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ABSTRACT

We present a photometric investigation on HB, RGB, and MSTO stars in ! Cen=NGC 5139. The center of the
cluster was coveredwith amosaic of F435W, F625W, and F658N band data collectedwithHSTACS. The outer reaches
were coveredwith amosaic of U-,B-,V-, and I-band data collectedwith the 2.2mESO/MPI telescope. The final catalog
includes�1.7million stars.We identifiedmore than 3200 likelyHB stars, the largest sample ever collected in a globular
cluster. We found that the HBmorphology changes with the radial distance from the cluster center. The relative number
of extreme HB stars decreases from �30% to �21% when moving from the center toward the outer reaches of the
cluster, while the fraction of less hot HB stars increases from�62% to�72%. The comparison between theory and
observations indicates that the empirical star counts of HB stars are on average larger (30%–40%) than predicted by
canonical evolutionary models. Moreover, the rate of HB stars is�43% larger than the MSTO rate. We also compared
theory and observations by assuming a mix of stellar populations made with 70% of canonical He (Y ¼ 0:23) stars
and 30% of He-enhanced (Y ¼ 0:33, 0.42) stars.We found that the observedRG/MSTO ratio agreeswith the predicted
lifetimes of He-mixed stellar populations. The discrepancy between theory and observations decreases by a factor
of 2 when compared with rates predicted by canonical He content models, but still 15%–25% (Y ¼ 0:42) and15%–
20% (Y ¼ 0:33) higher than observed. Furthermore, the ratios between HB and MSTO star counts are �24%
(Y ¼ 0:42) and 30% (Y ¼ 0:33) larger than predicted lifetime ratios.

Subject headinggs: globular clusters: individual (! Centauri) — stars: evolution — stars: horizontal-branch

Online material: color figure, machine-readable table

1. INTRODUCTION

The occurrence in some Galactic globular clusters (GGCs) of
B-type subdwarfs populating the hot end of the horizontal branch
(HB) represents a puzzling and vigorously debated observational
feature. Without doubt they are He-burning stars that have lost a

large fraction of their H-rich envelopes. However, the mechanism
governing such a peculiar mass-loss event is still unknown.

The discovery of similar stellar structures in the GGC ! Cen
dates back to the seminal papers byDa Costa &Villumsen (1981)
and Da Costa et al. (1986). The spatial distribution of such an
extreme horizontal branch (EHB) population was investigated
for the first time by Bailyn et al. (1992), who concluded that
EHB stars are more centrally concentrated than both normal HB
stars and subgiant (SG) stars. This, if confirmed, would represent
relevant information about the origin of such a peculiar popula-
tion. In particular, this would support the hypothesis of a binary
mechanism (e.g., either themerging of pairs of degenerate dwarfs,
or moderately wide binaries experiencing mass transfer episodes
just before the He flash) for their formation.

However, Whitney et al. (1994, 1998) made use of the orbiting
Ultraviolet Imaging Telescope (UIT) facility to study ! Cen clus-
ter stars in a far-UV band (k � 1620 8), reaching the conclusion
of a similar spatial distribution for both EHB and normalHB stars.
Finally, empirical evidence for an increase in the fraction of EHB
when moving outside the cluster core (43% vs. 30%) has been
brought into focus by D’Cruz et al. (2002) discussing optical
(F555W) and far-UV Hubble Space Telescope (HST ) data col-
lected with threeWide Field Planetary Camera 2 (WFPC2) point-
ings. However, the same authors warn against the possibility of
a selection effect in the F555W band due to the crowding of the
central regions.

In spite of such long-standing interest, we still lack exhaustive
information on the cluster HB population. As a matter of fact, in
the current literature one finds either photometry of small cluster
regions or color-magnitude diagrams (CMDs) that barely reach
the faint magnitudes of the EHB population. As a result, in the
available wide-field CMDs the EHB appears as a sparse and
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rare population (see, e.g., Pancino et al. 2002; Rey et al. 2002),
whereas D’Cruz et al. (2002) have already found that the EHB
population should represent 30%–40% of the total number of
cluster HB stars.

The recent detection (Anderson 2002; Bedin et al. 2004) of a
well-defined double MS in !Cen has stimulated a relevant theo-
retical and observational effort. This secondary population includes
a fraction of the order of 30% of ! Cen stars and shows up as a
fainter and/or bluer MS when compared with canonical, redder
MS stars. To account for this peculiar evolutionary feature, a sub-
stantial increase in the He abundance has been suggested (�Y �
0:15; D’Antona et al. 2002; Norris 2004; Piotto et al. 2005;
Sollima et al. 2007). A similar large variation in the helium con-
tent was also suggested by Lee et al. (2005) to explain the large
number of EHBstars present in!Cen and inNGC2808 (D’Antona
et al. 2005). The strong He enrichment scenario was also supported
by Maeder & Meynet (2006), who suggested that models of low-
metallicity, massive stars with moderate initial rotation velocities
can produce stellar windswith largeHe andN excesses. However,
the self-enrichment scenario has been recently questioned byBekki
& Norris (2006). By assuming that the helium enrichment is only
caused by ejecta from stars of the red MS, they found that the
suggested properties of the blueMS stars cannot be the aftermath
of a self-enrichment process either frommassive asymptotic giant
branch (AGB) stars, or mass loss of very massive young stars, or
from Type II supernovae. Although the working hypothesis of a
mixed He-enriched population accounts for some morphological
empirical evidence, we still lack a detailed comparison between
observed star counts and predicted lifetimes based on both canon-
ical and He-enhanced evolutionary tracks and HB models.

