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ABSTRACT

We have mosaicked Two Micron All Sky Survey (2MASS) images to derive surface brightness profiles in J, H,
and K for 104 Galactic globular clusters. We fit these with King profiles and show that the core radii are identical to
within the errors for each of these IR colors and are identical to the core radii at Vin essentially all cases. We derive
integrated-light colors V' —J, V — H, V — K,, J — H, and J — K for these globular clusters. Each color shows
a reasonably tight relation between the dereddened colors and metallicity. Fits to these are given for each color.
The IR — IR colors have very small errors, due largely to the all-sky photometric calibration of the 2MASS survey,
while the I — IR colors have substantially larger uncertainties. We find fairly good agreement with measurements
of integrated-light colors for a smaller sample of Galactic globular clusters by M. Aaronson, M. Malkan, and
D. Kleinmann from 1977. Our results provide a calibration for the integrated light of distant single-burst old stellar
populations from very low to solar metallicities. A comparison of our dereddened measured colors with predic-
tions from several models of the integrated light of single-burst old populations shows good agreement in the low-
metallicity domain for V' — K colors but also shows an offset at a fixed [Fe/H] of ~0.1 mag in J — K, which
we ascribe to photometric system transformation issues. Some of the models fail to reproduce the behavior of the
integrated-light colors of the Galactic globular clusters near solar metallicity.
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1. INTRODUCTION

Galactic globular clusters (GCs) are of great interest as nearby
representatives of simple stellar systems whose stars all share
the same age and initial chemical composition.® They are close
enough that individual stars can be studied in detail with spectros-
copy and photometry while far enough away that, with some
difficulty, their integrated light can be measured as well. Their
ages and initial mass functions can be determined through anal-
ysis of deep high spatial resolution imaging, primarily from the
Hubble Space Telescope (HST); mass segregation can be studied
for these objects as well. Integrated light measurements of Ga-
lactic GCs are of key importance as they provide calibration data
for the study of more distant early-type galaxies with predomi-
nantly old populations, as well as the GCs of distant galaxies for
which only the integrated light can be observed.

The Two Micron All Sky Survey (2MASS) affords us a won-
derful opportunity to study the surface brightness profiles of
nearby GCs in the infrared. As described in detail by Skrutskie
etal. (2006), two 1.3 m diameter telescopes were used, one in the
northern hemisphere and one in the southern. The whole sky was
observed in three colors: J, H, and K| (a variant of the K filter
described in detail in Skrutskie et al. [2006]). The advantages for
our purposes of the 2MASS data over any previously existing are
many. The photometry is all-sky, with careful attention to cali-
bration issues, ensuring uniformity over all the frames. The data-
base is digital, and hence background subtraction and sophisticated
image analyses are feasible. There are, of course, disadvantages as
well. The effective exposure time for each point in the sky in this
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survey was short, only 7.8 s in each of the three colors, so these
images reach a relatively shallow limiting magnitude. Further-
more, the spatial resolution is limited by the adopted detector pixel
size of 2.0” on a side.

2. THE SURFACE BRIGHTNESS
PROFILES FROM 2MASS

We describe here the process we have used to define and fit the
surface brightness profile of Galactic GCs in J, H, and K from
the 2MASS data. The integrated light in the IR is sensitive to rare
bright red giant branch (RGB) tip giants and asymptotic giant
branch (AGB) stars. Hence, centroiding in the IR is more subject
to stochastic effects dependent on cluster richness than it is at
optical wavelengths, where the numerous stars near the main-
sequence turnoff make a substantial contribution to the integrated
light. We therefore begin by adopting the GC cluster centers deter-
mined from the online database for the Galactic GC system main-
tained by W. Harris (Harris 1996),* as updated in 2003 (hereafter
H96). These were derived from optical images of the GCs. The
tidal radii of GCs are determined by the gravitational field of
the Galaxy. Furthermore, there is no hope of accurately mea-
suring the surface brightness profile in the outermost parts of
the Galactic GCs from the short and relatively shallow 2MASS
exposures, as the GCs are often very extended and the surface
brightness near the tidal radius (r;) is low. We thus adopt the
values of r; determined from optical photometry as compiled in
the same online database; these are primarily from Trager et al.
(1995, hereafter TKD9S).

A square region, centered on the GC and with a side length of
2r,, was used for each cluster. We downloaded the FITS image
files from the 2MASS Web site batch image service that cover
the required area for each Galactic GC for each of the three filters

4 Available at http://physwww.mcmaster.ca /~harris/ WEHarris.html.
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J, H, and K. The most extended GCs (clusters with r, 2 0.45°)
are likely to have some missing data (which is not a problem),
and those with 7, 2 0.6° (approximately five Galactic GCs) could
not be analyzed at all due to excessive memory and CPU require-
ments. Data for one such very extended GC, 47 Tuc, was recov-
ered from the 2MASS Large Galaxy Catalog.

Processed frames from 2MASS have 1.0” x 1.0” pixels and are
tiled together in a regular fashion, with an overlap region between
frames. The individual frames were made into a mosaic for each
GC in each of the three IR colors by examining the header in each
FITS file to determine if it had neighboring frames adjacent to it
and then removing duplicated points in the overlap regions. Be-
cause the tiling was not perfectly gridlike, but rather somewhat
staggered, a few duplicate points were left behind and a few other
points were removed that should have been kept; however, this
should have a negligible effect. When the frames were irregularly
stacked (as was the case in certain clusters), the mosaic procedure
failed. This was fixed when it was not too difficult to do so by de-
leting selected frames from the data set; fewer than five GCs were
handled this way.

Frames were adjusted to a constant sky value and calibrated
to a universal adopted magnitude zero point for each color; we
adopted values typical of those on the 2MASS images, specifi-
cally 20.45, 20.90, and 19.93 mag DN~! arcsec~? for J, H, and
K, respectively. The calculation relies on the photometric zero
point determined for each frame by the 2MASS project, which is
given in the keyword MAGZP in the header of each image. Ex-
tinction within the Earth’s atmosphere is included in these zero
points. The value of each pixel is reset to reflect the different depth
achieved by each particular frame in the mosaic for each GC in
each of the three colors. The sky value for each GC at each of J, H,
and K; was simply taken to be the mean sky value of the individ-
ual rescaled frames, as indicated by the keyword SKY in the FITS
header of each file. A detailed discussion of the algorithms used
by the 2MASS project to determine the values of these parameters
for each frame is given in Cutri et al. (2003). The background from
nonmember stars in the region of each GC was evaluated in a re-
gion largely beyond the tidal radius, extending from 0.957; to 2.0r;.

The calculation of the surface brightness followed that of
Fischer et al. (1992) based on the method of Djorgovski (1986).
The image was divided into several annuli centered on the glob-
ular cluster. The 2MASS detector pixels are 2.0” on a side, so the
first annulus was a circle with a 5” radius. Subsequent annuli
went from 5” to 95% of the tidal radius, with the annuli evenly
spaced in logarithmic space. If , < 5’, eight annuli were used; if
less than 10, 10 annuli were used; if greater than 10, 15 annuli
were used. The effective radius, 7., assigned to each annulus
is the intensity-weighted mean radius of the annulus (under the
assumption of a linear intensity profile over the width of the an-
nulus; Newell & O’Neil 1978),

_ 20 =)
Veff = 3(7"22 _rlz)v

where r; and r, are the inner and outer radii of the annulus.
Each annulus was divided into eight 45° sectors, and the mean
data numbers of the pixels within each sector were found. In the
first annulus (actually a circle), as well as all in annuli with 7.g <
10”, the mean of the eight sector means was used as the surface
brightness within that annulus, since the variations among the
sectors for a given r.g arise primarily from possible stochastic
fluctuations and potential errors in the adopted position of the
cluster center rather than from photometric errors or from non-
member stars. For annuli with 7.¢ > 10", the median of these
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eight sector means (in practice, the average of the fourth and
fifth value of the sorted list) was chosen as the final value for that
annulus. Use of the median minimizes the surface brightness
fluctuations due to a small number of bright stars, but biases the
mean surface brightness toward lower values since it effectively
excludes some light from the brightest red giants; however, this
surface brightness profile is more representative of the bulk of
the stellar population in the cluster.

2.1. Globular Cluster Centers

We initially adopt the centers of the GCs from the 2003 online
version of the database of H96. The majority of the cluster center
coordinates in both H96 and in Djorgovski & Meylan (1993) are
from Shawl & White (1986), and for most cases they are not ex-
pected to be determined to better than a few arcseconds. While the
centers from H96 generally appeared to be correct, sometimes
they seemed not to coincide with the center of a few of the GCs as
judged from the 2MASS images. An effort was made to develop a
centroiding routine that would operate on the 2MASS images, but
stochastic effects made this difficult. Instead, a specific list, based
on visual inspection of the 2MASS images, was made of GCs
that might have centers in error by more than 2” from their nom-
inal values. Only those GCs for which the entire distribution of
IR light appears shifted with respect to the nominal optical center
are listed. GCs with an asymmetric distribution of the brightest
giants within one core radius around the optical center, such as
NGC 5927 and NGC 6712, are not included here.

The art of determining the location of the center of light for a
GC is not trivial. We demonstrate below that small errors of ~4”
in the cluster center position are probably common in the H96
database, as was also found by Noyola & Gebhardt (2006), who
analyzed archival HST images of the central regions of 38 Ga-
lactic GCs.

The new positions that we thought might be appropriate for
the centroids of eight GCs were carried along as additional clus-
ters in the analysis and are listed in Table 1; a few additional cases
of apparent centroid error are given at the end of the table. For
example, NGC 6541 has a central position in the 2003 version of
the database of H96 that is more than 12’ away from its true lo-
cation. The differences in K and in J — K for these small shifts
for the eight GCs are given in the fifth and sixth columns of this
table. The resulting change in total brightness for these small
differences in adopted GC central position can reach ~0.15 mag,
which would directly affect an optical — IR color such as /' — K.
The shift in a 2MASS — 2MASS color such as J — K is smaller.
The position for the cluster center adopted here for the eight GCs
listed in the first part of this table is that which gave the larger
signal at J, H, and K.

2.2. Eliminating Bright Field Stars

The field star background is a major concern, especially for
the GCs seen against the Galactic bulge. While one could pro-
duce a color-magnitude diagram for the entire field of the mosaic
image of a GC and then eliminate stars that do not lie along the
expected cluster isochrone, we chose to adopt a scheme that is
much easier to implement yet still succeeds in eliminating most
of the brightest field stars. We calculate the K magnitude of the
RGB tip for each cluster from its known distance and interstellar
reddening, assuming M (tip) = —5.9 mag. We then add a buffer
of 1.5 mag.” Stars brighter than this K are too bright to be cluster
members. They were identified in the field of each GC from the
2MASS Point Source Catalog. The K band was used to select

5 If we were doing this again, we would use a smaller value for the buffer.
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TABLE 1
INTEGRATED IR CoLors FOR GCs witH Two CHOICES FOR THE PosITION OF THE CENTER
AK? AJ — K? AK? AJ - K?
R.A. Decl. R.A. Decl. (King Profile, (King Profile, (Direct Surface (Direct Surface
(Harris) (Harris) (2MASS) (2MASS) Af Integrated ) Integrated)  Brightness Profile, Brightness
ID (J2000.0) (J2000.0) (J2000.0) (J2000.0)  (arcsec) (mag) (mag) Integrated) Profile, Integrated)
NGC 5824............... 1503 58.5 —330404 15035830 —330407 3.9 0.08 —0.01 —0.01 —0.01
NGC 6553....cceuenee 1809 17.6 —255431 1809 17.59 —255438 7.0 —0.11 +0.04 +0.01 +0.01
NGC 6715....cceeueee 18 5503.3 302842 185503.50 —302845 4.0 +0.12 —0.04 +0.10 —0.02
NGC 6838.... 19 53 46.1 +184642 1953 46.10 +18 46 40 2.0 +0.10 —0.02 —0.06 —0.01
Pal 6. 1743422 —-261321 17434229 —-2613 28 7.1 —0.18 +0.10 —0.12 +0.02
Pal 8 ..o 1841299 —194933 184130.09 —1949 40 7.5 —0.10 +0.09 —0.18 +0.15
Terzan 1 ... 1735472 —-302854 17 3547.09 —3028 56 2.4 —0.18 —0.02 —0.09 +0.01
Terzan 5 .................. 1748 049 —244645 1748 05.00 —24 4649 4.2 —0.01 —0.02 —0.01 —0.01
NGC 6426° ............ 1744 547 +03 10 13 17 44 54.4 +03 10 12 4.6
NGC 6541° .. ... 1808022 —433000 1808 02.20 —434220 740.0 >3.0
Terzan 12°............... 18 12 15.8 —224431 1812 15.50 —224427 5.8

Note.— Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
? Colors with center from H96; those with new center used a 50" radius aperture.

b Not treated as two GCs.

nonmembers; point sources that were deemed nonmembers in the
K band were also removed in the J and A bands. A 5 pixel x
5 pixel area around such stars was deleted from the mosaicked
image for sources fainter than K; = 10, while for brighter stars an
areaof 11 pixels x 11 pixels was deleted. This cleaning operation
could not be carried out close to the core of the GC where there
might be crowding, a region that is larger than expected due to the
low spatial resolution of 2MASS, so we only selected and elim-
inated such sources for which » > 0.3r,.

