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ABSTRACT

We present new empirical calibrations of the red giant branch (RGB) bump and tip based on a
homogeneous near-infrared data base of 24 Galactic globular clusters. The luminosities of the
RGB bump and tip in the J, H and K bands and their dependence on the cluster metallicity have
been studied, yielding empirical relationships. By using recent transformations between the
observational and theoretical planes, we also derived similar calibrations in terms of bolometric
luminosity. Direct comparisons between updated theoretical models and observations show an
excellent agreement. The empirical calibration of the RGB tip luminosity in the near-infrared
passbands presented here is a fundamental tool to derive distances to galaxies far beyond the
Local Group, in view of using the new ground-based adaptive optics facilities and, in the near
future, the James Webb Space Telescope.
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1 INTRODUCTION

This is the second in a series of papers aimed at studying the red gi-
ant branch (RGB) photometric properties and its major evolutionary
features in the near-infrared (IR) spectral domain. In the first paper
(Valenti, Ferraro & Origlia 2004b, hereafter Paper I), an extensive
data base, collected by our group over the last 10 yr, has been pre-
sented. By combining a new sample of 10 Galactic globular clusters
(GGCs) belonging to different Galactic populations (i.e. halo and
bulge) with the data set published by Ferraro et al. (2000, hereafter
FO00), Valenti et al. (2004a) and Sollima et al. (2004, hereafter S04),
a homogeneous sample of 24 GGCs spanning a wide metallicity
range (—2.12 < [Fe/H] < —0.49) has been obtained (see Table 1).
In Paper [, the entire data base, calibrated in the Two Micron All Sky
Survey (2MASS) photometric system, has been used to measure a
set of photometric indices describing the RGB: (i) location (colours
and magnitudes) and (ii) morphology (slope). Updated calibrations
of these indices in terms of the metallicity of the clusters have been
also derived. More details on the data set can be found in Paper I.
In the present paper the major RGB evolutionary features, namely
the bump and the tip, are measured in the J, H and K bands. Their
calibrations as a function of the metallicity of the clusters, in both
the observational and theoretical planes, are derived and discussed.
The RGB tip luminosity is a bright standard candle and turns out
to be particularly useful to measure galaxy distances. The extension
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of the RGB tip calibrations to the near-IR passbands is of funda-
mental importance since the recent advent of ground-based adaptive
optics systems and the future availability of the James Webb Space
Telescope will allow us to spatially resolve bright giants and to mea-
sure their magnitudes accurately to distances within a few mega-
parsecs.

In Sections 2 and 3 we measure the near-IR magnitudes of the
RGB bump and tip, respectively, of our sample of 24 GGCs and
we investigate their behaviour with varying cluster metallicity. The
results of the transformations between the observational and the-
oretical planes for the RGB bump and tip luminosities are pre-
sented in Section 4. Finally, in Section 5 we briefly summarize our
results.

2 THE RGB BUMP

Theoretical models of stellar evolution predict that, at some level
along the RGB, the convective envelope penetrates deep enough into
the star to reach the region of varying hydrogen abundance settled
during the core hydrogen burning. When the convective envelope
retreats from the advancing hydrogen-burning shell, a discontinuity
in the hydrogen abundance profile (X) is left. Thus, the advancing
hydrogen-burning shell (i) passes through the discontinuity and (ii)
moves from a region of increasing X to a region of constant X. Event
(1) generates a temporary drop in luminosity during the evolution
of the star along the RGB: from an observational point of view, this
evolutionary hesitation yields a peak in the differential luminosity
function (LF). Event (ii) produces a change in the evolutionary rate
of the star along the RGB, and hence a change in the integrated
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Table 1. Adopted parameters for the programme clusters.

