06.
On the other hand, Friel et al. (2002) independently
obtained [Fe/H]= −0.27 ± 0.15 by analyzing low reso-
lution spectra of 16 bright member stars in King 11.

In the present work, we made use of JHKs photom-
etry of the 2MASS data in order to derive the physical
parameters of this cluster. 2MASS data are obtained
for the entire sky in three near-IR bands, J (1.25 µm),
H (1.65 µm) and KS

2 (2.16 µm). Two dedicated 1.3 m
Cassegrain equatorial telescopes in the northern hemi-
sphere (Mount Hopkins, Arizona) and in the south-
ern hemisphere (Cerro Tololo, Chile) are used; both
are equipped with three NICMOS3 arrays capable of
simultaneous observations in the three near-IR bands

2The KS band (“K-short”) is described by, e.g., Persson et al.
(1998).



2MASS NEAR-IR CMD OF THE OPEN CLUSTER KING 11 35

(Nikolaev et al. 2000).
This paper is arranged as follows. Section 2 de-

scribes the near-IR CMD of King 11. In Section 3,
we derive physical parameters of this old star cluster
by analyzing the red giant branch (RGB) and RGC
stars. The isochrone fitting method is applied in order
to estimate its reddening value and age. Finally, we
summarize the results in Section 4.

2. COLOR-MAGNITUDE DIAGRAM

Fig. 1 depicts 2MASS Ks-band CCD image of King
11 with an equatorial coordinate grid. The JHKs pho-
tometric data within the circular regions(r<5′, r<10′)
of King 11 are extracted. Fig. 2 demonstrates (Ks, J−
Ks) and (J, J −H) CMDs representing these regions.
Each diagram clearly indicates the existence of RGC
stars at Ks ∼ 11.0, J − Ks ∼ 1.0 along with a well
defined red giant branch. In addition, the subgiant
branch is clearly seen near J ∼ 14.9, J − H ∼ 0.7 in
(J, J −H) CMD.

Several stars can be seen in the brighter and bluer re-
gion than main-sequence turn-off (Ks=14, J−Ks=0.75).
These stars are the blue straggler(BS) candidates. In
order to verify the possibility, we have statistically elim-
inated the field star contamination by using two nearby
control fields. Two control fields are chosen in the re-
gion of one degree away in the Galactic longitude from
the center of King 11. We count the number of stars
for a given magnitude and color range in two CMDs,
then remove this number of stars in the King 11 CMD
randomly. In Fig. 3, we show the results. Several BS
candidates remain in the region after the elimination of
field star contamination and the detailed membership
studies are needed to make a robust BS list.

However, we cannot simply account for the scatters
found in RGB and the RGC based only on the magni-
tude errors (∆Ks=0.03, ∆(J − Ks)=0.02 at K=11).
We also note that the clump is distributed along the
reddening vector in the CMD. In the optical CMD
(Aparcio et al. 1991; Tosi et al. 2007), one can easily
recognize that RGC is tilted along the reddening vec-
tor; Apraicio et al (1991) found that King 11 has two
distinct groups of stars with different reddening values.
Hence, we may conclude that the width of the red gi-
ant sequence within r< 10′ and the tilted placement
of RGC in the (J, J −H) diagram suggests that there
exists differential reddening within the cluster.

In this paper, we converted JHKs magnitudes of
2MASS photometric system to Bessell & Brett (1988)’s
applying the equation provided by Grocholski & Sara-
jedini (2002) as follows:

(J −KBB) = [(J −Ks)−
−(−0.011± 0.005)]/(0.972± 0.006)

KBB = [Ks − (−0.044± 0.003)]
−(0.000± 0.005)(J −KBB).

Fig. 3.— Statistical elimination of field star contamina-
tion. (a) Initial CMD for the stars in the r<5′ field of King
11. (b) and (c) are CMDs for the stars in the control fields
1 and 2(r<5′). (d) and (e) are the cleaned CMDs of King
11 using the control fields 1 and 2, respectively.