The uncertainty in the surface brightness for each r.; was the
rms dispersion of the eight sector values divided by two, taken in
quadrature with the dispersion of the background measurements
from the set of frames for a given cluster. The factor of 2 instead
of v/8 reflects the difference between o around a median instead
of a mean (see, e.g., Lupton 1993, p. 43).

2.3. Fitting the IR Surface Brightness Profiles

For each GC, the empirical King profile (King 1962) is fitted
to the surface brightness profile we determined for each of the
colors J, H, and K;. We note that this formula is distinct from the
dynamical King models (King 1966a), which were used in de-
riving the structural parameters in TKD95 and H96; however,
for the purposes of the present paper, the effective differences are
expected to be sufficiently small in the radial range of interest so
as to be neglected. Since the values for the 7, and GC center po-
sitions are adopted from the current version of the online data-
base of H96, the remaining free parameters for which we solve
are the central surface brightness (4y) and the core radius (r.) for
each color. The fitting procedure to determine the surface bright-
ness uses a weighting scheme for each point (i.e., each value of
refr) based on its uncertainty and returns the value of each of the
two parameters and an error for each. The Levenberg-Marquardt
fitting algorithm was used as implemented in IDL.® All the codes
required to determine the surface brightness profiles and to fit
them were written by S. H. in IDL.

The minimum detection for a GC to be included here is a cen-
tral surface brightness of at least 10 DN above the background
with a clean detection in each of the first four annuli in each of
J, H, and K,. Of the 150 GCs in the current online version of
H96, 105 are included in our sample.

¢ Taken from http://cow.physics.wisc.edu/~craigm/idl/down /mpfit.pro.

Figure 1 shows our derived surface brightness profiles for the
30th brightest and 30th faintest GCs in our sample atJ and at K.
The fitted King profile is superposed.

2.4. The Optical Surface Brightness Profiles

We matched our IR surface brightness profiles derived from
2MASS images onto optical ones to construct such colors as
V' — K. The surface brightness profiles at /' were taken from the
literature. The primary source is TKD95. They have carried out
an analysis of the extensive material collected by the Berkeley
Cluster Survey (see, e.g., Djorgovski & King 1986) and have
compiled many other sources of optical photometry, particularly
Peterson (1986). They then fitted the homogenized set of data for
each GC with a grid of single-mass, isotropic, nonrotating King
(1966a) models. Values of 7., r,, and central surface brightness
appropriate for the V filter were taken from their Table 2 when
available. The resulting King profile was then integrated out to
the desired radius to obtain the integrated light at V" for a speci-
fied aperture. If there were no data for a specific GC in TKD95
but the required parameters were given in the online compilation
database of H96, the values there were used. Nine of the GCs in
our sample do not have a ¥ surface brightness profile considered
accurate from either of these two sources.

For all definite or possible core-collapsed GCs as listed in
Table 2 of TKD95, we use the Chebyshev polynomial fits to the
surface brightness profile, whose coefficients are given in Table 1
of TKD95. Certain key information about how to use these
Chebyshev and polynomial fits to the observed surface bright-
ness as a function of radius is missing from TKD95 as published,
as are the extensive and useful notes to their Table 2. These were
kindly provided to us by S. Trager and are now available through
a link on his home page.” Even with the aid of his notes it was still
difficult to make proper use of the Chebyshev polynomial fits, and
for 61 of the GCs in our sample, including all of the core-collapsed
ones, aperture photometry was carried out by integrating the mea-
surements of the compiled V surface brightness profiles given in
Table 1 of TKD95 to derive integrated J” magnitudes. A few GCs
have surface brightness profiles in this table from TKD95 with
an arbitrary photometric zero point; these were ignored.

7 See http://www.astro.rug.nl/~sctrager/globs/cheb_transform.txt and http://
www.astro.rug.nl/~sctrager/globs/table2notes.txt.
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Fic. 1.—Surface brightness for the 30th brightest (fop) and 30th faintest (bottom) GCs in our sample shown for J (left panels) and for K (right panels). The fitted
King profiles are also shown. An arrow marks r.(J), and a vertical dashed line indicates the tidal radius. The horizontal line indicates the background.

The optical surface brightness profiles for Galactic GCs are
dependent on a compilation of measurements from many differ-
ent programs carried out by many different groups using differ-
ent telescopes, instruments, filter sets, standard star fields, etc.
Their zero points are based on the assumption that photometric
sky conditions prevailed at some particular time. They do not
have the all-sky uniformity of the photometric zero points that
2MASS has. This critical difference means that the errors of any
V surface brightness profile for the brighter GCs derived from a
reasonably deep digital (i.e., CCD) image are dominated by the
uncertainty in its photometric zero point, not by random statis-
tical measuring errors, centering errors, or stochastic errors from
the finite number of very bright stars near the RGB tip.

2.5. The Core Radii

In our initial implementation the core radii of the King profiles
were derived independently from the fit to each of the three filters

J, H, and K;. Figure 2 shows the difference between the . de-
duced for various pairs offilters divided by the uncertainty of this
difference as a function of the core radius of each GC at V. A
minimum uncertainty of 1.0” was assumed for each 7, (including
that of V, whose uncertainty is not readily available from pub-
lished material). The largest differences (in units of o) occur
among the core-collapsed clusters (circled in the figures), for
which the optical r, values, determined from material with better
spatial resolution, are typically only a few arcseconds and are
always smaller than the IR 7. values. There is excellent agree-
ment among the core radii determined from the various IR filters.
Figure 2 (bottom right) illustrates this for the J and K filters; the
difference for each GC between r.(J ) and r.(K), normalized by
the appropriate o, is shown there.

The uncertainties in 7, as listed in Table 2 are typically a few
arcseconds, and adoption of the independently determined r, for
each of J, H, and K| led to unsatisfactory results, including, for
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Fic. 2.—Difference in core radius between J, H, or K, and V divided by the uncertainty of this difference shown as a function of the V core radius. The bottom
right panel shows the case of r.(J') compared to r.(K). A minimum uncertainty in each core radius of 1.0” is assumed. Probable core-collapsed GCs are circled; their

re(V') are from H96. All others are from TKD95.

example, the presence of many outliers in a plot of J — K colors
versus [ Fe/H]. The core-collapsed GCs were among the worst of
the outliers, as might be expected given their small 7. In view of
the excellent agreement among r.(J), .(H ), and r.(Kj) for each
cluster, we decided to tie the IR values of r,. together. The set of 7,
values determined from the J mosaics of each GC are presumably
the most accurate among the three IR colors; the sky is much
darker than at H or K, while the central surface brightness at.J of
each GC is only slightly smaller than in the other two IR filters.
In addition, the stochastic effects are smaller at./ than in the red-
der filters. We thus set the H and K, core radii to the value obtained
from the J mosaic of each GC.

3. THE ADOPTED [Fe/H] VALUES

We adopt as our primary source of metallicities the recent ho-
mogenized compilation by Kraft & Ivans (2003) of values for
[Fe/H] for Galactic GCs based on detailed analyses of Fe i1 lines

from high-dispersion spectra of individual red giants. In partic-
ular we adopt the values given in the last column of their Table 7,
based on Kurucz model atmospheres without overshoot (Kurucz
1993; Castelli et al. 1997).® The deduced solar Fe abundance for
the work of Kraft & Ivans (2003) is e(Fe) = 7.52 dex. They in-
clude values based on observations of the IR Ca triplet in indi-
vidual GC red giants by Rutledge et al. (1997) transformed onto
their system, assuming a linear transformation applies.

There are still very few accurate determinations of metallicity
for the most metal-rich Galactic bulge clusters. We adopt the
results of Cohen et al. (1999) and Carretta et al. (2001) for NGC
6553 and for NGC 6528, the archetypical populous metal-rich
bulge GCs with the smallest (but still high) reddening values.

8 Grids of Kurucz model atmospheres can be downloaded from http://kurucz
.harvard.edu/grids/html.



TABLE 2
PARAMETERS OF THE KING PROFILE Fits For Garactic GCs

Surface
re(V°  r(J) ordJ) Brightness (V) Ao(J) cAo(J) Ao(H) odo(H) Ao(K) 0do(K)
1D CC? (arcsec) (arcsec) (arcsec) (mag arcsec™?) (DN arcsec™?) (DN arcsec™?) (DN arcsec™2) (DN arcsec™2) (DN arcsec ) (DN arcsec™2)