In this paper we investigate the radial distribution of HB, red
giant (RG), andMS stars. In order to investigate star counts over
a substantial fraction of ! Cen, we use two different data sets.
Multiband (F435W, F625W, F658N) data collected with the Ad-
vanced Camera for Surveys (ACS) on board theHSTare adopted
for the central cluster regions,whilemultiband (U,B,V, I ) ground-
based data collected with a mosaic CCD camera (WFI at 2.2 m
ESO/MPI) have been adopted for the external cluster regions. In

x 2 we discuss the two different photometric data sets, together
with the strategy we adopted to perform the photometry. The ap-
proach we employed to transform stellar positions from pixels to
equatorial coordinates and the cross identification of the optical
catalog with the near-infrared (NIR) and the proper-motion cat-
alogs are presented in x 3. Empirical estimates of star counts for
HB and RG stars are presented in x 4, together with the compar-
ison with evolutionary prescriptions that cover a broad range of
metal abundances and plausible changes in cluster ages. Section 5
dealswith the comparison of observedHB,RG, andMS star counts
with their evolutionary lifetimes. The impact that a significant
increase in the helium content has on predicted lifetimes of quoted
evolutionary phases is discussed in detail in x 6. A brief summary
of the results and a few viable developments to further constrain
the evolutionary properties of stellar populations in!Cen are out-
lined in x 7.

2. OBSERVATIONS AND DATA REDUCTION

Photometric data discussed in this investigation belong to two
different sets fromboth space- (HST ) and ground-based telescopes.
Multiband (U, B, V, I ) data have been collected with the mosaic
(2 ; 4) CCD cameraWide Field Imager (WFI; Baade et al. 1999)
available at the 2.2mESO/MPI telescope (ESO, La Silla). These
data have been retrieved from the ESO science archive and include
8U, 39 B, 51 V, and 26 I pointings. The data include both shallow
and relatively deep images, with exposure times ranging from 1
to 300 s for the B, V, and I bands and from 300 to 2400 s for the
U band. The total exposure time per band for the different point-
ings is 7500 s (U ), 3431 s (B), 3969 s (V ), and 2156 s (I ). The
data were collected in several observing runs ranging from 1999
to 2003. During this period, two filters were changed: data secured
before 2002 were collected with the ESO filters U /38ESO 841 and
B/99ESO 842, while later ones with the ESO filtersU /50ESO 877 and
B/123ESO 878. These datawere obtained in good seeing conditions,
and indeed the mean seeing ranges from �0.60 00 for the I-band
data to�1.100 for theU-band data. Table 1 gives, from left to right,
the frame identification, the coordinates, the modified Julian date,
the exposure time, the filter, and the seeing for eachWFI pointing.

TABLE 1

Log of Scientific CCD Images of ! Centauri Collected with the WFI Available at the 2.2 m ESO/MPI Telescope

Framea

(1)

R.A.

(J2000.0)

(2)

Decl.

(J2000.0)

(3)

MJDb

(4)

Exposurec

(s)

(5)

Filterd

(6)

Seeinge

(arcsec)

(7)

WFI.1999-01-24T08:18:52.934 .................... 13 26 18.9 �47 36 01.1 51202.3464460 29.92 B 1.11

WFI.1999-01-24T08:21:57.925 .................... 13 26 42.7 �47 36 01.5 51202.3485871 29.92 B 0.91

WFI.1999-01-24T08:24:01.313 .................... 13 26 48.6 �47 36 01.8 51202.3500152 29.92 B 1.00

WFI.1999-01-24T08:25:44.311 .................... 13 26 48.7 �47 36 01.5 51202.3512073 299.92 B 0.98

WFI.1999-03-25T05:28:39.461 .................... 13 26 44.8 �47 26 34.2 51262.2282345 149.92 I 0.84

WFI.1999-03-25T05:32:42.409 .................... 13 26 47.8 �47 26 03.8 51262.2310464 149.92 I 0.75

WFI.1999-03-25T05:36:40.398 .................... 13 26 50.8 �47 25 34.4 51262.2338009 149.92 I 0.73

WFI.1999-03-25T06:04:59.817 .................... 13 26 44.8 �47 26 34.5 51262.2534701 199.92 V 0.86

WFI.1999-03-25T06:10:25.156 .................... 13 26 47.8 �47 26 04.6 51262.2572356 199.92 V 0.95

WFI.1999-03-25T06:14:59.839 .................... 13 26 50.7 �47 25 33.7 51262.2604148 199.92 V 1.02

WFI.1999-04-29T00:19:41.952 .................... 13 26 46.4 �47 35 48.5 51297.0136800 89.92 I 0.59

WFI.1999-04-29T00:23:20.786 .................... 13 26 46.4 �47 31 38.8 51297.0162128 89.92 I 0.59

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Table 1 is published
in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and content.

a Frame identification.
b Modified Julian Date (JD �2,400,000.5) at the start of the exposure.
c Exposure time.
d Filter name.U- and B-band data collected in 1999 and 2000 observing runs adopted the filtersU /38ESO 841 and B/99ESO 842, while subsequent data have

been collected with the new filters U /50ESO 877 and B/123ESO 878.
e Seeing of individual images.
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The field of view (FOV) covered by each pointing is 34 ;
33 arcmin2, and the FOV covered by the entire data set is 42 ;
48 arcmin2 across the center of the cluster. The large solid black
polygon in Figure 1 shows the cluster area covered by this data
set. The raw frames were prereduced by using standard IRAF
procedures.

Multiband (F435W, F625W, F658N) photometric data were
collected with theACS on boardHSTand retrieved from theHST
archive. These data include nine pointings across the center of
the cluster (see blue solid polygons in Fig. 1). The 3 ; 3 mosaic
covers a field of view of�100 ; 9:50. Four images per field were
acquired in three different bands. Data in the F435Wand F625W
bands were secured with one shallow (8 s) and three deep (340 s
each) exposures, while the exposure time for the four H� (F658N)
images was 440 s each. The raw frames were prereduced by using
the standardHST pipeline. By assuming a King (1962) profile and
the structural parameters (core radius, rc ¼ 2:60; tidal radius, rt ¼
450 ) for!Cen16 given by Trager et al. (1995), we estimate that the
current photometry accounts for approximately the 99% of the
light of the cluster.