3. PHYSICAL PARAMETERS

3.1 Distance

There have been debates on the idea that helium
burning RGC stars are standard candles because the
magnitude depends on age and metallicity. However,
the RGC magnitude has two big advantages: (1) The
RGC magnitude can be measured with high accuracy
because the RGC stars are bright enough to be visible
even with a large distance. (2) K(RGC) magnitude
is not sensitive to the age and metallicity of a cluster
than I(RGC) magnitude(Sarajedini 1999; Grocholski
& Sarajedini 2002). Alves (2000) and Grocholski &
Sarajedini (2002) derived the RGC mean magnitude
< MK(RGC)>=−1.62 based on solar neighborhood
RGC stars with Hipparcos parallaxes and 2MASS open
cluster data, respectively.

We determined the RGC mean magnitude of King
11 to be mK=11.20±0.10(dispersion of Gaussian func-
tion), as shown in Fig. 4. Then we calculated the
distance modulus (m − M)0=12.50 ± 0.10 adopting
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Fig. 4.— (K, J − K) CMD and the histogram of the
RGC stars with a bin size of 0.1 mag. The solid box in left
panel indicate the location of RGC. The fitted Gaussian
function in right panel is marked by the solid line.

Fig. 5.— Dereddened CMD of King 11 with the fit-
ted points(solid circles) and the solid line representing the
least-square fit to the RGB star of King 11.

the mean magnitude of < MK >=−1.62(Alves 2000;
Grocholski & Sarajedini 2002), E(B − V )=0.90 from
Section 3.3 and the interstellar reddening law(RV =3.1,
AK=0.11AV ) of Rieke & Lebofsky (1985).

3.2 Metallicity

In the case of a star cluster having well-defined red
giant sequence, the RGB slope is regarded as very use-
ful indicator of metal abundance. More than a decade
ago, Kuchinski et al. (1995) characterized the RGB

Fig. 6.— Isochrone fits to (K, J − K) CMD of King
11. The thick line represents the best fitted Bertelli et
al.(1994) model isochrone with log t=9.48, E(B − V )=0.9,
[Fe/H]=−0.17 and (m − M)0=12.50. Two thin isochrone
lines with log t = 9.43 and log t = 9.48 are also shown for
comparison.

slope−[Fe/H] relation for the Galactic globular clus-
ters − as the metallicity of a cluster increases, the slope
becomes shallower. Years later, Tiede et al. (1997) cal-
ibrated the same type of relation for open clusters in
the Milky Way. Kyeong & Byun (2001) revised the
relation for old open cluster with more cluster samples.

In the present analysis, we limited the giant branch
stars with absolute magnitudes in MK<−1.9. In con-
sequence, this criteria excludes the RGC stars with
magnitude MK ≈ −1.6. The RGB slope is defined
as ∆(J −K)/∆K in (K, J −K) CMD. We performed
least square fits to the selected RGB stars and iterated
the process with 2σ rejection. The resulting best fit is
shown in Fig. 5. Even if both the reddening and the
distance moduli contain significant errors, the derived
RGB slope is hardly affected by these errors. It is be-
cause such errors will shift the location of a RGB either
horizontally and vertically without changing the slope
of the sequence.

The derived RGB slope is −0.103±0.004(fitting er-
ror). We calculate the metallicity [Fe/H] = −0.17±0.07
dex for King 11 with this newly obtained RGB slope
and the equation of Kyeong & Byun (2001) as follow-
ing:

[Fe/H] = −17.2(±0.23) RGB slope− 1.95(±0.02).