NGC 362.......... Cc? 11.4 11.9 0.8 14.88 1240.9 146.3 1143.1 165.9 991.6 165.5
NGC 1261........ ... 235 27.0 1.6 17.65 88.8 4.8 86.1 4.8 60.4 3.6
NGC 1851........ 4.0 8.3 0.8 14.15 1320.9 233.7 1251.0 99.9 922.4 63.7
NGC 1904........ c? 9.6 16.6 1.7 16.23 218.2 30.2 219.1 17.0 152.9 11.9
NGC 2298........ ... 204 27.0 2.2 18.79 41.4 2.0 39.6 1.9 26.5 1.7
NGC 2419........ ... 209 20.6 1.2 19.83 15.1 0.6 15.9 0.5 10.9 0.4
NGC 2808........ e 15.8 17.4 0.8 15.17 1484.8 103.5 1580.7 85.6 1159.8 49.8
NGC 3201....... ... 83.6 97.5 12.8 18.77 449 5.4 34.7 7.4 27.1 3.7
NGC 4147........ e 6.0 6.5 0.8 17.63 78.6 12.2 78.9 5.2 52.7 3.8
NGC 4590........ .. 417 45.1 5.4 18.67 30.1 3.2 35.1 49 16.7 1.1
NGC 4833........ ... 60.0 96.2 14.3 18.45 50.1 4.0 53.3 42 36.2 3.4
NGC 5286........ 17.4 16.8 1.5 16.07 659.8 81.7 711.2 52.9 506.6 40.8
NGC 5634........ 12.6 11.7 1.0 17.49 102.5 9.7 104.1 6.4 68.5 3.8
NGC 56%4....... 3.7 6.6 0.6 16.34 197.0 27.1 215.2 10.9 144.2 7.3
NGC 5824........ 33 3.9 0.5 15.08 979.3 246.7 1127.9 87.4 691.7 38.2
NGC 5904........ 23.0 29.5 1.5 16.05 386.3 16.5 343.8 48.0 3355 41.5
NGC 5927....... ... 251 33.4 3.6 17.45 200.1 22.0 243.1 26.0 177.3 252
NGC 59%46........ C 4.8 5.4 1.2 17.42 456.1 106.6 537.9 56.6 380.8 52.8
NGC 5986........ ... 380 36.3 3.6 17.56 161.4 13.6 164.8 12.4 122.1 9.4
NGC 6093........ 8.9 10.2 0.8 15.19 1038.9 130.9 1107.9 57.3 823.0 40.1
NGC 6121........ ... 389 1123 5.4 17.88 111.9 3.8 121.1 4.7 67.5 27.1
NGC 6139........ 8.1 11.2 1.6 17.30 657.4 139.0 847.2 66.7 636.0 49.0
NGC 6171........ 323 39.4 3.7 18.84 54.1 5.4 65.3 5.6 453 43
NGC 6205........ ... 489 46.7 2.5 16.80 214.4 18.0 200.6 13.9 152.9 7.1
NGC 6229........ 7.9 7.3 0.4 16.99 266.7 23.7 283.1 12.4 198.5 8.4
NGC 6218........ ... 440 70.6 7.8 18.17 60.8 4.4 57.1 49 38.6 4.6
NGC 6235........ .. 214 19.2 6.1 18.98 523 15.7 60.8 8.9 44.7 6.9
NGC 6254........ ... 513 61.9 5.9 17.69 101.5 8.7 90.9 17.7 57.5 15.0
NGC 6256........ C 1.2 22.9 6.6 17.89 85.7 16.2 121.7 18.5 93.6 16.9
NGC 6266....... C? 10.8* 256 2.9 15.35 1314.3 182.0 1586.9 110.6 1187.8 94.8
NGC 6273....... ... 257 27.2 1.6 16.82 489.6 37.6 524.6 272 366.1 244
NGC 6284........ C 42 7.9 0.7 16.65 383.1 355 464.3 31.9 313.9 255
NGC 6287........ 15.8 26.3 2.1 18.33 127.7 7.7 153.6 7.5 116.1 5.7
NGC 6293........ C 3.0 11.1 2.0 16.18 393.5 95.8 413.5 433 289.2 353
NGC 6304........ 12.6 15.0 1.2 17.34 414.0 41.5 510.5 36.1 363.7 34.4
NGC 6316........ ... 10.0 11.7 0.7 17.40 550.0 26.5 733.0 32.0 549.5 29.5
NGC 6325....... C 1.8 9.7 1.7 17.56 209.4 42.1 276.4 14.1 219.1 10.5
NGC 6333....... ... 347 25.0 33 17.40 279.0 36.9 312.8 239 218.0 19.0
NGC 6341........ 14.1 16.0 1.0 15.58 581.5 53.1 542.5 52.4 361.6 34.8
NGC 6342........ C 3.0 9.3 1.0 17.44 185.9 23.7 227.6 11.9 156.9 15.9
NGC 6352........ ... 50.1 34.1 10.3 18.42 56.3 9.5 57.4 6.6 41.3 5.7
NGC 6355........ C 3.0 8.7 1.0 18.05 335.1 57.2 440.9 27.1 329.7 22.6
NGC 6356........ ... 13.8 17.4 1.0 17.09 3543 22.1 436.9 18.3 3174 14.8
NGC 6380....... C? 204 21.7 2.1 19.96 183.6 14.1 2933 15.6 237.5 21.1
NGC 6388........ ... 7.4 12.7 L5 14.55 3037.5 614.1 3719.9 205.2 2796.2 161.0
NGC 6402........ ... 50.1 47.4 5.1 18.41 144.7 15.0 169.7 11.9 142.0 22.7
NGC 6397........ C 3.0 61.5 9.3 15.65 129.6 12.6 121.3 12.8 81.4 8.9
NGC 6401........ 14.8 11.4 1.1 18.67 248.6 233 3235 30.8 230.2 29.9
NGC 6426........ 15.8 2.0 1.5 20.37 271.3 361.8 407.5 122.0 297.2 101.8
NGC 6440........ 7.6 10.8 1.2 17.02 1792.8 259.4 2818.0 173.4 2332.7 153.9
NGC 6441........ ... 6.8 10.6 0.4 14.99 2765.7 138.4 3617.5 100.7 2737.8 72.0
NGC 6453....... C 42 7.6 1.2 17.35 394.4 55.0 475.6 33.1 336.0 39.6
NGC 649%........ ... 631 1159  30.1 20.10 37.2 9.8 37.2 3.8 26.1 2.7
NGC 6517........ 3.7 8.7 1.9 17.77 547.8 155.9 753.1 88.5 602.7 67.8
NGC 6522........ C 3.0 20.2 2.8 16.14 259.3 26.7 315.8 27.0 226.4 21.7
NGC 6535........ ..o 251 11.6 3.1 20.22 23.8 6.5 259 33 16.5 2.7
NGC 6539........ ..o 323 329 3.4 19.31 90.1 9.1 124.8 8.8 110.5 8.7
NGC 6540........ 1.8 1.4 1.6 16.40 1321.0 309.1 1335.6 269.4 767.2 223.0
NGC 6541........ C? 7.2 16.7 1.3 15.58 575.1 48.8 586.4 56.0 411.0 48.3
NGC 6544........ c? 132 32.0 7.2 17.31 588.0 78.6 694.5 84.5 522.7 63.0
NGC 6553........ ... 331 329 4.4 18.15 614.1 88.1 938.7 139.7 802.6 158.8
NGC 6558........ C 1.8 42 0.5 17.08 307.6 474 3255 27.6 206.7 28.9
NGC 6569........ . 224 19.7 3.7 18.08 244.9 45.0 304.9 414 215.2 324

NGC 6584........ ... 355 26.1 3.1 17.79 62.8 8.8 67.5 7.3 40.6 3.8
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TABLE 2— Continued

Surface
re(V)°  r(J) orsJ) Brightness (V) Ao(J) odo(J) Ao(H) oAy(H) Ap(K) 0Ay(K)
1D CC* (arcsec) (arcsec) (arcsec) (mag arcsec™2) (DN arcsec™?) (DN arcsec ) (DN arcsec ) (DN arcsec ) (DN arcsec™2) (DN arcsec™2)

NGC 6624........ C 3.6 7.0 0.7 15.42 1162.1 150.7 1338.5 143.2 1024.5 97.4
NGC 6626........ . 14.5 18.2 1.7 16.08 825.7 98.3 968.4 60.2 687.3 38.1
NGC 6637........ 20.4 19.2 2.3 16.83 436.6 74.6 525.4 37.0 367.6 304
NGC 6638........ . 15.8 12.0 1.0 17.27 309.8 25.8 343.8 28.1 251.8 27.3
NGC 6642........ c? 6.0 33 1.6 16.68 940.7 799.6 1074.4 134.4 745.2 93.0
NGC 6652. 43 8.2 1.4 16.31 3455 72.6 366.1 37.3 245.7 29.0
NGC 6656. 85.1 121.8 15.3 17.32 184.7 139 172.6 16.3 127.7 11.3
NGC 6681........ C 1.8 6.2 1.3 15.28 607.9 189.0 624.3 56.1 420.4 413
NGC 6712........ 56.2 50.7 8.4 18.65 111.7 12.2 128.8 12.6 94.1 9.2
NGC 6715........ . 6.5 7.4 0.3 14.82 1521.6 87.6 1697.2 57.6 1179.3 52.6
NGC 6717........ c? 4.8 6.3 0.9 16.48 320.1 68.8 348.2 222 239.5 14.9
NGC 6723........ . 56.2 47.6 2.7 17.92 106.3 6.9 108.9 5.0 75.0 37
NGC 6749. 46.2 56.1 4.1 21.54 101.7 3.4 153.4 4.8 124.2 43
NGC 6760. 20.0 17.3 2.8 18.79 349.9 60.3 517.8 56.0 406.5 56.0
NGC 6779........ 21.9 332 3.4 18.06 88.7 8.2 96.0 7.1 62.7 49
NGC 6809........ . 169.7 1449 10.3 19.13 44.8 2.4 473 3.1 30.5 2.0
NGC 6838........ 37.8 48.6 9.0 19.22 60.8 7.6 65.5 7.1 45.8 44
NGC 6864........ 5.8 7.2 0.6 15.55 793.2 109.9 869.3 34.1 619.4 33.7
NGC 6934........ 14.8 13.7 0.6 17.26 164.3 8.5 162.9 7.0 115.5 33
NGC 6981. 323 26.7 1.2 18.90 32.1 1.3 34.0 2.8 22.8 22
NGC 7006. 14.5 8.4 0.8 18.50 73.5 8.4 76.9 42 52.4 2.2
NGC 7089........ ... 20.4 19.7 2.0 15.92 504.2 325 522.0 15.0 315.5 33.0
NGC 7099........ C 3.6 14.7 1.2 15.28 243.9 25.0 206.9 36.9 131.2 32.1
Pal 2. . 144 12.5 1.0 19.39 14.4 33 92.0 3.6 75.0 33
Pal 6...ccooueeee. . 39.8 29.8 7.9 21.58 115.6 20.3 195.3 323 170.7 32.0
Pal 7o e 64.6 98.2 15.2 21.66 27.7 2.2 39.9 3.5 22.8 7.0
Pal 8...cccove 24.0 26.9 59 19.83 19.4 1.6 22.5 1.7 16.5 1.4
Terzan 1 ........... C 2.4 9.8 0.9 25.09 903.7 118.7 1725.4 95.5 1589.4 102.2
Terzan 2 . C 1.8 5.7 0.8 21.58 505.5 104.2 922.1 75.1 801.6 68.0
Terzan 5 .... .. 14.5 6.9 0.5 20.33 3208.7 257.7 7636.8 328.1 8107.6 365.3
Terzan 6 ........... C 3.0 7.8 2.1 20.76 170.4 33.6 386.4 51.7 403.2 65.9
Terzan 9 ........... C 1.8 7.2 1.8 23.21 539.8 148.8 989.5 129.3 869.4 122.1
Terzan 12 ......... ... 24.0 8.6 75.8 8.5 148.4 9.8 132.0 7.8
Djorg 1............. 19.2 8.1 2.3 23.10 64.7 17.1 103.5 13.3 90.8 10.9
HP 1. C 15.7 3.7 126.1 28.3 178.9 28.4 123.2 21.6
Liller 1 52 0.5 858.4 130.1 858.4 130.1 3337.1 220.0
Ton 2.. 324 24.8 43 22.16 83.9 6.1 1324 7.9 106.0 8.0
UKS 1 9.0 13.5 1.1 25.52 178.9 12.7 547.7 21.1 625.6 25.5

Note.—Values are given as measured, without reddening corrections. Table 2 is also available in machine-readable form in the electronic edition of the Astronomical

Journal.

# «C” denotes a known core-collapsed GC. “C?” indicates a known probable core-collapsed GC.
® Values of (V) are preferentially from TKD95 or from H96. Values of r.(V) are from H96 for all probable core-collapsed GCs.

¢ Surface brightness (V) from H96.

4 Beccari et al. (2006) gave r.(V) = 19 for NGC 6266 and found that it is not a core-collapsed GC.

There are two other GCs in our sample with [Fe/H] > —0.2 dex,
Terzan 5 and Liller 1. Their adopted high metallicities are taken
from H96; neither is included in the compilation of Kraft & Ivans
(2003). Origlia et al. (2002) and Origlia & Rich (2004), who
analyzed high-resolution near-IR Keck spectra for luminous giants
in Liller 1 and Terzan 5, confirmed the very high metallicity of
both of these GCs. The moderate-resolution IR spectroscopy of
individual red giants in Liller 1 by Stephens & Frogel (2004) also
supports a very high metallicity for Liller 1.

All of the GCs in the Kraft & Ivans (2003) compilation with
metallicities higher than that of 47 Tuc or M71 are in fact from
Rutledge et al. (1997). The (high) Fe metallicities we have adopted
above for NGC 6528 and NGC 6553 then suggest that the rela-
tionship between IR Ca triplet line strength (the W’ parameter of
Rutledge et al. [1997]) and [Fe/H] becomes nonlinear at high
[Fe/H], contrary to the assumption made by Kraft & Ivans (2003).
Of the high-metallicity GCs incorporated into the compilation in

this way, only NGC 6304 is probably affected (its [ Fe/H] being
underestimated) at a level exceeding 0.1 dex.