To improve the photometric accuracy, carefully chosen selection
criteria were applied to pinpoint a large number (�200) of isolated
point-spread function stars across the individual chips/frames, and
several different reduction strategieswere used to perform the pho-
tometry (DAOPHOT/ALLSTAR). The observed ground-based
(124 ; 8) and space-based (108) photometric catalogs were re-
scaled to a common geometrical system with DAOMATCH/
DAOMASTER.The entiremosaic of HSTdatawas simultaneously
reduced with DAOPHOTII/ALLFRAME, and the final catalog in-
cludes �1:32 ; 106 stars with at least one measurement in two
different photometric bands. The photometry was kept in the Vega
system following the prescriptions suggested by Sirianni et al.
(2005 and references therein). The main difference with the in-
vestigations byFreyhammer et al. (2005) andMonelli et al. (2005),
which are based on the same data, is that they performed the pho-
tometry on individual pointings and adopted slightly different zero
points in the absolute calibration.

The ground-based datawere divided into shallow (89) and deep
(35) pointings, and each set was simultaneously reduced with
DAOPHOTII /ALLFRAME. The final catalog includes �6:4 ;
105 stars with at least one measurement in two different photo-
metric bands. The relative and absolute photometric calibration
of ground-based instrumental magnitudes was performed follow-
ing the strategy suggested byMonelli et al. (2003) and Corsi et al.
(2003). To accomplish this nontrivial objective, we used a large

Fig. 1.—Location of the pointings of the ground-based U-, B-, V-, and I-band data collected with WFI at 2.2 m ESO/MPI (black line) and the space-based F435W,
F625W, F658N band data collected with ACS at HST (blue mosaic). The outline of individual WFI pointings is plotted over a 1 ; 1 deg 2 field in the Digital Sky Survey
(DSS). The central cluster field, unresolved by the DSS, is superposed by a sample from our star catalog to show the location of the HST mosaic.

16 No general consensus has been reached yet on the structural parameters of
! Cen; the GGC catalog by Harris (1996) gives rc ¼ 1:40 and rt ¼ 570, while
Meylan et al. (1995) give rc ¼ 30 and rt ¼ 510.
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set (�30,000 stars) of new multiband (U, B, V, I ) local photo-
metric standard stars (Stetson 200017; P. B. Stetson et al. 2007, in
preparation). The sky area covered by the standard stars is approx-
imately 33 ; 39 arcmin2 and includes a substantial fraction of the
current scientific data. The comparison between the current cal-
ibrated data and the local standard stars observed byWalker (1994)
indicates that the agreement in the absolute zero points is of the
order of 0.03 mag (B band) or better (V and I bands).

The entire photometric catalog includes �1:7 ; 106 stars and
is, to our knowledge, the largest multiband data set ever collected
for a GGC. Data reduction required several months of CPU time
on a dedicated 64 bit server. Figure 2 shows a color image of the
central cluster regions with almost the same spatial resolution as
the original ACS data. The color of individual stars is based on
U-, B-, V-, and I-band data collected with the WFI. Note that the
crowding of the innermost regions is a major problem also for a
GCwith a modest central density ( log � ¼ 3:12 L� pc�3; Harris
1996).

In order to provide a composite CMD including both ground-
and space-based data, we transformed the F435W magnitudes
into the standardB band. By selecting common stars with 14:5 �
B � 22:5, we found the following calibration: B ¼ F435Wþ
0:03(�0:02)� 0:0015(�0:001)F435W. Furthermore, we trans-
formed ground-based V- and I-band data into F625Wmagnitudes
as F625W¼V ; 0:544þ I ; 0:455. The two sets of magnitudes
agree quite well, and indeed we found that the difference is within
an rms of 0.03 mag. For the stars with measurements both in the

ACS and in the WFI data set we adopted the former one. Figure 3
shows theCMD inB,B� F625W. Stars plotted in this figure have
been selected according to photometric accuracy (�B; �V ; �F625W;
�I < 0:03) and the ‘‘separation index’’ (sep > 3).18 A good
fraction of the bright red giant branch (RGB; B � 15:5, B �
F625W � 1:4) stars mainly comes from the WFI photometry,
while faint MS stars come from the ACS photometry. A glance
at the data plotted in this figure shows that relatively fast evolu-
tionary phases such as the AGB (B � 14:5, B� F625W � 1:4),
the blue straggler sequence (BS; 16:5 � B � 18:5, 0:3 � B �
F625W � 0:8), and the bright region of the white dwarf (WD)
cooling sequence (B > 21, B� F625W � �0:2) are all sampled
well. However, we cannot exclude thatwe aremissing bright AGB
stars (B � 13, B� F625W � 2:4) and a fraction of RG stars lo-
cated close to the tip of the RGB (B � 13 13:5, B� F625W �
2:3 2:4).
The HB, in particular, appears very well populated and shows

a morphology quite similar to the blue HB of NGC 2808 (Bedin
et al. 2000; Castellani et al. 2006b). Following the scheme adopted
for NGC 2808 stars, the blue HB tail can be divided into three
different subgroups: stars hotter than the RR Lyrae instability strip
and brighter than the first gap (B � 16:5, EBT1), stars located be-
tween the first and second gaps (16:5 � B � 17:8, EBT2), and
stars fainter than the second gap (B > 17:8, EBT3). The current
limits (see solid lines in Fig. 7) have been fixed arbitrarily, since

Fig. 2.—The color image is a true-color hybrid composition of WFI and
ACS images. The catalog based on ACS images provides the spatial informa-
tion, while the colors of individual stars are based onU-, B-, V-, and I-bandWFI
data. In order to preserve the appropriate resolution, three artificial images of
8192 ; 8192 pixels have been created: one for the combinedU- andB-band data,
and two for the V- and I-band data. Approximately 1 million stars have been
included in each of these images using the artdata.mkobjects task, resulting
in an image with almost the same pixel scale as an ACS image. The three in-
dependent channels have then been merged to create a true-color image. The
mosaic’s field on the sky is�100 ; 9:50. North is up, and east is to the left. [See
the electronic edition of the Journal for a color version of this figure.]