Cluster [Fe/Hlcgo7 [M/H] EB—-V) (m — M)y
M92 —2.16 —1.95 0.02 14.78
M15 —-2.12 —1.91 0.09 15.15
M68 —1.99 —1.81 0.04 15.14
M30 —1.91 —1.71 0.03 14.71
M55 —1.61 —1.41 0.07 13.82
o Cen —1.60 -1.39 0.11 13.70
NGC 6752 —1.42 —1.21 0.04 13.18
M10 —1.41 —-1.25 0.28 13.38
M13 —1.39 —1.18 0.02 14.43
M3 —1.34 —1.16 0.01 15.03
M4 —1.19 —0.94 0.36 11.68
NGC 362 —1.15 —0.99 0.05 14.68
M5 —1.11 —0.90 0.03 14.37
NGC 288 —1.07 —0.85 0.03 14.73
M107 —0.87 —0.70 0.33 13.95
NGC 6380 —-0.87 —0.68 1.29 14.81
NGC 6342 -0.71 —0.53 0.57 14.63
47 Tuc —-0.70 —0.59 0.04 13.32
M69 —0.68 —0.55 0.17 14.64
NGC 6441 —0.68 —0.52 0.52 15.65
NGC 6624 —0.63 —0.48 0.28 14.63
NGC 6440 —-0.49 —0.40 1.15 14.58
NGC 6553 —0.44; —0.36; 0.84 13.46
—0.06¢ —0.05¢
NGC 6528 —0.38; —0.31; 0.62 14.37
+0.07¢ +0.05¢

“The most recent metallicity estimate by means of high-resolution
spectroscopy from Carretta et al. (2001).

LF slope. Crocker & Rood (1984) have made an extensive study of
the best observable to locate the RGB bump, concluding that the
integrated LF is a suitable tool to locate it reliably.

Fusi Pecci et al. (1990) and more recently Ferraro et al. (1999),
Zoccali et al. (1999), Zoccali & Piotto (2000), FOO, Cho & Lee
(2002), Riello et al. (2003), Valenti et al. (2004a) and S04 showed
how this feature can be safely identified in most of the current gen-
eration of optical and IR colour-magnitude diagrams (CMDs) of
GGCs, and also in other stellar systems (see e.g Bellazzini, Ferraro
& Pancino 2001; Bellazzini et al. 2002; Monaco et al. 2002). Basi-
cally, the main difficulty in detecting the RGB bump is represented
by the need for a large observed sample of RGB stars. This becomes
particularly difficult in the case of low-metallicity GGCs, where the
bump occurs in the brightest portion of the RGB, which is an intrin-
sically poorly populated sequence, because of the high evolutionary
rate of stars at the very end of the RGB stage. Following the same
procedure as in FOO, we identified the RGB bump in most of the
clusters in our sample and in all the available photometric bands,
by using both the differential and integrated LFs. As an example,
Fig. 1 shows both the LFs for the metal-rich cluster NGC 6441.
In the case of M30, our sample is not sufficiently large to reach a
safe detection of the bump. In order to increase the fraction of the
sampled cluster population, complementary data from the 2MASS
catalogue have also been used. The RGB bump identified from our
data was recomputed on the combined catalogue. The inferred bump
K magnitude values can be transformed into V magnitudes by using
the (V — K)g colours. The derived values are fully consistent with
the direct determination of the bump V magnitudes listed in table 5
of Ferraro et al. (1999).

The observed values of the RGB bump for the global cluster sam-
ple are listed in Table 2. By adopting the reddening and distance
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Figure 1. Observed integrated (upper panel) and differential (lower panel)
luminosity functions for RGB stars in NGC 6441. The dashed lines in the
upper panel are the linear fits to the region above and below the RGB bump.

moduli listed in Table 1 and the Savage & Mathis (1979) extinction
coefficients, these values were converted into absolute magnitudes,
and their behaviour with varying metallicity in the (Carretta & Grat-
ton 1997, hereafter CG97) ([Fe/H]cgo7) and in the global ([M/H])
scale defined by Ferraro et al. (1999) are shown in Figs 2 and 3. By
using 2MASS data, Cho & Lee (2002) determined the Mg bump for
11 GGCs, seven in common with our sample, spanning a quite large
metallicity range. Their estimates are in nice agreement with those
of this work, FOO, Valenti et al. (2004a) and S04. In order to derive
a more robust relation between the absolute Mg magnitude and the
metallicity, the best-fitting relation has been obtained by using also
the Cho & Lee (2002) data. The comparison between the observa-
tional data and the theoretical predictions based on the Straniero,
Chieffi & Limongi (1997, hereafter SCL97) models shows an ex-
cellent agreement. The inferred best-fitting relations to the observed
points (also reported in each panel of Figs 2 and 3 with the corre-
sponding standard deviation) are as follows:

M)"™ = 0.66 + 2.03[Fe/H]cgor + 0.41[Fe/H]3g;. M
MJ™ = —0.33 + 1.32[Fe/Hlcasr + 0.21[Fe/HI 1. @
MR™ = —0.08 + 1.82[Fe/H]cgor + 0.36[Fe/H]2g,, )
and

MY™ = 057 +2.31[M/H] + 0.56[M/HJ", @
ME™ = —0.38 + 1.53[M/H] + 0.38[M/HP, )
ME™ = —0.17 + 2.07[M/H] + 0.49[M/H[. ©)

3 THE RGB TIP

The evolution along the RGB ends at the so-called RGB tip with
helium ignition in the stellar core. In globular cluster stars, this event
is moderately violent (the so-called helium flash) because it takes

© 2004 RAS, MNRAS 354, 815-820
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Table 2. Near-IR and bolometric RGB bump magnitudes for the observed clusters.
Name [Fe/H] CGY97 [M/H] J H K Mol
M92 —2.16 —1.95 12.8540.05 - 12.35+0.05 —0.524+0.21
M15 —2.12 —1.91 13.55+0.05 13.05+0.05 12.95+0.05 —0.29+0.21
M68 —1.99 —1.81 13.3540.05 - 12.80+£0.05 —0.414+0.21
M30 —1.91 —1.71 - - - -
M55 —1.61 —1.41 12.35+0.05 - 11.75£0.05 —0.1740.21
 Cen* —1.60 —1.39 12.40+0.05 - 11.80+0.05 —0.02+0.22
NGC 6752 —1.42 —1.21 11.90+0.05 11.35£0.05 11.25+0.05 0.0840.21
M10 —1.41 —1.25 - - - -
M13 —1.39 —1.18 13.05+0.05 - 12.40+£0.05 0.0240.21
M3 —1.34 —1.16 13.70+0.05 - 13.10£0.05 0.13£0.21
M4 —1.19 —0.94 - - - -
NGC 362 —1.15 —0.99 13.80+0.05 13.25+0.05 13.15+0.05 0.53+0.21
M5 —1.11 —-0.90 13.25+0.05 - 12.65+0.05 0.334+0.21
NGC 288 —1.07 —0.85 13.75+0.05 13.25+0.05 13.20+0.05 0.51+£0.21
M107 —0.87 —-0.70 13.25+0.05 - 12.50+£0.05 0.4540.21
NGC 6380 —0.87 —0.68 15.15+0.05 14.25+0.05 13.95+0.05 0.64+0.22
NGC 6342 —0.71 -0.53 14.65+0.10 13.85+0.10 13.75£0.10 0.974+0.22
47 Tuc —0.70 —0.59 12.65+0.05 12.15+0.05 12.05+0.05 0.79+0.21
M69 —0.68 —-0.55 14.25+0.05 - 13.53+0.05 0.8840.21
NGC 6441 —0.68 —0.52 15.70+0.05 14.85+0.05 14.77+0.05 0.95+0.22
NGC 6624 —0.63 —0.48 14.45+0.05 13.60£0.05 13.65+0.05 1.02£0.22
NGC 6440 —0.49 —0.40 15.30+£0.05 14.35£0.05 14.13£0.05 1.21£0.22
NGC 6553 —0.44 —0.36 14.0540.1 - 13.05£0.10 1.3240.22
NGC 6528 —0.38 —0.31 15.10£0.1 - 14.05£0.10 1.54£0.22
“The observed RGB bump magnitudes are from S04.
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Figure 2. The RGB bump absolute (a) K, (b) H and (c) J magnitudes as
functions of the cluster metallicity in the CG97 scale. Filled circles, pro-
gramme clusters; empty squares, clusters in the Cho & Lee (2002) data set;
empty triangles, NGC 6553 and 6528 with the most recent metallicity esti-
mates from Carretta, Cohen & Gratton (2001). Solid lines are our best-fitting
relations to the data.