The metallicity error is calculated from the slope
error propagation. Our metallicity of King 11 based on
near-IR RGB slope is lower than that of Aparicio et al.
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Table 1. Basic Parameters of King 11

Parameter Value Reference

E(B − V ) 1.0† Aparicio et al. (1991)
1.03 ∼ 1.06 Tosi et al. (2007)
0.90 ±0.03 This study

(m−M)0 15.3(not reddening corrected) Kaluzny (1988)
11.9† Aparicio et al. (1991)
11.67 ∼ 11.75 Tosi et al. (2007)
12.50±0.10 This study

[Fe/H] ∼ 0.0† Aparicio et al. (1991)
−0.27±0.15 Friel et al. (2002)
−0.29 Tosi et al. (2007)
−0.17 ±0.07 This study

Age 5 Gyr Kaluzny (1989)
5 Gyr Aparicio et al. (1991)
6.3 Gyr Phelps et al. (1994)
5.46 Gyr Salaris et al. (2004)
3.5 ∼ 4.75 Gyr Tosi et al. (2007)
3.0 Gyr ±0.36 This study

† : The values of Aparicio et al. (1991) derived from their CMD fiducial
sequence matching method using the open clusters of King 2, NGC 188,
and M67 are presented.

(1991) ([Fe/H] ≈ 0.0), however it is consistent with the
results of the previous studies within its error.

3.3 Reddening, age and isochrone fitting

We simultaneously determined E(B−V ) and age of
the cluster by theoretical isochrone fitting; E(B − V )
was obtained by fitting RGB sequence, which is less
sensitive to age change, while the age, by fitting the
section between the main sequence turn-off (MSTO)
and the subgiant branch that is strongly dependent on
age. At present work, E(B − V ) and age of King 11
are estimated as in the following; log t = 9.48±0.05(t =
3.0±0.36 Gyr), E(B − V )=0.90 ±0.03 as can be seen
from Fig. 6. Our age is rather lower than those ob-
tained by the previous studies, i.e. Kaluzny (1989) and
Aparicio et al. (1991) (5 Gyr), Salaris et al. (2004) (6.3
Gyr). These parameters confirm that King 11 is an old
open cluster with high extinction in the Milky Way.

4. SUMMARY

The aim of the present study is to derive physi-
cal parameters of the highly reddened, old Galactic
open cluster King 11 based on the new method and
the 2MASS JHKs photometry. While the CMDs
of the large area(r<10′) exhibit a relatively broad
red giant sequence with an inclined red clump in the
(J, J − H) CMD, the (K, J − K) CMDs within r<5′
illustrate the well defined RGB- as well as the RGC
sequences. With the mean K magnitude of the RGC
stars, we calculated the distance modulus of (m−M)0
= 12.50±0.10. We also derived the metal abundance
as [Fe/H]=−0.17±0.07 using the RGB slope - [Fe/H]

relation. By applying the Padova isochrone fits to the
2MASS near-IR CMDs, we estimated the age and red-
dening value of King 11 as log t = 9.48±0.05 (t =
3.0±0.36 Gyr), E(B−V )=0.90±0.03, respectively. Our
values are arranged in Table 1.

ACKNOWLEDGMENTS

We would like to thank the anonymous referee
for valuable comments that improved the quality of
this manuscript. This publication makes use of the
data products from the Two Micron All Sky Sur-
vey(2MASS), a joint project of the University of Mas-
sachusetts and the Infrared Processing and Analysis
Center/California Institute of Technology, funded by
the National Aeronautics and Space Administration.
We also made use of the Set of Identifications, Measure-
ments, and Bibliography for Astronomical Data (SIM-
BAD) database, operated at Centre de Donnees as-
tronomiques de Strasbourg (CDS), Strasbourg, France.