Results from the extensive program of Carretta & Gratton
(1997), including high-dispersion analyses of a sample of 24 Ga-
lactic GCs, are not incorporated into the compilation of Kraft &
Ivans (2003). Carretta & Gratton (1997) studied only one GC with
[Fe/H] > —0.7 dex not already included in the more extensive
compilation of Kraft & Ivans (2003), NGC 6352; their derived
[Fe/H] is within 0.05 dex of that from H96. Kraft & Ivans (2003)
did not include NGC 5272 (M3) in their compilation. We adopt
[Fe/H] (Fe m) from Cohen & Melendez (2005), adjusted for the
difference in log e(Fe) for the Sun, of —1.36 dex.

For the 64 GCs in our sample with no entry in the Kraft & Ivans
(2003) compilation or not specifically discussed above, the
[Fe/H] values given in the current online database of H96, which
are primarily from Zinn & West (1984), are adopted. The [Fe/H]
values we adopt and their sources are given for each GC in Table 3.
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4. FORMING THE COLORS

We use the values of E(B — V') values given in H96 to remove
the interstellar extinction. We adopt the reddening curve of Cardelli
etal. (1989),4/E(B — V') = 3.10,0.90,0.58,and 0.37 for ¥, J, H,
and K, respectively. Integration of the King profile fits out to a
specified radius for each filter VJHK, then produces the integrated
light magnitudes of the Galactic GCs. As discussed above, due to
problems in using the TKD95 polynomial fits, we directly inte-
grated the observed V surface brightness measurements in many
cases. We also ended up doing this for the IR colors as well for
most of the GCs in our sample, as we see below.

We divide the sample of Galactic GCs into three groups based
on reddening and the accuracy of the central surface brightness
at K of the fitted King profile. The “best” group has a signal-
to-noise ratio (S/N) for Ky > 10 and E(B — V') < 0.4 mag for
V — K. A larger reddening can be tolerated forJ — K; while still
introducing a fixed maximum uncertainty in the color due to the
much lower sensitivity of this color to a change in E(B — V).
Taking into account the size of the range in color, as well as the
dependence of reddening on wavelength, we adopt a cutoff in
E(B — V') of 1.0 mag for J — K. The “fair” group has, for both
of these colors, the S/N limit reduced to 5. The total sample stud-
ied here is 105 Galactic GCs; the number in each group is given in
Table 4.

Since the values of . and 7; are fixed for J, H, and K, the pho-
tometric errors in IR — IR colors can be calculated directly from
the uncertainties in the central surface brightness found from the
King profile fits and the uncertainties in the background values.
This ignores other sources of errors such as an incorrect choice
of E(B — V). If we assume a 20% uncertainty in E(B — V"), then
an uncertainty in J — K of 0.1 mag results when E(B — V) =
2.1 mag; the reddenings of five of the GCs in our sample exceed
that value. The centroiding error is less important, since the same
center was adopted for each of J, H, and K.

This straightforward error calculation of the photometric er-
rors leads to substantial uncertainties for 2MASS — 2MASS col-
ors for the fainter GCs. The A, values deduced from the King
profile fit are subject to centroiding and stochastic problems,
which increase the dispersion among the eight sectors in each
radial annulus. This increase in ¢ increases the uncertainty in the
derived Ay, and hence the calculated uncertainty for the IR — IR
colors. Given the small range in IR — IR colors such as J — K,
an uncertainty larger than 0.1 mag is highly undesirable. For those
GCs with o(J — K;) > 0.15 mag as calculated from the King
profile fit parameters, we therefore bypassed the King profile fits
and instead directly integrated our own measured surface bright-
ness profiles from the 2MASS images in J, H, and K out to the
desired radius of 50" rather than integrating the fitted King profile.
This is equivalent to aperture photometry with some censoring of
the data to eliminate bright noncluster members. In the end, this
was done for essentially all (104) of our sample of Galactic GCs.
We used the means for the central two annuli and the medians for
the outer annuli, so as to eliminate bright field stars. The un-
certainties from statistical fluctuations in measurements in any
2MASS — 2MASS color then become much smaller, as many
pixels contribute to each measurement. Thus the S/N limits of
10 and 5 adopted for the “best” and ““fair” samples actually cor-
respond to much larger values of S/N. Maximum errors in J, H,
and K using direct integration become 0.15, 0.15, and 0.21, mag
respectively.

Colors and their uncertainties for an aperture with a radius of
50" are given in Table 3. IR colors based on 2MASS images can-
not be determined accurately for apertures much larger than the

50" radius adopted here due to the modest depth of these images.
All colors in this table are reddening corrected and on the 2MASS
system. There are no blue outliers; i.e., there are no GCs in our
sample with (V' — Kj), < 1.7 mag. Only two of the GCs in our
sample are red outliers, with (V' — K), > 4.3 mag; they lie be-
yond the maximum (V" — Kj), displayed in all our figures. They
are Ton 2 and Djorg 1, both of which have E(B — V') > 1.0 mag,
and neither of which can be regarded as well-studied GCs with
accurately determined metallicities or reddenings.

The uncertainties in IR — IR colors derived from measure-
ment of 2MASS images that are obtained via direct integration
of our surface brightness profiles are small as the expected ran-
dom (assumed Gaussian) fluctuations in measurement are small
and the all-sky calibration of 2MASS photometry eliminates
errors in the photometric zero point. However, many more terms
make substantial contributions to the uncertainties in optical — IR
colors such as V' — K; in addition to the expected random (as-
sumed Gaussian) fluctuations in measurement. Optical — 2MASS
colors are seriously affected by nonrandom errors specific to each
GC, such as incorrect zero points for the V' photometry, incorrect
choice of reddening, or perhaps to a smaller extent inconsistent
choice of the adopted cluster center for the two filters forming the
color. We consider the contributions to the uncertainty in an
optical — IR color of two of these in detail.

A check was made to determine how prevalent small errors
for the GC center locations taken from H96 might be. We looked
in the range of values of the background-subtracted amplitudes
for the eight sectors in the inner two annuli of each GC, establish-
ing the ratio (R) of the maximum to the minimum value in each
color and checking the position angle of the sector that gave the
maximum value of R. About two-thirds of those checked with
adequate signal level (more than 100 DN in each color in each
sector of the central two annuli) showed systematic evidence for
a centroiding error, with R > 1.4 for at least four of the six pos-
sible combinations of filter and annulus, and, in addition, showed
agreement in the sector position angle that gave the maximum
signal between the first and second annulus for at least two of the
three filters. It is highly unlikely that contamination by field stars
could produce this in regions including and so close to the GC
center. Sampling (stochastic) errors can also be ruled out as the
culprit as even some of the brightest GCs showed this. We there-
fore suspect that small errors of a few arcseconds in the published
centroid location of Galactic GCs are common. Examples of the
implications of such positional inconsistencies on the derived
magnitudes and colors are shown in Table 1. The GCs included
in that table are just those that early in the course of this analysis
we happened to notice might have centroiding problems. We
see that for two choices of cluster center location separated by
~5" integrating the fitted King profiles produces changes in
optical — IR colors reaching 0.2 mag (only up to 0.1 mag for
IR — IR colors), while integrating the IR surface brightness di-
rectly produces changes that are generally smaller for both the
integrated IR magnitude and the IR — IR colors. This is another
reason why we decided to use direct integration in preference to
integrating the fit King profile.

The second error source we consider in detail is potential sto-
chastic effects due to the small number of stars near the tip of the
RGB, which dominate the light in the IR. This error term is larger
for optical — IR colors than for IR — IR colors. It is larger for
more metal-rich GCs, with their very cool and red stars near the
RGB tip, than for metal-poor GCs. We assume that photometric
contamination from nonmembers has been largely eliminated
by the use of the sector median for annuli with r.¢ > 10, an as-
sumption that may not be valid for faint clusters at low Galactic