place in an electron-degenerate core. The luminosity of the RGB
tip is a quantity well predicted by the theoretical models and in re-
cent years it has been widely used as a standard candle to estimate
the distance to various stellar systems. In fact, the RGB reaches
its maximum extension in luminosity for stellar populations older

© 2004 RAS, MNRAS 354, 815-820

Figure 3. The RGB bump absolute (a) K, (b) H and (c) J magnitudes as
functions of the cluster metallicity in the global metallicity scale ([M/H]).
Notation as in Fig. 2. Solid lines are our best-fitting relations to the data.
The dotted and dashed lines in panel (a) are the theoretical predictions by
SCL97 models at t = 12 and 14 Gyr.

than T ~ 1-2 Gyr (i.e. when stars less massive than M ~ 2.0 M
are evolving) and it remains approximately constant with increasing
age of the population. For this reason the method can (in principle)
be successfully applied to a variety of galaxies where a signifi-
cant fraction of the population is sufficiently old to have developed
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the full extension of the RGB. GGCs are the best template simple
stellar populations where the RGB luminosity can be empirically
calibrated as a function of metallicity. In this framework our group
is currently performing accurate empirical calibrations of the RGB
tip luminosity in various photometric passbands, in order to increase
the potentiality and the applicability of this method to the definition
of the distance scale.

Here we present a new calibration of the RGB tip magnitudes with
varying metallicity in the near-IR J, H and K bands. We adopt the
method used in previous papers (see FOO and Valenti et al. 2004a),
by assuming the brightest non-variable star as representative of the
RGB tip level. Obviously, particular care was paid to decontaminate
the sample from background field stars and, more crucially, from
the presence of asymptotic giant branch (AGB) stars, which, how-
ever, are significantly less numerous than RGB stars, given their
much faster evolutionary rate. Moreover, in low- to intermediate-
metallicity clusters, no long-period AGB stars are expected.

The observed J, H and K magnitudes of the RGB tip for the global
sample are listed in Table 3. Figs 4 and 5 show the absolute RGB
tip magnitudes as a function of the cluster metallicity in both the
adopted scales. Two points have been plotted for NGC 6380. As
discussed in Paper I, its RGB shape and its well-defined horizontal
branch (HB) clump suggest a metallicity higher than that of 47 Tuc,
and thus it is expected to have several bright variable AGB stars
populating the upper part of the RGB, but none of them have been
identified yet and a clear discrimination was not possible. Hence,
since the brightest star could be a long-period variable, we also
consider as the possible candidate RGB tip star the reddest among

fraction of the cluster light (typically &30 per cent). However, in
order to check further that we caught the brightest RGB star, we also
accurately inspect the CMD of the external regions obtained from the
2MASS catalogue. Owing to its poor angular resolution (X2 arcsec),
the 2MASS survey is certainly not suitable to sample the innermost
regions of GGCs properly, but it can be used successfully to sample
the most external regions. In two cases (namely M5 and NGC 6752)
a star in the 2MASS catalogue brighter than those sampled by our
observations and lying along the cluster RGB ridge line has been
found. Thus, for these two clusters we assumed the magnitudes of
the 2MASS stars as best estimate of the RGB tip. Note that, in
the case of M5, the new estimate found here replaces the previous
estimate by Valenti et al. (2004a).

Figs 4 and 5 also report the RGB tip determination for the dom-
inant population of w Cen recently obtained by Bellazzini et al.
(2004). @ Cen is the most massive stellar system in the Galactic
halo (its mass is approximately one order of magnitude larger than
that of normal clusters), and its RGB tip level was measured from
the sharp cut-off of the RGB LF detected by applying the edge detec-
tor filter (the so-called Sobel filter). In order to include this measure
in our sample, we adopt the metallicity of the dominant population,
[Fe/H]cge7 = —1.60, [M/H] = —1.39, the distance modulus, (m —
M), = 13.70, and the reddening, E(B — V) = 0.11, as done by
Bellazzini et al. (2004).