17 See also http://cadcwww.hia.nrc.ca /cadcbin /wdb/astrocat /stetson /query/.

18 The ‘‘separation index’’ quantifies the degree of crowding (Stetson et al.
2003). The current sep value corresponds to stars that have required a correction
of less than 6% for light contributed by known neighbors.

Fig. 3.—Composite B, B� F625W diagram of the entire field. ACS data in
the F435W band were transformed into the B band, while Vand IWFI data have
been transformed into F625W using the transformation F625W ¼ V ; 0:544þ
I ; 0:455 mag. See text for more details.
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the first gap, unlike the case of NGC 2808, is not well defined in
the optical bands.

3. CLUSTER MEMBERS: CLEANING THE HERD

In order to investigate the HBmorphology as a function of the
radial distance, we devised the following approach:

1. The optical catalog was transformed into the equatorial sys-
tem by using IRAF’s IMMATCH package to establish the spatial
transformation using a subsample of 704 stars in common with
the van Leeuwen et al. (2000) catalog of proper motions and
membership probabilities in ! Cen. The latter catalog covers a
field measuring 470 by 450 on the sky, which was offset 9.30 west
and 3.20 south of the cluster center (center ICRF position: � ¼
201:69065�, � ¼ �47:47855�) to include a part of the halo. The
mutual overlap with our field is approximately 36.90 by 42.90. The
limiting magnitude of the 9847 stars in this catalog is V ¼ 16:0
16:5, and the precision of the propermotions is 0.1–0.65mas yr�1,
depending on stellar brightness. The rms of our transformation is
0.0900 and 0.0500 in � and �, respectively. We rejected matches for
objects with separations exceeding 1.000 and identified�6300 stars
in common. Among them, 280 stars (open circles in Fig. 5) have
a probability smaller than 10% of being cluster members (van
Leeuwen et al. 2000).

2. Subsequently, the transformed equatorial coordinates of our
optical catalog were matched with those in the NIR Two Micron
All Sky Survey (2MASS; Cutri et al. 200319) catalog.20 We re-
jected matches for objects with separations exceeding 0.400 and
identified �15,000 stars in common. For these objects we have
at least three optical and three NIR (J,H,K ) magnitudes. In order
to split field and cluster stars, we used the U � J versus B� H
color-color plane (see top panel of Fig. 4), together with several
optical–NIR CMDs, namely, B, U � J ; V, B� H ; and I, U � I .
We did not use the K-band photometry because it is less accurate
in the faint magnitude limit (B � 17). On the basis of these CMDs
we provided a preliminary cut of the region of this plane where !
CenRG stars are located by using the stars distributed in an annulus
close to the cluster center (2:50 � r � 10 0). We performed a linear
fit of the U � J color as a function of the B� H color for the
selected stars and then estimated for each star in the sample the
distance in color from the fitting line. We divided the sample into
different B� H color intervals, and for each bin we fitted the dif-
ference inU� J color with a Gaussian. The peaks and the sigmas
of the different Gaussians were adopted to improve the location of
the fitting line and the selection of likely ! Cen stars. The proce-
dure was repeated a few times by slightly changing the cuts in
B� H color. Data plotted in the middle and bottom panels of Fig-
ure 4 show the last Gaussian fits we performed, while the blue line
in the top panel shows the final fitting line. The likely cluster RG
stars (black dots) appear to be distributed along a well-defined
sequence, while field objects form either two cooler plumes (red
dots) or a hotter tail (green dots) for 1:5 � U � J � 4. Likely
cluster HB stars (blue dots) are located in the bottom left corner
due to the strong sensitivity of these colors to the effective tem-
perature. TheUmagnitudes also show some dependence on sur-
face gravity, since the Balmer convergence and continuum are
included in that bandpass: high-luminosity stars are fainter in U
than low-luminosity stars of the same long-wavelength colors. A
few dozen field objects present the same colors as HB stars, but
they are significantly fainter/brighter than HB stars. Therefore,
we also selected HB stars on the basis of a magnitude criterion

(14:5 � B � 16:1). Note that to avoid systematic drifts in the
selection of the different stellar samples, we required that likely
cluster RG and HB stars be located inside the expected mag-
nitude and color intervals in the different optical–NIR CMDs.

The left panel of Figure 5 shows the B, U� H CMD of the
cluster sample for candidatemembers,while the right panel shows
the CMD of the field objects (�1600). Although the criteria to
select the different samples rely on photometric properties and par-
tially on proper motions, data plotted in the left panel indicate that
field objects have been properly subtracted. TheAGBstars display
a well-defined split from the RG stars, and the bright RG stars of
the anomalous branch (!3; Rey et al. 2000; Pancino et al. 2000;
Freyhammer et al. 2005) can be easily identified (see the arrows).

Furthermore, data plotted in the right panel show the typical
color distribution of field stars (see, e.g., Gilmore et al.1989). How-
ever, the small overdensity of objects located at B �15 andU �
H � 1:5 suggests that the current selection includes a few cool
cluster HB stars in the sample of field objects. As an independent
test of the appropriateness of the current selection criteria, Fig-
ure 6 shows the radial distribution of cluster stars (solid line) and
field objects (dashed line). We accounted for the fact that ! Cen
is ellipsoidalwith a position angle of �100� (van deVen et al. 2006
and references therein) and the positions of individual objectswere
estimated as the distances projected along the major and minor
axis, respectively. Data plotted in this figure show that the ‘‘field’’
objects show a mild increase when approaching the cluster center.