TABLE 3

REDDENING-CORRECTED INTEGRATED-LIGHT IR CoLors FOrR GaLacTic GCs

EB-V) [Fe/H] V — K, J—-H o(J —H) J —K; o(J — K;) J3

D Class® (mag) (dex) [Fe/H] Code (mag) (mag) (mag) (mag) (mag) (mag)
NGC 104................... BB 0.04 —0.78 K103 2.60 0.55 0.03 0.74 0.03 3.83
NGC 362.......cccuueee. FF 0.05 —1.21 K103 2.53 0.52 0.03 0.64 0.03 5.32
NGC 1261................. BB 0.10 —1.19 K103 2.05 0.44 0.05 0.50 0.06 7.31
NGC 1851. . BB 0.02 —1.12 K103 2.66 0.53 0.03 0.65 0.03 5.90
NGC 1904................. BB 0.01 —1.59 K103 2.08 0.49 0.04 0.58 0.05 7.16
NGC 2298................. BB 0.14 —2.04 K103 2.39 0.38 0.11 0.52 0.13 8.17
NGC 2419..........c...... BB 0.11 —2.12 K103 2.20 0.41 0.32 0.48 0.39 9.48
NGC 2808................. BB 0.22 —1.23 ZW84, H96 2.50 0.51 0.25 0.62 0.03 4.64
NGC 3201................. FF 0.23 —1.40 K103 2.09 0.44 0.05 0.51 0.07 7.02
NGC 4147 BB 0.02 —1.75 K103 1.88 0.41 0.25 0.50 0.31 9.29
NGC 4590. BB 0.05 —2.43 K103 1.94 0.43 0.09 0.45 0.13 8.00
NGC 4833. BB 0.32 —2.04 K103 2.14 0.39 0.04 0.43 0.05 6.46
NGC 5272. BB 0.01 —1.36 CMO5 223 0.52 0.03 0.61 0.04 5.96
NGC 5286 BB 0.24 —1.65 K103 2.26 0.49 0.03 0.55 0.03 5.70
NGC 5634 BB 0.05 —1.88 ZW84, H96 1.85 0.36 0.11 0.48 0.13 8.22
NGC 5694 BB 0.09 —2.08 K103 2.26 0.51 0.13 0.56 0.16 8.52
NGC 5824 BB 0.13 —1.85 ZW84, H96 221 0.46 0.05 0.54 0.06 7.33
NGC 5904. FF 0.03 —1.25 K103 2.19 0.49 0.03 0.61 0.03 5.67
NGC 5927. AF 0.45 —0.37 ZW84, H96 3.17 0.58 0.03 0.74 0.03 5.67
NGC 5946. AF 0.54 —1.38 ZW84, H96 1.98 0.49 0.04 0.55 0.04 6.67
NGC 5986 BB 0.28 —1.56 K103 2.15 0.47 0.03 0.56 0.03 6.13
NGC 6093 BB 0.18 —1.72 K103 223 0.50 0.03 0.59 0.03 5.79
NGC 6121 AA 0.36 —1.15 K103 2.24 0.44 0.03 0.52 0.03 5.77
NGC 6139 AB 0.75 —1.68 ZW84, H96 2.49 0.52 0.03 0.55 0.03 5.72
NGC 6171. BB 0.33 —1.02 K103 2.64 0.53 0.04 0.60 0.05 6.86
NGC 6205. BB 0.02 —1.53 K103 2.11 0.46 0.03 0.54 0.03 5.93
NGC 6218. FF 0.19 —1.26 K103 1.92 0.37 0.04 0.46 0.06 6.99
NGC 6229 BB 0.01 —1.43 784, H96 2.43 0.53 0.08 0.63 0.10 8.00
NGC 6235 FF 0.36 —1.32 K103 1.95 0.51 0.11 0.57 0.13 8.08
NGC 6254 AA 0.28 —1.43 K103 2.19 0.47 0.03 0.54 0.03 5.91
NGC 6256 AA 1.03 —0.70 H96 3.00 0.61 0.04 0.63 0.05 6.40
NGC 6266. AB 0.47 —1.12 K103 2.33 0.54 0.03 0.62 0.03 4.26
NGC 6273. AB 0.41 -1.79 K103 2.46 0.48 0.03 0.54 0.03 5.11
NGC 6284. BB 0.28 —1.32 ZW84, H96 2.47 0.44 0.03 0.52 0.04 6.73
NGC 6287 AB 0.60 —2.05 ZW8g4 2.56 0.53 0.03 0.61 0.03 6.46
NGC 6293................. AF 0.41 —-1.92 ZW84 221 0.43 0.03 0.47 0.03 6.20
NGC 6304................. AB 0.53 —0.59 ZW84 2.69 0.59 0.03 0.71 0.03 5.63
NGC 6316................. AB 0.51 —0.55 ZW84, H96 3.19 0.65 0.03 0.77 0.03 5.92
NGC 6325. AB 0.89 —-1.17 ZW84, H96 241 0.51 0.05 0.57 0.05 6.71
NGC 6333. BB 0.38 —1.75 ZW84, H96 2.17 0.47 0.03 0.53 0.03 5.90
NGC 6341. . BB 0.02 —2.38 CMO07 2.06 0.45 0.03 0.53 0.03 5.88
NGC 6342................. AF 0.46 —0.65 ZW84, H96 2.53 0.55 0.05 0.62 0.06 7.14
NGC 6352...cconeueuenee FF 0.21 —0.69 K103 1.98 0.48 0.06 0.59 0.07 7.25
NGC 6355........ccuu.e. AB 0.75 —1.50 ZW84 2.66 0.58 0.03 0.64 0.03 6.36
NGC 6356 BB 0.28 —0.50 ZW84, H96 2.65 0.61 0.03 0.70 0.03 6.22
NGC 6380. AA 1.17 —0.50 785, H96 3.15 0.63 0.03 0.69 0.03 5.51
NGC 6388. BB 0.37 —0.60 ZW84, H96 2.65 0.62 0.03 0.75 0.03 4.30
NGC 6397. FF 0.18 —2.11 K103 1.94 0.34 0.03 0.41 0.03 6.05
NGC 6401 AF 0.72 —0.98 ZW84, H96 2.89 0.57 0.03 0.64 0.04 6.22
NGC 6402................. AF 0.60 —1.39 ZW84 2.34 0.48 0.03 0.53 0.03 5.56
NGC 6426................. AA 0.36 —2.26 ZW84, H96 2.66 0.57 0.27 0.58 0.31 9.17
NGC 6440................. AA 1.07 —0.34 ZW84, H96 3.06 0.66 0.03 0.74 0.03 441
NGC 6441................. AB 0.47 —0.53 ZW84, H96 2.68 0.62 0.03 0.74 0.03 4.47
NGC 6453........cc.c.... AF 0.66 —1.53 ZWg4 2.61 0.49 0.03 0.58 0.03 6.23
NGC 6496. . FF 0.15 —0.69 K103 3.03 0.48 0.12 0.56 0.14 8.24
NGC 6517......ccuuc. AA 1.08 —1.37 ZW84, H96 322 0.48 0.03 0.49 0.03 6.02
NGC 6522................. AB 0.48 —1.36 K103 2.50 0.57 0.04 0.65 0.04 5.84
NGC 6528................. AB 0.54 0.07 Car01 4.04 0.65 0.03 0.78 0.03 5.50
NGC 6535......ccueeeee. FF 0.34 —1.76 K103 2.11 0.45 0.22 0.43 0.28 8.90
NGC 6539........c....... AB 0.97 —0.66 ZWg4 2.79 0.52 0.04 0.64 0.04 6.17
NGC 6540................. AA 0.60 —1.20 H96 3.95 0.50 0.04 0.55 0.04 6.63
NGC 6541. FF 0.14 —1.78 K103 2.33 0.41 0.13 0.42 0.15 5.66
NGC 6544. AF 0.73 —1.35 K103 2.40 0.49 0.03 0.59 0.03 5.34
NGC 6553. . AF 0.63 —0.06 Coh99, Car01 3.73 0.69 0.03 0.87 0.03 4.53
NGC 6558................. AF 0.44 —1.44 ZW84 2.35 0.49 0.06 0.54 0.07 7.29
NGC 6569................. AF 0.55 —0.86 ZWg4 2.57 0.59 0.03 0.65 0.03 6.03
NGC 6584................. BB 0.10 —1.49 ZW84, H96 2.33 0.45 0.08 0.51 0.09 7.78
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TABLE 3— Continued
EB-V) [Fe/H] V — K, J-H o(J—H) J —K; o(J — Ky) J30

D Class® (mag) (dex) [Fe/H] Code (mag) (mag) (mag) (mag) (mag) (mag)
NGC 6624.... BB 0.28 —0.69 K103 2.82 0.60 0.03 0.73 0.03 5.85
NGC 6626.... AB 0.40 —1.12 K103 243 0.52 0.03 0.60 0.03 5.02
NGC 6637 BB 0.16 —0.80 K103 2.99 0.61 0.03 0.75 0.03 5.85
NGC 6638.................. AF 0.40 —0.92 K103 2.36 0.53 0.03 0.61 0.03 6.44
NGC 6642.................. AF 0.41 —1.35 ZW84, H96 2.67 0.60 0.03 0.65 0.04 6.79
NGC 6652 FF 0.09 —0.69 ZW84, H96 2.51 0.52 0.05 0.60 0.06 7.37
NGC 6656.... BB 0.32 —1.64 ZW84, H96 2.37 0.41 0.03 0.50 0.03 5.03
NGC 6681.... BB 0.07 —1.54 K103 2.04 0.45 0.04 0.53 0.05 7.09
NGC 6712.... AB 0.45 —1.02 K103 2.26 0.44 0.03 0.50 0.04 6.43
NGC 6715 BB 0.15 —1.41 K103 2.40 0.55 0.03 0.66 0.03 5.92
NGC 6717....cccovueuenne BB 0.22 —1.21 K103 2.60 0.39 0.05 0.49 0.06 7.33
NGC 6723.....cceueuee BB 0.05 —1.03 K103 2.42 0.49 0.03 0.57 0.04 6.74
NGC 6749.......cccccuue. AA 1.50 —1.60 H96 2.86 0.48 0.04 0.44 0.03 5.62
NGC 6760.... AF 0.77 —0.52 ZW84 3.06 0.63 0.03 0.72 0.03 5.59
NGC 6779.... BB 0.20 —1.94 ZWg4 2.11 0.47 0.04 0.53 0.05 7.11
NGC 6809.... . BB 0.08 —1.82 K103 2.43 0.38 0.07 0.44 0.09 7.62
NGC 6838......cccccueueeee FF 0.25 —0.73 K103 2.72 0.47 0.06 0.53 0.07 7.32
NGC 6864.................. BB 0.16 —1.16 ZW84, H96 2.36 0.52 0.03 0.61 0.03 6.73
NGC 6934.......cvuenee. BB 0.10 —1.54 ZWg4 2.03 0.46 0.06 0.55 0.07 7.50
NGC 6981 FF 0.05 —1.36 K103 1.94 0.44 0.14 0.53 0.17 8.51
NGC 7006.... BB 0.05 —1.63 ZW84, H96 2.34 0.33 0.23 0.53 0.26 9.09
NGC 7089.... FF 0.06 —1.51 K103 1.63 0.47 0.03 0.57 0.03 6.18
NGC 7099 AA 0.03 —2.32 K103 2.09 0.41 0.03 0.49 0.04 6.84
IC 1276 ... AA 1.08 —0.73 H96 3.09 0.62 0.08 0.67 0.09 6.54
Pal 2. AA 1.24 —1.30 H96 . 0.56 0.13 0.56 0.14 7.65
Pal 6. AA 1.46 —1.09 785, H96 3.51 0.67 0.09 0.72 0.10 5.31
Pal 8. FF 0.32 —0.48 ZW84 3.00 0.54 0.13 0.62 0.14 7.86
Terzan 1 ......ccccccceneee AA 2.28 —1.30 AZ88, H96 0.52 0.03 0.44 0.03 3.88
Terzan 2 .......cccoceueueee AA 1.57 —0.40 AZ88, H96 . 0.58 0.03 0.63 0.03 5.54
Terzan 5 ... AA 2.15 0.00 AZ, H96 3.63 0.75 0.03 0.80 0.03 3.26
Terzan 6 ... AA 2.14 —0.50 AZ88, H96 0.74 0.06 0.77 0.05 5.39
Terzan 9 ... AA 1.87 —2.00 AZ88, H96 0.57 0.03 0.55 0.03 4.96
Terzan 12 ................... AA 2.06 —0.50 H96 0.73 0.06 0.72 0.06 5.52
HP 1. AF 0.74 —1.55 AZ88, H96 0.74 0.09 0.85 0.10 6.09
UKS 1 AA 3.09 —0.50 ZW84, H96 0.68 0.03 0.61 0.03 425
Djorg 1. AA 1.44 —2.00 H96 4.72° 0.65 0.13 0.77 0.12 6.37
Ton 2..... AA 1.24 —0.50 H96 4.17° 0.62 0.05 0.66 0.05 5.95
Liller 1 .. AA 3.06 0.22 AZ88, H96 0.77 0.03 0.78 0.03 4.18

Note.—All values are for a 50" radius aperture.

? First letter denotes (V — Kj) class, second letter IR color class; B: Best, F: Fair (and not Best), A: All (i.e., not B or F).

® These GCs appear to have problems in the ¥ surface brightness zero point or substantial errors in E(B — V).

REerereNces.—[ Fe/H] sources: KI03: Kraft & Ivans 2003; AZ88: Armandroff & Zinn 1988; Z85: Zinn 1985; ZW84: Zinn & West 1984; H96: Harris 1996 and
references therein; Coh99: Cohen et al. 1999; Car01: Carretta et al. 2001; CMO05: Cohen & Melendez 2005; CMO07: J. Cohen & J. Melendez 2007, in preparation.

TABLE 4
NumBERs OF GaLAcTIC GCs IN OUR SAMPLES

Maximum E(B — V) S/N (Kj)*
Group (mag) (Minimum) Number

J - Kv
Best .o 1.0 10 52
Fair.....coc..... 1.0 5 82
All e . . 105°

V —K;
Best ..o 0.40 10 38
Fair.....cccoeenee 0.40 5 53
PN | O . . 96"

% S/N determined from fitted King profile surface brightness evaluated in
central 5” of GC. Actual S/N from pseudoaperture photometry is much higher.

® This includes 47 Tuc, with IR data from the 2MASS Large Galaxy Atlas.

¢ Nine of the sample GCs have no accurate V surface brightness profile.

latitude, for which most of the light may come from within 10",
Here we evaluate the potential stochastic error in V' — K arising
from cluster members using the relationship for sampling errors
of King (1966b) and the luminosity function of M3. The V-band
luminosity function is from Sandage (1957), while ' — K colors
along the isochrone are taken from the grid of Girardi et al. (2002).
Atatotal luminosity of 1% that of M3, the sampling error (£) in
V — K is 0.06 mag. The fractional sampling error for each GC
is then E o [L(M3)f(M3)/Lf]"?, where f is the fraction of the
total light in the aperture of interest. For the GCs studied here
and with our adopted aperture radius of 50”, the sampling error in
V' — K ranges up to 0.15 mag; the value for M3 itselfis 0.01 mag.
This term dominates the ¥ — IR color error in a few cases and is
comparable to the probable V' photometric zero-point uncertainty
error in additional cases.

Many other factors may also contribute to the optical — IR color
uncertainties for GCs. For those clusters with large E(B — V'),
the reddening will surely be patchy over the face of the GC (see,
e.g., Cohen & Sleeper 1995). Application of standard reddening
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“all” (adding in GCs denoted by small open circles) GCs with IR surface brightness profiles from 2MASS derived here. Clusters that are, or might be, core-collapsed

as indicated in TKD95) are circled. An aperture 50” in radius is used.
p

corrections with any adopted effective E(B — V') cannot accu-
rately reproduce the true reddening corrections of such objects.
For the GCs with very high background stellar density, such as
those seen against the Galactic bulge, the issue of field star con-
tamination may become important, although we have taken a
number of steps to minimize this. It should also be noted that we
have assumed circular isophotes, a valid assumption for most
GCs. White & Shawl (1987) find that only 32% of Galactic GCs
are flatter than b/a < 0.9, and 5% are flatter than 0.8 (NGC 6273

being the flattest of their sample of 100 GCs, with b/a = 0.73), so
on the whole the Galactic GCs are quite round.