The inferred best-fitting relations to the observed points (also re-
ported in each panel of Figs 4 and 5 with the corresponding standard
deviation) are as follows:

tp __
the brightest four stars in our photometry (the two filled circles M;" = =567 - 0.31[Fe/Hlcay, 7
connected by a dotted line in Figs 4 and 5). Note that the region M‘;IP = —6.71 — 0.47[Fe/H]cgo7, 8)
mapped by our observations covers the inner 4 x 4 arcmin® in i
each cluster (see Paper I), which allows us to sample a significant My’ = —6.98 — 0.58[Fe/Hlcgor, ®
Table 3. Observed and bolometric RGB tip magnitudes.
Name [Fe/H]cgyr [M/H] H K Mol
M92 —-2.16 —1.95 9.64+0.25 - 8.92+0.26 —3.641+0.26
MI15 —2.12 —1.91 10.20£0.21 9.55+0.23 9.42+0.20 —3.55+0.20
M68 —1.99 —1.81 10.26+0.38 - 9.51£0.40 —3.37+0.40
M30 —1.91 —1.71 9.45+0.29 8.94+0.35 8.67£0.35 —3.70+0.35
M55 —1.61 —1.41 8.59+0.27 - 7.77£0.28 —3.71+0.28
 Cen? —1.60 —1.39 8.59 £0.06 7.81 £0.08 7.70 £0.06 —3.59+0.16
NGC 6752° —1.42 —1.21 7.84+0.25 6.99+0.25 6.72+0.28 —3.65+0.28
M10 —1.41 —1.25 - - -
M13 —1.39 —1.18 9.20+0.28 - 8.25+0.32 —3.594+0.32
M3 —1.34 —1.16 9.78+0.24 - 8.851+0.24 —3.61+0.24
M4 —1.19 —0.94 - - - -
NGC 362 —1.15 —0.99 10.02+0.22 - 8.65+0.21 —2.90+0.21
Ms¢ —1.11 —0.90 9.07+0.29 - 8.041+0.28 —3.641+0.28
NGC 288 —1.07 —0.85 9.36£0.25 - 8.51+0.25 —3.80+0.25
M107 —0.87 —0.70 8.941+0.34 - 7.67+£0.40 —3.57+0.40
NGC 6380 —0.87 —0.68 10.37+0.22 9.12£0.23 8.75+0.22 —3.88+0.22
NGC 6342 —0.71 —0.53 9.71£0.29 8.67+0.33 8.35+0.32 —3.70+0.32
47 Tuc —0.70 —0.59 7.88+0.19 6.93£0.21 6.69£0.19 —3.71+0.19
M69 —0.68 —0.55 9.57£0.23 - 8.431+0.25 —3.51+0.25
NGC 6441 —0.68 —0.52 10.47£0.21 9.49+0.21 9.12+0.20 —3.90+0.20
NGC 6624 —0.63 —0.48 9.30+0.32 8.37£0.32 8.08+0.31 —3.85+0.31
NGC 6440 —0.49 —0.40 10.02+0.23 8.85+0.21 8.33+0.21 —3.824+0.21
NGC 6553 —0.44 —0.36 8.561+0.27 - 6.924+0.27 —3.86+0.27
NGC 6528 —0.38 —0.31 9.16+0.24 - 7.85+0.25 —4.061+0.25

“RGB tip magnitudes from Bellazzini et al. (2004).

PRGB tip magnitudes refer to star 19110813—6001517 in the 2MASS catalogue.
“RGB tip magnitudes refer to star 15183604+0206373 in the 2MASS catalogue.

© 2004 RAS, MNRAS 354, 815-820
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and

M'? = —5.64 — 0.32[M/H], (10
M = —6.66 — 0.49[M/H], (an
MY = —6.92 — 0.62[M/H]. (12)
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cluster metallicity in both the adopted metallicity scales: (a) [Fe/H]cgo7 and
(b) [M/H]. The solid lines are our best-fitting relations, and the dashed line
in panel (b) is the theoretical prediction by SCL97 models at t = 12 and
14 Gyr.