Fig. 4.—Top: Optical–NIR color-color plane for bright stars in !Cen. Black
and blue dots display likely cluster RG and HB stars, while red and green dots
likely field objects. The solid blue line shows the fitting line adopted to select likely
field and cluster stars.Middle: Distance in U � J color from the fitting line for the
stars with 4:25 � B� H � 5:25 and located at a radial distance ranging from 2.50

to 100 from the cluster center. The solid line shows the Gaussian that fits the color
distribution.Bottom: Same as the middle, but for stars with 2:75 � B� H � 3:75.

19 See http://www.ipac.caltech.edu /2mass.
20 See also http://www.ipac.caltech.edu /2mass/releases/allsky/.
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However, this field sample is approximately 10% as large as the
sample of cluster stars. Note that the decrease in the number of
stars close to the cluster center is due to the limited spatial resolu-
tion of the 2MASS catalog. Moreover, galaxy counts based on
multiband photometric data collected by the Sloan Digital Sky
Survey (SDSS) suggest that the expected number offield galaxies
per square degree with B � 18 is negligible (�30; Yasuda et al.
2001).21 This evidence indicates that the conclusions of this in-
vestigation are at most marginally affected by the criteria adopted
to distinguish field objects from cluster stars. For a more detailed
discussion on the approach adopted to split field and cluster stars
see Calamida et al. (2007).

Once we removed the field objects from the optical–NIR
catalog, we estimated the total flux in the B band from the stars
fainter than B � 13 and brighter than B � 22. Note that to esti-
mate the total flux, we did not apply selection criteria to the pho-
tometric catalog, apart from the rejection of probable field objects.
Moreover, in this magnitude range the completeness of the two
photometric catalogs as a function of the radial distance is very
similar. Then we divided the photometric catalog into three con-
centric regions in such a way that each of them includes one-third
of the flux of the entire sample. We found that the three regions
are given by r � r� ¼ 204:300, r� < r � r� ¼ 458:600, and r > r�.
Note that the current radial cuts marginally depend on the lim-

its in magnitude adopted to estimate the fractional flux. An
increase/decrease of 1 mag in the bright cut causes a change of
�300 in r� and of �1100 in r�. A similar change in the faint cut
affects the values of r� and r� by approximately 100. For the stars
located in the innermost regions we used only the HST photom-
etry, while for the middle region we adopted either HST photom-
etry (r � rACS � 40000) or ground-based photometry (rACS < r �
r�). Figure 7 shows, from left to right, the CMDs of space-
(B, B� F625W) and ground-based (B, B� V ) data for annuli
at increasing radial distance.
Data plotted in this figure show that the EBT2 region appears

less populated than the EBT1 and EBT3 regions in all three radial
zones.Moreover, stars in theEBT3 region appear to decreasemore
rapidly toward the outskirts of the cluster when compared with
stars in the EBT1 and EBT2 regions. To express this circumstan-
tial evidence on a more quantitative basis, Table 2 lists the star
counts of the different subsamples as a function of the radial dis-
tance. Note that the uncertainties given for the relative fractions
of individual subsamples only account for the statistical errors
in the star counts. The stars plotted as black dots in Figure 7 have
been selected on the basis of the separation index, photometric
errors, and sharpness. On the other hand, we did not apply any
selection criteria to count the different stellar subsamples (RG,
red dots; HB, blue dots; !3 branch, green dots; MS, cyan dots)
apart from the upper and lower magnitude limits and the rejec-
tion of field objects.We ended upwith a sample of 3311 likelyHB
stars, which is by far the largest sample of HB stars measured in a
GGC to date. On the whole, one finds that the relative number
of HB stars (as normalized to the total B-band flux) steadily de-
creases when moving from the center to the outermost regions.
This trend applies to individual subsamples; therefore, it can hardly
be explained as an observational bias.

Fig. 5.—Left : Optical–NIRCMD for bright likely cluster stars in !Cen. Dif-
ferent samples have the same colors as in Fig. 3. Right: Same as the left panel, but
for likely field objects. Open circles mark objects that according to proper-motion
measurements (van Leeuwen et al. 2000) present a low membership probability
(P � 10%).

Fig. 6.—Radial distribution of likely field objects (dashed line) and cluster
(solid line) stars.

21 Note that to perform this estimate, we accounted for the difference in mag-
nitude between the Johnson-Cousins system and the SDSS system (see, e.g., Jordi
et al. 2006).
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Moreover, the ratio between stars in the EBT3 and the to-
tal number of HB stars is roughly equal, within the errors, for
r � r� [N (EBT3)/N (HB) � 0:28 � 0:02] and for r� < r � r�
[N (EBT3)/N (HB) � 0:32 � 0:02] and decreases to �0:21 �
0:02 in the outermost region, while the fraction of stars in the
EBT2 region is constant across the cluster [N (EBT2)/N (HB) �
0:08 � 0:01]. On the other hand, the fraction of stars in the EBT1
region is N (EBT1)/N (HB) � 0:62 � 0:03 for r � r� and in-
creases toN (EBT1)/N (HB) � 0:72 � 0:04 for r > r�. The anon-

ymous referee noted that the difference in the radial distribution
between stars in theEBT1 andEBT3 regions is further strengthened
by the evidence that the ratioN (EBT3)/N (EBT1) for r � r� dif-
fers at 5.9 � level (T 2 statistics) with the same ratio for r > r�. A
glance at theB-band luminosity functions (LFs) of HB stars plotted
in Figure 8 as a function of the radial distance further confirms
this radial trend. Note that the current space- and ground-based
photometry is significantly deeper than the selected HB stars.
Therefore, current star counts should be minimally affected by

Fig. 7.—CMDs as a function of the radial distance based on ACS atHST (B, B� F625W) and ground-based (B, B� V ) data. The bulk of the stars plotted in the different
CMDs (black dots) were selected using different criteria (sep, photometric errors, sharpness). Blue dots markHB stars, red dots RGB stars, green dots stars belonging to the!3
branch, and cyan dots MS stars adopted for the star counts. These subsamples have only been selected between upper and lower magnitude limits and cleaned for field star
contamination. The solid lines mark from top to bottom the EBT1, EBT2, and EBT3 regions.