Bearing all this in mind, we ascribe to optical — IR colors un-
certainties of 0.20 mag for the “best” sample and 0.25 mag for the
“fair” sample of GCs considered here. Even larger uncertain-
ties seem appropriate for the remaining GCs due to their high
reddenings.

Figures 3 and 4 show the reddening-corrected (V' — Kj), and
(J — Ky), colors as a function of [ Fe/H ] for the sample of “best,”
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“fair,” and all included GCs. The “best” sample is shown as large
filled circles in the top left panel of both figures. Smaller filled
circles are used in the other two panels to denote those GCs in the
“fair” sample not included in the “best” sample, while those not
included in the “fair” sample are shown in the bottom left panels
as small open circles. The J — K plot shows a very good relation-
ship with small scatter. Even the plot in the bottom left panel in-
cluding all 105 GCs in our sample looks quite good. The outlier in
the “fair” sample is HP 1, which has a high uncertainty inJ — K
and lies ~2.5 o higher than typical for its [ Fe/H]. But in a sample

this large, one such outlier might be expected, and, in addition,
this GC can hardly be considered a well-studied cluster with an
accurately determined reddening or metallicity.

The V — K plot (Fig. 3) has a much larger vertical scale than
does Figure 4. The relationship between (V' — K;), and [Fe/H] is
good, but, not surprisingly, shows a significantly larger disper-
sion than that of (/ — Kj), versus [Fe/H]. The bottom left panel,
displaying the 96 GCs with photometrically calibrated V' surface
brightness profiles, has a very large o due in part to the high
E(B — V') values of some of the GCs included here. None of the
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TABLE 5
Fits To INTEGRATED-LIGHT CoLORs FOR GaLacTic GCs as a Function of [Fe/H]

Number A(0) AQ2) o about Fit
Group of GCs Order of Fit® (mag) A(1) (mag™") (mag)
V—-J
38 1 2.15 0.268 0.17
38 2 2.33 0.552 0.010 0.17
53 1 2.15 0.282 . 0.23
53 2 2.51 0.851 0.202 0.22
56 2 2.89 1.399 0.380 0.24°
V—-H
38 1 2.78 0.373 . 0.17
38 2 3.10 0.872 0.172 0.17
53 1 2.75 0.374 . 0.24
53 2 3.19 1.070 0.247 0.23
56 2 3.57 1.610 0.423 0.24¢
V — K
BESt .t 38 1 2.93 0.409 . 0.18
BESt i 38 2 325 0.903 0.170 0.17
Fair .o 53 1 2.89 0.404 . 0.24
Fair ..ccoeeiiene 53 2 3.30 1.071 0.125 0.24
Fair + high [Fe/H]® 56 2 3.59 1.481 0.371 0.23°
Aaronson et al. (1978)% .............. 14 1 297 £0.11 0.50 £ 0.07
J —K;
BESt i 52 1 0.785 0.135 . 0.06
Best ..... 52 2 0.824 0.216 0.035 0.06
Fair...... 82 1 0.794 0.148 . 0.07
Fair 82 2 0.829 0.227 0.034 0.07
Fair + high [Fe/H]°...... 84 2 0.827 0.224 0.033 0.07
Aaronson et al. (1978)d ............... 14 1 0.82 + 0.03 0.14 + 0.02
J—-H
52 1 0.638 0.094 . 0.05
52 2 0.673 0.167 0.030 0.05
82 1 0.646 0.104 . 0.06
82 2 0.669 0.155 0.022 0.06
84 2 0.672 0.159 0.023 0.06

* Fit is linear (1) or quadratic (2).

® Adds those GCs in our sample with [Fe/H] > —0.2 dex that are not already included. See text for details.

° If a linear fit is used, o rises to ~0.30 mag.

4 This represents the 1977 fit transformed from Johnson to 2MASS colors.

four GCs in our sample with [Fe/H] > —0.2 dex is included in
the “best” or “fair” V' — K sample; they each have reddenings
that exceed the cutoff value.

5.FITSTOV —-J,V—-H,V —K,and J — K
AS FUNCTION OF [Fe/H]

We fit various V' —IR and IR —IR 2MASS reddening-
corrected colors as a function of [ Fe/H]. Quadratic fits are given
for V—J,V—-—H,V—K,J— H, and J — K;. Linear fits are
given when there is little improvement between the linear and sec-
ond order fits. A fit for the “best” and for the “fair” samples are
carried out for each color. The coefficients for these fits are given
in Table 5, as are the rms dispersions about each fit of the sample
GCs. An augmented “fair” sample was created, which addition-
ally contains all of the four GCs in our sample with [Fe/H] >
—0.2 dex. This requires adding three GCs to the V' — K “fair”
sample (Liller 1 does not have a calibrated } surface brightness

profile, hence no V' — K color). Two GCs (Terzan 5 and Liller 1)
must be added to the sample for J — K. The uncertainty in (J' —
K;), is taken as 0.5 mag for Terzan 5, given its high reddening, and
is set to 0.3 mag for the other two added GCs. Uncertainties for the
four GCs with [Fe/H] > —0.2 dex in (J — Kj), are assigned as a
sum in quadrature of the photometric error and the consequence of
a 10% uncertainty in E(B — V). Fits for the augmented sample in
each color (also given in Table 5) enable us to probe the behavior
of the colors in the regime near solar metallicity.

Linear fits are adequate for all /7 — IR colors unless the very
high [Fe/H] GCs are added, at which point quadratic fits are clearly
superior. Linear fits suffice for the IR — IR colors of the GCs in the
“best” sample. However, the quadratic term is statistically signifi-
cant for the J — K “fair” sample, which already contains two of
the four highest metallicity GCs.

The dispersions around the fit of the measured IR — IR 2MASS
colors J — K, and J — H are small and only slightly larger than
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Fic. 5.—Luminosity function at K for 146 of the Galactic GCs.

the expected assuming Gaussian statistical variances of measure-
ment for the observed signal levels. Thus the many other potential
sources of error are not of great significance for these specific
colors. The rms dispersion around the fits to the J — IR colors
suggests typical total uncertainties in the V integrated light of
~0.25 mag, in good agreement with the estimates discussed
above for the many terms contributing to the total error.

The luminosity function for the Galactic GC system at K has
been formed by combining our (V' — Kj), colors with the total
absolute /" mags from the database of H96 for those GCs in our
sample with £(B — V') < 0.4 mag. For the remaining GCs, the
fitsto ' — Kj as a function of [ Fe/H] given in Table 5 have been
used to predict the integrated-light color from the Fe metallicity
of each GC (taken from H96). All 146 GCs from the H96 data-
base that have total M tabulated there are included. There are
perhaps another five known Galactic GCs, all of which are ex-
tremely reddened and poorly studied. Figure 5 shows the resulting
K luminosity function, which is peaked at M(K'), ~ —9.7 mag,
or L ~1.6x103 L, for Mx(2MASS) = 3.29 mag, and (adopt-
ing M/Lxy =1.4)isM ~22x10° M.

6. COMPARISON WITH OTHER STUDIES
6.1. The 1977 Data of Aaronson, Malkan, and Kleinmann

The only previous substantial body of photometry of the inte-
grated light of Galactic GCs in the IR is the work of M. Aaronson,
M. Malkan, and D. Kleinmann in the late 1970s. A brief de-
scription of their data is given in Aaronson et al. (1978), in
which the data were used in a number of plots. However, due to
M. Aaronson’s tragic and untimely death, the data were never
published in full.” We do so here in Table 6, recognizing again
that these are the data of M. Aaronson et al. as they existed in
1978. They observed the central regions of 54 GCs using a single-
channel photometer on the Kitt Peak National Observatory No. 1
0.9 m telescope with a beam size whose diameter in most cases
was 105”. Background corrections were made chopping to fields
~200" away. Integration times were set to achieve a photometric
accuracy of <0.02 mag for J, H, and K. Narrowband indices mea-

° The data from M. Aaronson that appear as Table 5 in Brodie & Huchra
(1990) were unofficial preliminary values for a subset of the clusters included in
the 1978 study.

suring the absorption in the 2.4 yum CO band and in the 1.9 pm
H,0 band were obtained as well for some of these GCs. They
combined these with optical surface brightness profiles from the
literature as it existed at that time to derive V' — K colors as well.
It is important to note that they used a smaller telescope than did
2MASS, with a now obsolete and noisy single-channel detector
but with longer integration times. They divided their final sample
into 14 calibrating GCs, whose reddenings and metallicities were
believed to be well known, 23 other GCs, which were believed
to be useful, and 27 GCs with only one or two measurements,
regarded as less reliable, which were not used in Aaronson et al.
(1978).

Two versions of this old data exist. The first is a list of the ob-
served colors, preserved by M. Malkan from about 1977 and re-
covered from old computer files. These are the values given in
Table 6. The observed broadband colors are listed, while the
reddening-corrected CO and H,O indices are tabulated. The red-
dening corrections for the narrowband indices are very small, as
the wavelength range covered in these measurements is very narrow.
Frogel etal. (1979) used E(CO)/Ay = —0.007' and E(H,0)/4y =
0.019 mag, so any difference between the £(B — V") values adopted
in 1978 versus those in current use has a negligible effect. The
second archive of these integrated-light GC observations is a
list preserved in a notebook from 1977 of the dereddened values
used by J. C. to generate the figures and fits presented in Aaronson
et al. (1978). These values agree well with those in M. Malkan’s
archive for J — K (the mean difference for 37 GCs is 0.01 mag,
with 0 = 0.04 mag) with somewhat larger differences in V' — K
(the mean difference for 35 GCs is 0.04 mag, with ¢ = 0.11 mag).
It is believed that these differences arise from the slightly dif-
ferent values of E(B — V') and of the mean colors used in 1977
during the preparation of the manuscript for Aaronson et al.
(1978) versus those adopted and archived by M. Malkan at the
end of all relevant observing runs and reduction thereof in 1979.
The four GCs with A(V — K) exceeding 0.20 mag between the
two independent archives are marked in the table. The nominal
errors of these measurements, excluding the 27 considered less
reliable, henceforth ignored here, are £0.15 mag for V' — K and
£0.04 mag for J — K.

In order to compare our colors derived from 2MASS and those
of M. Aaronson et al. as they existed in 1978, we transform the
observed colors recorded by M. Malkan from the CIT system to
which we believe the measurements were calibrated'! into that
of 2MASS using the equations in § 4.3 of Carpenter (2001). We
show in Figure 6 our “best” and ““fair” samples in the reddening-
corrected colors (V' — K;), and in (J — K;), as a function of
cluster Fe metallicity with the results of M. Aaronson et al. super-
posed. Current values for the reddening and metallicity for each
GC are used with the 1977 observed colors in this figure. The
range of GC colors is much smaller in (J — Kj), thanitisin (V' —
K),; the scale of the y-axis of Figure 6 (fop) is correspondingly
much larger than that of the lower panels. The differences are
shown as functions of our derived 2MASS colors in Figure 7,
some statistics of these differences are given in Table 7. Observed
colors are compared here; the choice of E(B — V') and of metallic-
ity for each GC is irrelevant. This table shows that the dispersion
in the differences for V' — K, as measured in 1977 (transformed
into the 2MASS system) and our measurements is consistent
with the errors, and the means agree to within the uncertainties
of the measurements. For J/ — H and J — K, the dispersion in

1% The reddening-corrected CO indices are larger than the observed ones.
1 We thank the referee, J. Huchra, and J. Frogel for confirming that the CIT
system was used.