Statistical fluctuations are the main source of uncertainty, since
the upper region of the RGB is intrinsically poorly populated. Fol-
lowing FOO, we computed the expected error on the basis of the
number of stars in the brightest two magnitude bins along the RGB.
For the programme clusters, the o ,, ranges from 0.03, for the most
populated, to 0.32, for the least populated clusters. In order to mini-
mize the statistical fluctuations, complementary data from 2MASS
were also used and the o, of our data was recomputed on the
combined sample. The derived o ¢, value has been considered as
representative of the main uncertainty in the determination of the
RGB tip. Of course, the accuracy of the RGB tip estimate in w Cen
[0.16, 0.18 and 0.16 mag in J, H and K bands, respectively (see
Bellazzini et al. 2004)] is significantly higher by far than that ob-
tained in the other clusters. As can be seen from Fig. 5, our derived
relations and the theoretical predictions by Cassisi et al. (2000, here-
after COO) and by SCL97 are in excellent agreement in all the three
bands.

4 THE THEORETICAL PLANE

According to FOO, the magnitudes of the RGB bump and tip were
transformed in the theoretical plane by using the bolometric cor-
rections for Population II giants computed by Montegriffo et al.
(1998). Fig. 6 shows the bolometric magnitudes of the RGB bump
for the programme clusters. Two quadratic relations giving RGB
bump bolometric magnitude as a function of both the adopted metal-
licity scales have been derived:

M:(l:]mp = 2.13 + 2.01[Fe/H]cgy7 + O.38[Fe/H]é097 (13)
and
ML’:?" =2.03 4+ 2.30[M/H] + 0.54[M/H]>. (14)

The comparison between the empirical estimates and the theoret-
ical predictions based on the SCL97 models [dashed line in panel
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Figure 7. Bolometric magnitudes of the RGB tip as a function of the
cluster metallicity in both the adopted metallicity scales: (a) [Fe/H]cgo7
and (b) [M/H]. The solid lines are our best-fitting relations. Two theoretical
predictions have been plotted in panel (b): (Caloi et al. 1997, C97) (dotted
line) and (Salaris & Cassisi 1997, SC97) (dashed line).

(b) of Fig. 6] shows an excellent agreement. Finally, Fig. 7 shows the
bolometric magnitudes of the RGB tip for the programme clusters
with varying metallicity in both the CG97 and global scales. The
best-fitting relations to our data (solid line in Fig. 7) are:

M = —3.87 — 0.18[Fe/H]cgor (15)
and
M® = —3.85 — 0.19]M/H]. (16)

Two theoretical relations have been overplotted in panel (b) of
Fig.7: Caloi, D’ Antona & Mazzitelli (1997) (dotted line) and Salaris
& Cassisi (1997) (dashed line), respectively. Both models nicely
agree with observations. As remarked by F0O, the theoretical mod-
els have to be considered as an upper luminosity boundary of the
observed estimates because of the statistical fluctuations affecting
the observed RGB samples, intrinsically poorly populated in glob-
ular clusters (Castellani, Degl’Innocenti & Luridiana 1993).

5 CONCLUSIONS

New calibrations of the RGB bump and tip in the J, H and K bands as
well as in bolometric, based on a global sample of 24 GGCs, have
been presented. The behaviour of these evolutionary features has
been investigated with varying cluster metallicity in the CG97 and
global scale, thus taking into account the effect of & enhancement.

Quadratic and linear best-fitting relations linking the RGB bump
and tip magnitudes and metallicity, respectively, have been obtained
(see equations 1-16). Comparisons between observations and the-
oretical models show a good agreement.

The RGB bump and tip represent powerful tools to obtain inde-
pendent estimates of metallicity and distance, respectively, in old

stellar systems within the Local Group. The new IR adaptive optics
facilities available at ground-based 8-m class telescopes as well as
the future imaging capabilities of the James Webb Space Telescope
will allow us to use the RGB tip distance indicator in galaxies well
beyond the Local Group, up to a few megaparsecs away.
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