TABLE 2

Number of HB Stars in the Three Selected HB Subgroups Detected in the Three Different Regions of the Cluster

Radius N(EBT1) N(EBT2) N(EBT3) Ntot r (HB)a r (HB)b r (HB)c

Star Counts Based on B, B� F625W (ACS) and B, B� V (WFI ) CMDs

r � r� ................. 798 (64%� 3%) 98 (8%� 1%) 349 (28%� 2%) 1245 14.79 14.43 14.51

r� < r � r� ........ 402d + 293e (60%� 3%) 56d + 40e (8%� 1%) 235d + 136e (32%� 2%) 1162 13.69 13.34 13.39

r > r� ................. 650 (72%� 4%) 64 (7%� 1%) 190 (21%� 2%) 904 10.90 10.65 10.75

Total ............... 2143 (65%� 2%) 278 (8%� 1%) 910 (27%� 1%) 3311 39.38 38.42 38.64

Star Counts Based on B, B� F658N (ACS) and B, U � V (WFI ) CMDs

r � r� ................. 787 (64%� 3%) 99 (8%� 1%) 349 (28%� 2%) 1235 14.66 14.30 14.38

r� < r � r� ........ 404d + 299e (61%� 3%) 59d + 40e (9%� 1%) 237d + 110e (30%� 2%) 1149 13.58 13.24 13.30

r > r� ................. 618 (72%� 4%) 61 (7%� 1%) 181 (21%� 2%) 860 10.37 10.13 10.23

Total ............... 2108 (65%� 2%) 269 (8%� 1%) 877 (27%� 1%) 3244 38.61 37.67 37.90

Note.—Values in parentheses give for each region the relative fraction of the different subgroups with respect to the total number of HB stars.
a Rate of HB stars, i.e., the number of HB stars formed per Myr according to the lifetime of the three different EBT groups. The lifetimes were estimated as the mean

of HB models with Z ¼ 0:0002 (Y ¼ 0:23) and Z ¼ 0:001 (Y ¼ 0:232).
b Rate of HB stars, i.e., the number of HB stars formed per Myr according to the lifetime of the three different EBT groups. The lifetimes were estimated by

accounting for a mix of stellar populations with different metal (Z ¼ 0:0002, 0.001) and helium (Y ¼ 0:23, 0.33) abundances.
c Rate of HB stars, i.e., the number of HB stars formed per Myr according to the lifetime of the three different EBT groups. The lifetimes were estimated by

accounting for a mix of stellar populations with different metal (Z ¼ 0:0002, 0.001) and helium (Y ¼ 0:23, 0.42) abundances.
d Star counts based on ACS data (r� < r � rACS).
e Star counts based on WFI data (rACS < r � r�).
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completeness problems. Moreover, crowding effects would act
in the opposite direction, since they should spuriously reduce the
counts of EBT3 stars more in the region closer to the center than
in the outskirts of the cluster.

However, to provide firm constraints on deceptive systematic
errors that might affect the current HB star counts (crowding, sat-
urated stars, limiting magnitudes), we performed the same selec-
tions by using different colors for both space- (B, B� F658N)
and ground-based (B, U � V ) photometry. The new star counts
are listed in Table 2 and agree quite well (within the errors) with
those quoted above. Moreover, HB stars plotted in Figure 9 dis-
play the same trend concerning the radial gradient of the three
EBT regions. Current findings support the results obtained by
Bailyn et al. (1992) concerning the steady decrease in the num-
ber of EHB stars when moving toward the outer reaches of the
cluster. They also support the results by D’Cruz et al. (2002)
concerning the relative fraction of EBT3 stars (�27% � 1% vs.
30%–40%).

4. HB VERSUS RED GIANT BRANCH STARS

A relevant question concerning the occurrence of HB ‘‘blue
tails’’ in GCs is to assess whether observed star counts along the
HB agree with the normal evolutionary sequence in which HB
stars are the predicted progeny of RG stars that have just expe-

rienced the He core flash at the tip of the RGB. There are indeed
evolutionary scenarios suggesting that either a fraction of HB stars
approach the blue tail along a different evolutionary path or a
fraction of RG stars miss the HB evolutionary phase altogether
due to a virtually complete removal of the envelope.
It has already been suggested that the hot EBT3 group could

be the aftermath of a quite different evolutionary path, e.g., the
coalescence of two low-mass He core WDs (Iben 1991 and ref-
erences therein). In such a case the stars in the EBT3 group will
appear as an addition to the normal and legitimate HB, and in turn,
the total number of HB stars should exceed the number expected
from the ongoing transition from RG into HB structures.
However, according to an alternative suggestion advanced by

Castellani & Castellani (1993; but see also D’Cruz et al. 1996;
Brown et al. 2001; Cassisi et al. 2003), the stars in the EBT3 re-
gion might be the result of an episode of extreme mass loss—
possibly caused by stellar encounters or compact binaries (Ivanova
et al. 2006)—before the onset of the He core flash. This phenom-
enon can drive the stellar mass very near to the lower mass limit for
central He ignition. The RG stars above this limit undergo a late He
flash either during the contraction toward their He WD structure
or in the approach to their WD cooling sequence. These stellar
structures have been christened in the literature as hot He flashers
(Castellani&Castellani 1993; Sweigart 1997), and they have been
photometrically (Momany et al. 2004) and spectroscopically
(Moehler et al. 2002, 2004 and references therein) identified in
several GCs. However, it would not be a surprise if the same
significant mass-loss mechanism also drives a fraction of the RG
stars below the limit for central He ignition. This would imply
that a fraction of RG stars will miss the He core flash, thus di-
rectly evolving into cooling He core WDs rather than spending
time as HB stars (Castellani et al. 2006a). The key consequence of
such an evolutionary path is that one should observe a lower num-
ber of RG stars than predicted by evolutionary models. Moreover,
according to the fraction of RG stars that after the heavymass-loss
episode are either above or below the limit for central He ignition,
one should observe an increase either in the number of EHB stars
or in the number of stars in the bright region of the WD cooling
sequence, relative to the total number of RG stars. It goes without
saying that RG stars with stellar masses uniformly distributed
across this limit should produce an increase in the number of both
EHB stars and bright WDs (Castellani et al. 2006a).
One may explore such a problem by recalling that at advanced