TABLE 6
AARONSON, MALKAN, AND KLEINMANN 1978 INTEGRATED-LIGHT PHOTOMETRY OF GALAcTIC GCs

V — K (Observed)? J — H (Observed)* H — K, (Observed)* CO Index (Dereddened)* H,0 Index (Dereddened)?
ID (mag) (mag) (mag) (mag) (mag)

Low Red Calibrators

NGC 5024................ 2.19 0.52 0.11 0.016 0.063
NGC 5272......cccucuee 2.22 0.55 0.08 0.021 0.024
NGC 5904................ 233 0.60 0.10 0.044 0.013
NGC 6205................ 2.62 0.59 0.10 0.031 0.034
NGC 6254 3.10° 0.65 0.13 0.022 0.044
NGC 6341. 2.20 0.48 0.10 —0.006 0.022
NGC 6838. 3.70° 0.72 0.17 0.075 0.045
NGC 7006. 2.37 0.53 0.09

NGC 7078 2.16 0.47 0.11 —0.006 0.017
NGC 7089................ 2.38 0.53 0.09 0.024 0.031
NGC 7099................ 2.09 0.49 0.09 0.007 0.039

High Red Calibrators

NGC 6121................ 3.54 0.75 0.17 0.065 0.015
NGC 6171................ 4.03° 0.78 0.19 0.089 0.052
NGC 6656................ 3.16 0.69 0.14 0.038 0.040
Low Red

NGC 1904................ 2.24° 0.52 0.07

NGC 2419................ 2.17 0.54 0.04 . ..
NGC 5634................ 2.44° 0.53 0.11 0.054 0.051
NGC 6093 2.92 0.61 0.11 0.011 0.042
NGC 6218. 2.68 0.62 0.11 0.041 0.092
NGC 6229. 2.50 0.58 0.08
NGC 6356. . 3.65 0.76 0.19 0.063 0.048
NGC 6637......cucu.... 3.23 0.80 0.17 0.073 0.064
NGC 6715................ 2.78 0.62 0.14

NGC 6864................ 2.93 0.62 0.12
NGC 6934................ 2.51 0.56 0.10 0.001 0.028
NGC 6981................ 2.72° 0.63 0.10

High Red

NGC 6273................ 3.37 0.66 0.15 0.019 0.023
NGC 6284................ 3.05 0.70 0.13

NGC 6293. 3.11 0.62 0.11
NGC 6333. 3.27 0.76 0.19 0.036 0.052
NGC 6402. . 3.89 0.76 0.19 0.045 0.064
NGC 6440................ 5.68 1.04 0.31 0.100 0.055
NGC 6544................ 4.50 0.84 0.21 0.038 0.015
NGC 6626................ 3.34 0.72 0.19 0.057 0.055
NGC 6638................ 3.83 0.77 0.15
NGC 6712................ 3.50 0.72 0.17 0.092 0.064
NGC 6779....cccueue.. 2.92 0.58 0.13 0.033 0.036

Others*

NGC 288.......cccuvnu... 2.11 0.60 0.13

NGC 1851. 2.51 0.63 0.10

NGC 2298. 0.59 0.13

NGC 2808. . 2.96 0.69 0.16

NGC 4147.....cuue.. ... 0.47 0.12

NGC 5286................ 2.98 0.63 0.16

NGC 56%................ 2.39 0.53 0.08

NGC 5824................ 2.53 0.59 0.12

NGC 5927....cuue. 0.89 0.28

NGC 5986................ 2.93 0.66 0.17

NGC 6139. 4.42 0.80 0.24

NGC 6304. 4.63 0.92 0.26

NGC 6316. 4.80 0.82 0.22

NGC 6342 4.05 0.81 0.22

NGC 6355................ 4.49 0.85 0.25

NGC 6388................ 3.69 0.78 0.21
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TABLE 6— Continued

V — K (Observed)” J — H (Observed)*

H — K, (Observed)”

CO Index (Dereddened)? H,0 Index (Dereddened)?®

D (mag) (mag) (mag) (mag) (mag)
NGC 6441 3.90 0.83 0.22
NGC 6517 5.17 0.86 0.26
NGC 6522 3.48 0.74 0.17
NGC 6528 4.52 0.89 0.23
NGC 6535 3.36 0.89 0.11
NGC 6539 5.45 1.00 0.28
NGC 6553 5.51 1.04 0.32
NGC 6624 3.61 0.78 0.21
NGC 6642 3.40 0.74 0.16
NGC 6681 2.52 0.61 0.12
NGC 6749 6.97 1.03 0.46
NGC 6760 4.98 0.95 0.28

# Observed colors of M. Aaronson et al., about 1977, unpublished; see brief description in Aaronson et al. (1978). These are in the CIT system, not the 2MASS
system. Part of this data set, in the form of reddening-corrected broadband colors, was published by Brodie & Huchra (1990).
° Discrepancy in ¥ — K between the two independent archives of the 1977 data exceeds 0.2 mag. See text for details.

¢ ¥V — K not used by Aaronson et al. (1978).
9 None of these were used by Aaronson et al. (1978).

the differences between the colors of M. Aaronson et al. (1977,
unpublished) photometry (transformed into the 2MASS system)
and our colors is small, only 0.07 mag, easily consistent with the
measurement uncertainties for the two data sets. However, there
is a small systematic offset, apparent in both Table 7 and in the
lower panels of Figure 7, of 0.13 mag, such that the 1977 colors
are systematically redder inJ — K and inJ — H than our colors.
This does not appear to be function of J — K but rather a constant
offset.

We ascribe these systematic offsets in the IR — IR colors be-
tween the 1977 data and the present set, at least in part, to the dif-
ficulty of tracing now exactly how the 1978 measurements were
calibrated and of transforming between the various photometric
systems involved. The J filter adopted by the 2MASS project is
somewhat broader than most other J filters, extending into the
adjacent blue and red H,O absorption bands; see the discussion
in Carpenter (2001), who has derived relationships between the
many flavors of JHK in use and the filter set adopted by 2MASS,
and in Cutri et al. (2003). When one examines the range of the
coefficients for transforming various types of J — K colors into
the 2MASS system over the full suite of IR photometric systems
in use, one concludes that it might be possible to explain the
small systematic offsets seen in Figure 7 (bottom) and in Table 7
for J — K and for J — H as errors in the coefficients of the
transformation equation we used. The definition of the A and K
filters are more consistent between the various IR photometric
systems in use than that of J, and hence H or K magnitudes are
less subject to such transformation uncertainties.

The coefficients of the fits to /' — K and J — K versus [ Fe/H]
derived by Aaronson et al. (1978) in 1977 (transformed into
2MASS colors) from their small sample of calibrating GCs (only
14 clusters) are included in Table 5. A comparison of these linear
fits with those to the “best” present measurements versus [ Fe/H ]
shows excellent agreement in both cases, as should be expected
given the agreement between the two data sets shown in Figure 6.
The constant coefficients for J — K; differ by only 0.03 mag, well
within the errors of the 1977 fit, with the 1977 data being slightly
redder for a fixed [ Fe/H], as expected from the discussion above.

Given the uncertainties of the M. Aaronson et al. data and the
present colors derived from 2MASS images, the agreement over-
all is very good for V' — IR(2MASS) and reasonably good for

IR — IR colors. We have demonstrated that the measurements of
integrated light colors of Galactic GCs carried out by M. Aaronson
etal. in 1977 appear to be valid and to agree reasonably well with
our current measurements based on 2MASS images. This sug-
gests that the overlap found by Frogel et al. (1980) between the
integrated-light colors of the M31 GCs and those of the Milky
Way GCs is also still valid. This might not hold for the ex-
panded set of objects today considered to be GCs in M31, but
see the discussion regarding the reliability of identifications of
purported young GCs in M31 by Cohen et al. (2005).

6.2. The Work of Nantais et al. (2006)

Very recently Nantais et al. (2006) presented a compilation of
infrared-light photometry for 96 Galactic GCs generated using
aperture photometry for diameters from 7” to 70” on 2MASS im-
ages. This was combined with integration of the optical surface
brightness measurements of Peterson (1986) to create ' — K col-
ors. Of these only 68 were considered reliable, the remainder hav-
ing problems in the matching of the optical and IR photometry.
A comparison of our results with theirs is shown in Figure 8 for
the sample in common, with statistics of the differences given
in Table 8. Those with V' —J < 0, considered not reliable by
Nantais et al. (2006), were excluded. They also excluded those
with V' —J < V —I; J. Nantais kindly supplied a list of those
GCs excluded as not reliable.

Figure 8 illustrates the differences in the two sets of colors for
the integrated light of Galactic GCs. The agreement in the mean
for these two data sets for the pure IR colors, i.e.,J — K;orJ — H,
is excellent, and the dispersion of the set of differences (0.12 mag)
is consistent with the photometric errors we have calculated
(given in Table 3). Since both sets are based on 2MASS images,
this agreement, while gratifying, is only to be expected. A com-
parison of the two sets of /' — K colors for the objects in com-
mon, however, shows a very large mean difference of 0.63 mag
(ours being on average redder) and a very large dispersion (o =
0.52 mag). This is quite unlike the comparison of our V' — K
colors for Galactic GCs with those of M. Aaronson et al. from
1977; compare Figure 8 (top left) with Figure 7 (top left) and
note the much larger range of ' — K shown in the latter figure.
Our V' — IR colors have been derived with some care and are in
good agreement with those of M. Aaronson from 1977. We
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believe that they are more reliable than those of Nantais et al.
(2006).

7. COLOR GRADIENTS WITHIN GLOBULAR CLUSTERS

Color gradients within 17, of the center of a GC can arise due
to stochastic effects of the small number of luminous giants
dominating the IR light. If these are by chance not symmetrically
distributed about the true center of the total integrated light of the
GC, adistortion of the central position will occur. This will result
in a small central region that is apparently redder and more lu-
minous than expected based on the cluster surface brightness pro-
file over a large radial range. For sparse clusters, there may be a

statistical fluctuation in the distribution of the most luminous red
giants such that there is no such star close to the location of the
optical center; a center bluer than the integrated cluster light would
then occur. However, we are interested here in possible larger
scale intrinsic gradients of the cluster light. While our data are not
ideal for this purpose given the short exposures and relatively shal-
low depth of the 2MASS images, we explore this issue.

Our analysis suggests that 7. is the same for each of J, H, and
K to within the errors, as is demonstrated for./ and K in Figure 2
(bottom right). We have explicitly assumed in the construction of
the surface brightness profiles for J, H, and K, from 2MASS
frames that r, and r.. are fixed for each GC. This in turn implies
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TABLE 7
ComPARISON OF IR INTEGRATED-LIGHT PHOTOMETRY OF GaLAcTIC GCs

Mean A o(Mean A)
Number in (2MASS[2006] — AMK[1978]%) (2MASS[2006] — AMK[1978]%)

Group Common (mag) (mag)
V- KS'

12 —0.15 0.25

35 —0.07 0.26

27 —0.12 0.25
J - Ks‘

12 —0.14 0.08

35 —0.13 0.07

34 —0.13 0.07

# M. Aaronson et al. (1978, unpublished); see brief description in Aaronson et al. (1978).
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TABLE 8

CompARISON OF IR INTEGRATED-LIGHT PHOTOMETRY OF GALAcTIC GCs FrRoM 2MASS: Us vERsus NanTals ET AL. (2006)

Mean A o(Mean A)
Number in (2MASS [us] — Nantais et al. [2006]) (2MASS [us] — Nantais et al. [2006])
Group Common (mag) (mag)
V — Ky: all reliable®............... 58 +0.63 0.52
J — Kj: all reliable®................ 59 —0.01 0.12
J — Hy: all reliable® ............... 59 —0.02 0.13

# Includes only those GCs regarded as “reliable” by Nantais et al. (2006). Those with ¥ —J < 0, among others, are excluded.
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that IR — IR colors for Galactic GCs are independent of radius,
depending only on the ratio of the central surface brightness in
the two colors. Furthermore, we consider the IR surface bright-
ness profiles as uncertain at radii approaching r,. Thus, only the
optical — IR colors among those considered here could poten-
tially reveal color gradients, and those only over a radial range
extending out to » < r,. Given our assumptions, the existence of
a color gradient in V' —J, V' — H, and V' — K; would manifest
itself in our analysis as a difference between 7. for Vand that for
the 2MASS filters. If r.(V') is larger than r.(J), the value to
which we set r.(H) and r.(K;), then the integrated V' — J will
become bluer as r increases over the radius range from 0 out to
about 5r,, after which the color gradient is not easily detected,
since 7, was assumed to be the same for all colors investigated
here. If r.(V') is smaller than r.(J), ' — J will become redder as
r increases over that radial range.