REFERENCES

Alves, D. R. 2000, K-Band Calibration of the Red
Clump Luminosity, ApJ, 539, 732

Aparicio, A., Bertelli, G., Chiosi, C., & Garcia-Pelayo,
J. M. 1991, CCD UBVR Photometry of Two Old
Open Clusters: King 11 and Be42 - Comparison with
Theoretical Models, A&AS, 88, 155

Bertelli, G., Bressan, A., Chiosi, C., Fagotto, F., &
Nasi, E. 1994, Theoretical Isochrones from Models
with New Radiative Opacities, A&AS, 106, 275

Bessell, M. S., & Brett, J. M. 1988, JHKLM Photom-
etry - Standard Systems, Passbands, and Intrinsic
Colors, PASP, 100, 1134



38 KYEONG ET AL.

Chen, L., Hou, J. L., & Wang, J. J. 2003, On the Galac-
tic Disk Metallicity Distribution from Open Clus-
ters. I. New Catalogs and Abundance Gradient, AJ,
125, 1397

Dias, W. S., Alessi, B. S., Moitinho, A., & Lepine, J. R.
D. 2002, New Catalogue of Optically Visible Open
Clusters and Candidates, A&A, 389, 871

Friel, E. D., 1995, The Old Open Clusters of the Milky
Way, ARA&A, 33, 381

Friel, E. D., Janes, K. A., Tavarez, M. et al. 2002,
Metallicities of Old Open Clusters, AJ, 124, 2693

Grocholski, A. J., & Sarajedini, A. 2002, WIYN Open
Cluster Study. X. The K-Band Magnitude of the Red
Clump as a Distance Indicator, AJ, 123, 1603

Kaluzny, J. 1989, CCD BV Photometry of Three Un-
studied Open Clusters - NGC 7044, King 2 and K11,
AcA, 39, 13

Kim, S. C. 2006, Near-Infrared Photometric Study of
the Galactic Open Clusters NGC 1641 and NGC
2394 Based on 2MASS Data, JKAS, 39, 115

Kim, S. C., Kyeong, J., & Sung, E.-C. 2009, Near-
Infrared Photometric Study of the Old Open Cluster
Trumpler 5, JKAS, 42, 135

Kuchinski, L. E., Frogel, J. A., Terndrup, D. M., &
Persson, S. E. 1995, Infrared Array Photometry of
Metal-Rich Globular Clusters. 1: Techniques and
First Results, AJ, 109, 1131

Kyeong, J., & Byun, Y. 2001, Near-IR Giant Branch
Slope-Metallicity Relation of Open Clusters, JKAS,
34, 137

Nikolaev, S., Weinberg, M. D., Skrutskie, M. F., Cutri,
R. M., Wheelock, S. L., Gizis, J. E., & Howard, E.
M. 2000, A Global Photometric Analysis of 2MASS
Calibration Data, AJ, 120, 3340

Persson, S. E., Murphy, D. C., Krzeminski, W., Roth,
M., & Rieke, M. J. 1998, A New System of Faint
Near-Infrared Standard Stars, AJ, 116, 2475

Rieke, G. H., & Lebofsky, M. J. 1985, The Interstellar
Extinction Law from 1 to 13 Microns, ApJ, 288, 618

Salaris, M., Weiss, A., & Percival, S. M. 2004, The Age
of the Oldest Open Clusters, A&A, 414, 163

Sarajedini, A. 1999, WIYN Open Cluster Study. III.
The Observed Variation of the Red Clump Lumi-
nosity and Color with Metallicity and Age, AJ, 118,
2321

Skrutskie, M. F., Cutri, R. M., & Stiening, R. et al.
2006, The Two Micron All Sky Survey (2MASS),
AJ, 131, 1163

Tiede, G. P., Martini, P., & Frogel, J. A. 1997, The
Giant Branches of Open and Globular Clusters in
the Infrared as Metallicity Indicators: A Compari-
son with Theory, AJ, 114, 694

Tosi, M., Di Fabrizio, L., Bragaglia, A., Carusillo, P.
A., & Marconi, G. 2004, Berkeley 29, the Most Dis-
tant Old Open Cluster, MNRAS, 354, 225

Tosi, M., Bragaglia, A., & Cignoni, M. 2007, The Old
Open Clusters Berkeley 32 and King 11, MNRAS,
378, 730