stages of evolution the number of stars observed in a given evo-
lutionary phase is expected to be proportional to the time spent
by stellar models in that given phase. We check the number of
HB stars measured in ! Cen by using the RG stars as a ‘‘reference
clock.’’ We counted RG stars in the magnitude range 15:0 � B �
17:8. We selected this magnitude interval to secure a sizable sam-
ple of cluster stars in an evolutionary phase whose lifetime is min-
imally affected by both chemical discontinuity (RGB bump) and
mass-loss efficiency (tip of the RGB). Star counts listed in Table 3
show that RG stars present the same radial trend as HB stars, i.e.,
their numbers steadily decrease (relative to the total B-band flux)
when moving from the center to the outermost regions. Owing to
the photometric precision and to the large sample of measured
stars, data plotted in Figures 7 and 9 show awell-defined!3 branch
in the three different annuli (green dots). Star counts listed in
Table 3 also support the finding by Pancino et al. (2000) that this
stellar population is approximately 3%–4%of the entire popula-
tion. There is weak evidence that this stellar population might in-
crease when moving toward the outskirts. But on the whole, RG
stars on the !3 branch are less than 5% of the entire RG popula-
tion and will be neglected.

Fig. 8.—B-bandLFofHB stars from the very center (top) tomore external clus-
ter regions (middle, bottom). The arrowsmark the magnitude interval of the three
selectedEBTregions (see solid lines in Fig. 7). The total number of HB stars, the star
counts for each subsample, and their relative fractions in each region are also labeled.
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In order to provide a more quantitative analysis concerning
star counts along the RGB, we counted RG stars in bins of one
Bmagnitude. This count was performed for 11 bins by adopting
a shift of 0.1 in the magnitude range 16:6 � B � 17:6 (see the
third, fourth, and fifth columns of Table 4). Figure 10 shows the
RG star counts based on B, B� F625W (ACS at HST ) and B,
B� V (WFI at 2.2 m) CMDs as a function of the B magnitude.
Interestingly enough, RG stars do not show any significant radial
trend for r � r�, and indeed the star counts attain very similar val-
ues over the entiremagnitude range.On the other hand, star counts
in the external annulus are systematically smaller than the inner
ones in all the bins. The same outcome applies if we use the RG
stars selected in the CMDs based onB, B� F658N (ACS atHST)
andB,U � V (WFI at 2.2m)CMDs (dashed lines). The selection
of the adopted radial annuli is based on the total B-band flux
emitted by the different stellar populations in ! Cen. In order to
validate the current approach, we compared the observed density
profile of the entire stellar population with a standard isotropic
single-mass King model with rc ¼ 15500 and c ¼ log (rt /rc) ¼
1:24 (Trager et al. 1995; Ferraro et al. 2006) and found a very
good agreement. Therefore, the different populations should con-
tribute to the total flux with the same number of stars. The dif-
ference we found in the outermost annulus might be caused either

by the RG stars brighter than the HB or by the AGB stars. The star
counts of these evolutionary phases will be discussed in a forth-
coming paper.

In order to establish whether the number of RG stars is peculiar
either in the two inner annuli or in the external one, we need to
compare empirical star counts with predicted evolutionary times.
Inspection of recent evolutionary prescriptions (Pietrinferni et al.
2006), shows that in the lower portion of the RGB (i.e., below the
luminosity of the RGB bump and above the subgiant branch),
this time is largely independent of cluster metallicity and of clus-
ter age for ages ranging from 9 to 13 Gyr. The same outcome is
also supported by empirical evidence, and indeed Stetson (1991)
showed that cluster LFs, once shifted so that the turnoff mag-
nitudes are coincident, marginally depend along the RGB on iron
and �-element abundances, as well as on cluster age and initial
mass function.

In order to provide more quantitative estimates of this depen-
dence, we constructed several evolutionary tracks by adopting
different stellar masses and chemical compositions. Current evo-
lutionary tracks22 have been computed with an updated version

Fig. 9.—Same as Fig. 7, but based on ACS at HST (B, B� F658N) and ground-based WFI at 2.2 m ESO/MPI (B, U � V ) data.

TABLE 3

Number of RG Stars Detected in the Three Selected Cluster Regions

Radius RGa !3a RGb !3b

r � r� .................... 4527 138 (3.0% � 0.26%) 4598 153 (3.0% � 0.25%)

r� < r � r� ........... 2469c + 1840d 67c + 103d (4.0% � 0.31%) 2504c + 1913d 77c + 67d (3.0% � 0.25%)

r > r� .................... 3492 286 (8.0% � 0.5%) 3209 195 (6.0% � 0.44%)

Total .................. 12328 594 (5.0% � 0.21%) 12224 492 (4.0% � 0.18%)

Note.—Values in parentheses give for each region the relative fraction with respect to the total number of RG stars.
a Star counts based on B, B� F625W and B, B� V CMDs.
b Star counts based on B, B� F658N and B, U � V CMDs.
c Star counts based on ACS data (r� < r � rACS).
d Star counts based on WFI data (rACS < r � r�).