The existence of color gradients, at the level to which we can
detect them, thus depends on whether there are GCs for which r,
is not the same for Vand for J. Figure 2 shows that for most GCs,
the assumption of equality is valid. This figure was constructed
assuming that the error in 7.(7"), which we do not know, is 1.0".
If we raise that to 2.0”, then only 11 GCs may show a detect-
able color gradient. Several of these are probable or definite core-
collapsed GCs as indicated below. NGC 1904 (C?), NGC 4833,
NGC 6266 (C?), NGC 6397 (C), NGC 6522 (C), and NGC 6356
haver.(V) —r.(J) > 2.5 o (Ar.), while NGC 6333, NGC 6584,
and NGC 7006, with the same 2.5 o tolerance, have r.(J) >
r.(V). Only NGC 6266 (C?) and NGC 6397 (C) have a difference
exceeding 4 o; these are a definite core-collapsed GC and a prob-
able one, respectively, so large differences in (V") versus r.(IR)
should be expected given the spatial resolution of the 2MASS
images.

The accuracy of the set of values of 7.(7'), which we have as-
sumed here to be high (i.e., <2"), is crucial to this argument. Yet
the very recent work of Beccari et al. (2006), who determined an
accurate V surface brightness profile for the cluster NGC 6266,
demonstrates that concern with the accuracy of values of .(V')
in compilations such as H96 is warranted. Their recent precision
measurement of r.(¥") for this GC is 19”, in agreement with our
value of 7.(J) of 25.6"" &+ 2.9”, but is 30% larger than the value
given by H96. This resolves one of the two cases for which a
discrepancy of 4 o or larger appears to exist between the Vand IR
core radius. Furthermore, although TKD95 called NGC 6266 a
probable core-collapsed cluster, Beccari et al. (2006) found that
NGC 6266 is not a core-collapsed GC.

Thus, to the level at which we can detect color gradients, and
out to a radius » < 5r., no GC in our sample appears to have a
color gradient, but our ability to detect radial color gradients is
severely limited by the modest depth of the 2MASS images. In-
trinsic large-scale color gradients in GCs, such as might arise from
mass segregation, are difficult to detect even in the best available
data, as discussed by Djorgovski & Piotto (1993).

8. COMPARISON WITH SINGLE-BURST
INTEGRATED-LIGHT MODELS

We next compare our results to a number of predictions from
single-burst simple stellar populations (SSPs) of a unique age
and metallicity. There are many predicted grids of colors for SSP
populations based on various stellar evolutionary codes, assump-
tions about the horizontal branch, the AGB, etc. We must know
which photometric system was used to generate the model output
colors, as well as that of any photometric databases used to cali-
brate the model’s photometric zero points.
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The specific SSP models considered here are those of Buzzoni
(1989), Maraston (2005), and Worthey (1994). A somewhat larger
consensus value for the age of GCs was prevalent in the astro-
nomical community prior to 2000, so we adopted models with
ages of 12 Gyr from Buzzoni (1989), while the 11 Gyr model of
Maraston (2005) was selected. We follow the assumption made by
Worthey (1994) of an age of 15 Gyr for Galactic GCs. These all
use the IR filter transmission curves of the Johnson system. We
convert their predicted colors to the 2MASS system using the
transformations given in Appendix A of Carpenter (2001).

The [Fe/H] values we adopt here refer to Fe itself. No adjust-
ment has been made for any enhancement of the a-process el-
ements, ubiquitous among GC stars. Since it is generally believed
that [a/Fe] ~ +0.3 dex for GC stars (see, e.g., Cohen & Melendez
2005 and references therein), we use the global metallicity param-
eter as defined by Salaris et al. (1993) to adjust [Fe/H] to [M/H]
(i.e., the parameter log Z used by stellar evolution codes). Then
[M/H] = [Fe/H] + 0.2 dex for the a-enhancement typical of GCs.
Each of the three model tracks were offset by —0.2 dex in [ Fe/H] to
compensate for their assumed scaled solar elemental abundances.

Figure 9 shows the three predicted SSP model tracks super-
posed on the “best” and “fair” GC samples; the photometric sys-
tem of the displayed colors is that of 2MASS. Although for V' —
K none of the four GCs in our sample with [Fe/H] > —0.2 dex is
in the “fair” sample, the three of these clusters that have V' — K
colors are shown as open circles in the top right panel. The two
such GCs (Terzan 5 and Liller 1) that are not in the J — K “fair”
sample due to their very high reddenings are similarly shown in
the bottom right panel with error bars representing the sum in
quadrature of the photometric error and a the consequence of a
10% uncertainty in E(B — V).

Each of the predicted SSP color-metallicity tracks overlays
the (V — Kj), — [Fe/H] relationship we have derived for Galactic
GCs over the metal-poor regime [Fe/H] < —0.5 dex. However,
the lower panels of Figure 9 show a slight offset of ~0.1 mag ata
fixed [Fe/H] such that the models are slightly redder in J — K
than the color we derive from 2MASS. Since the agreement of
our derived J — K colors with those of Nantais et al. (2006) is
perfect (at the level of 0.01 mag), one cannot ascribe this dif-
ference to problems in our IR — IR colors.

There are two possible explanations for this offset between the
SSP models and the actual colors of the Galactic GCs. Figure 7
and Table 7 show a similar small offset between the photometry of
integrated light colors by M. Aaronson et al. from 1977 and the
2MASS-based colors presented here, in the sense that the 1977
(J — Kj), colors transformed to the 2MASS system are somewhat
redder than the ones we derive here. This is the same sign as the
differences seen between the predicted SSP model colors and
those we derive for Galactic GCs and is of the same magnitude as
the problem seen in Figure 9 (bottom panels) for J — K. This
should not be surprising, as the validity of such models for the in-
tegrated light of simple stellar systems as a function of metallicity
and age is generally established at least in part by attempting to
reproduce as a key test the integrated light colors of Galactic GCs;
the Aaronson et al. (1978) colors (i.e., their fits of color as a func-
tion of [ Fe/H]) were the only ones available for this purpose prior
to the present. (This does not explain the origin of the offset in
J — K seen in Fig. 9 [bottom panels]; it just shifts the problem
back to the details of the calibration of the M. Aaronson et al.
[1977, unpublished] data.)

A second possibility relates to the photometric system of the
calibration data. These models are all calibrated using the pho-
tometry of Frogel et al. (1983a, 1983b) for individual red giants
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details.

in Galactic GCs, as that was the largest sample of such data
available until quite recently. Most model codes use the Johnson
filter transmission curves for Jand K, while the key 1983 data sets
were calibrated to and published in the CIT system. Consider a star
with a (J — K),(2MASS) color of 0.65 mag. As observed, for a
typical E(B — V') of 0.4 mag, it will have a color on the 2MASS
system of 0.86 mag and will have an observed (J — K)(CIT) of
0.83 mag, while (J — K)(Johnson) will be 0.90 mag according to
the transformation equations derived by Carpenter (2001). This
star will thus be 0.07 mag redder in J — K in the Johnson system
than in the CIT system. If a model code does not take these dif-
ferences among the IR systems into account, errors will occur in
the predicted J — K colors (in whatever IR photometric system
is adopted for the output of the model) that reproduce the sign

and approximate magnitude of the offset seen between the
model SSP integrated-light IR — IR colors and our measured
ones for Galactic GCs in the bottom panels of Figure 9. Con-
struction of models, as well as prediction and testing of integrated
colors from them, requires careful attention to the details of the
calibration of any stellar or integrated light photometry used in
that process.

Only the predicted SSP (V' — Kj), colors of Worthey (1994)
reproduce the very red colors we find for Galactic GCs at me-
tallicities between —0.5 dex and the solar value. It must be
emphasized that the validity of the models cannot be probed at
metallicities above solar from this data set, as the sample of well-
studied Galactic GCs with such high metallicities is small to
nonexistent.
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For an old (age ~10 Gyr) single-burst population, an uncer-
tainty in color of 0.10 mag corresponds to an error in Fe met-
allicity of 0.25 dex for V' — K colors and to 0.7 dex for IR — IR
colors; the latter is so large as to render any conclusion regarding
the metallicity of a GC useless. The apparent mismatch between
the SSP model predictions and our J — K colors suggests cau-
tion in using IR — IR colors to determine metallicities (or ages)
for GCs in distant galaxies.

9. SUMMARY

We have mosaicked 2MASS images to derive surface bright-
ness profiles in J, H, and K for 104 Galactic GCs, incorporating
algorithms to reduce the impact of bright field stars. We fit these
with empirical King (1962) profiles, adopting tidal radii and
cluster center positions from the literature. This leaves only the
central surface brightness and the core radius as parameters to be
determined. We show that the resulting core radii for each of
these three IR colors are identical to within the errors. We there-
fore set .. for each of J, H, and K| to be r.(J ). We then show that
the r.(J) for each GC are identical to the core radii at Vin es-
sentially all cases if the uncertainty for r.(¥) is taken to be 2".
The only discrepant cases are core-collapsed GCs, for which the
lower spatial resolution of 2MASS combined with the small
optical core radii produce smaller measured core radii at /' than
in the IR from 2MASS.

We derive integrated light colors V —J, V — H, V — K,
J — H, and J — K; for these GCs. We do this by directly inte-
grating the surface brightness profiles in most cases, which is
equivalent to slightly censored aperture photometry, as this leads
to smaller statistical measurement uncertainties than does inte-
grating the fitted King profiles. Each color shows a reasonably
tight relation between the dereddened colors and metallicity. Fits
of'these are given for each color. Linear fits suffice when the most
metal-rich GCs are not considered. Once the four GCs in our
sample with [Fe/H] > —0.2 dex are included, a quadratic fit is
necessary. We use our derived V' — K colors, combined with
total My from the database of H96, to find the luminosity func-
tion at K of the Galactic GC system.

The IR — IR colors have very small errors and very low dis-
persions about the fits due largely to the all-sky photometric cal-
ibration of the 2MASS survey. These errors are consistent with
the expected random fluctuations of the measurements based
solely on the measured signal levels, indicating that other sources
of error do not contribute much. The ¥ — IR colors have sub-
stantially larger uncertainties due in part to the lack of an all-sky
photometric calibration for surface brightness measurements at
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optical wavelengths. Incorrect choices for reddening, discrepancies
in the adopted position of the center of a cluster, and, for the least
populous GCs, stochastic errors due to the small number of lu-
minous stars near the tip of the red giant branch also contribute to
the uncertainties in the /' — IR colors.

We find good agreement with measurements of integrated-
light colors for a much smaller sample of Galactic GCs by
M. Aaronson et al. from 1977. Small constant offsets between
the two data sets of ~0.1 mag in IR — IR colors are required; we
ascribe them to the difficulties of transforming between the filter
and detector system used in 1977 and the 2MASS system. We
find excellent agreement with the IR — IR colors of Nantais et al.
(2006), which is not surprising since they too used 2MASS
images to derive their colors. But a comparison at ' — K of our
colors with theirs shows very poor agreement in the mean and
with a very large dispersion; we suspect that they did not cor-
rectly match the optical and IR magnitudes in many cases.

Our results provide a calibration for the integrated light of dis-
tant single burst old stellar populations from very low to solar
metallicities. We compare our dereddened measured colors with
predictions from several models of the integrated light of single-
burst old populations, bearing in mind that the models have
almost certainly been set up to reproduce the data of Frogel et al.
(1983a, 1983b) for colors of individual RGB stars in Galactic
GCs. While there is reasonable agreement for ' — K colors, a
~0.1 mag offset is required in J — K, with the model predic-
tions being redder than our colors. Until the origin of this prob-
lem is understood, any determination of [Fe/H] (or age) in old
populations based on IR — IR colors cannot be considered valid.
In addition, some of the models fail to reproduce the behavior of
the integrated-light J — K colors of the Galactic GCs near solar
metallicity.
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