22 Several sets of evolutionary tracks and isochrones are available at http://
astro.df.unipi.it /SAA/PEL/Z0.html.
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of the FRANEC evolutionary code (see, e.g., Chieffi & Straniero
1989) and by adopting the radiative opacities made available by
the Livermore group (Iglesias & Rogers 1996) and updated nu-
clear cross sections (Cariulo et al. 2004). Current evolutionary
tracks account for element diffusion (Ciacio et al. 1997) with
diffusion coefficients from Thoul et al. (1994) and neglect mass
loss during hydrogen- and helium-burning phases. Convective
transport in the envelope regions is treated with the mixing-length
formalism, in which the parameter � defines the ratio between the

mixing length and the local pressure scale height. We adopted
� ¼ 2:0, which reproduces, with the currently adopted color trans-
formations, the observed RGB colors of the GGCs (Cariulo et al.
2004). Stellar structures during He-burning phases have been con-
structed according to the canonical prescriptions for ‘‘induced semi-
convection’’ (see, e.g., Castellani et al. 1985).
To bracket the chemical compositions of the bulk of the stellar

populations in ! Cen (Norris et al. 1996; Suntzeff & Kraft 1996;
Hilker et al. 2004; Sollima et al. 2005, 2006; Piotto et al. 2005),
we adopted Z ¼ 0:0002 and 0.001. Although precise empirical
estimates of the metallicity distribution in ! Cen are available,
we decided to use only two metal abundances, since the evolu-
tionary lifetimeswe plan to use display only amild dependence on
this intrinsic parameter. Moreover, to account for the age effect,
we adopted two stellar massesM ¼ 0:8 and 0.85M�. These stel-
lar masses imply a difference of�2 Gyr in the turnoff (TO) age.
Data plotted in Figure 11 and evolutionary times listed in Table 5
show that an increase in metal abundance of a factor of 5 and a
decrease in cluster age of �20% cause on average a change in the
RG lifetime of the order of 10%. This evidence strengthens the
use of RG stars as a reference clock in stellar systems showing a
spread in metal abundance and/or in stellar age such as ! Cen.
Current evolutionarymodels for Z � 0:001 have been constructed
by adopting an original helium abundance of Y � 0:23. By taking
into account a conservative estimate for the uncertainty of this
input parameter (0:23 < Y < 0:25; Salaris et al. 2004; Spergel
et al. 2007), we obtain a variation of the RGB lifetime, for a stel-
lar mass of �0.8 M�, less than 10%. Similarly, the error in the
RGB lifetime due to the uncertainties in the input physics is of
the order of�10% (Cassisi et al. 1998). On the other hand, the
HB lifetime is marginally affected by a variation in the original
helium abundance within plausible ranges (see, e.g., Bono et al.
1995). Cassisi et al. (2001) estimated a variation of �10% of
the HB lifetime due to the uncertainty in the adopted input
physics.
Theoretical predictions have been transformed into the obser-

vational plane by adopting the bolometric corrections and the
color-temperature transformations provided byBessell et al. (1998).
In particular, we adopted atmospheric models with an �-enhanced
composition (½�/Fe	 ¼ 0:4).23These predictions are only available

TABLE 4

Empirical Star Counts in Different ‘‘Windows’’ along the RGB

�mB r � r�
a r� < r � r�

a r > r�
a r � r�

b r� < r � r�
b r > r�

b

17.6–16.6............. 2413 2221c 1837 2450 2277c 1668

17.5–16.5 ............. 2187 2060 1705 2228 2111 1555

17.4 –16.4 ............ 2016 1890 1544 2061 1953 1408

17.3–16.3 ............. 1842 1750 1411 1885 1793 1294

17.2–16.2 ............. 1639 1584 1285 1685 1627 1177

17.1–16.1 ............. 1480 1448 1184 1515 1489 1081

17.0–16.0 ............. 1369 1340 1072 1405 1375 988

16.9–15.9 ............. 1241 1246 983 1269 1278 903

16.8–15.8 ............. 1138 1168 903 1164 1202 835

16.7–15.7 ............. 1084 1133 828 1103 1169 774

16.6–5.6............... 1010 1058 787 1030 1083 738

Note.—Star counts have been performed in different CMDs.
a Star counts based on B, B� F625W and B, B� V CMDs.
b Star counts based on B, B� F658N and B, U � V CMDs.
c Star counts account for both ACS and WFI data.

Fig. 10.—Empirical star counts along the RGB of ! Cen. Individual bins cover
an interval of one B magnitude and have been plotted at the faint end of the mag-
nitude bin. Different symbols mark star counts in different annuli. Solid and dashed
lines show RG samples selected in different CMDs.

23 The entire set of atmosphere models is available at http://wwwuser.oat
.ts.astro.it /castelli /colors /bcp.html.
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for surface gravities log g � 5. In order to transform EHB mod-
els into the observational plane, we linearly extrapolated by
0.5 dex the surface gravities out of the available range. The evo-
lutionary times along the RGB have been estimated by adopting
the same approach adopted for empirical star counts together with
a distance modulus of �0 ¼ 13:70 � 0:06 � 0:06 (Del Principe
et al. 2006) and a reddening ofE(B� V ) ¼ 0:11� 0:02 (Kaluzny
et al. 2002; Lub 2002; Calamida et al. 2005). By adopting the
reddening law from Cardelli et al. (1989), we estimate that the
apparent distancemodulus in theB band is (m�M )B ¼ 14:16 �
0:06 � 0:09 mag. The systematic error accounts for the uncer-
tainty both in the absolute zero point of the B band and in the
cluster reddening.

Figure 12 shows the comparison between star counts and theo-
retical predictions at fixed stellar mass (top panel ) and chemical
composition (bottom panel ). Evolutionary lifetimes have been nor-
malized to observations in the magnitude bin mB ¼ 16:9 15:9
(MB ¼ 2:74 1:75). We selected this bin to avoid the possible in-
terference of the RGB bump. This intrinsic feature is indeed sys-
tematically brighter than our adoptedmagnitude limit over a broad
range of stellar metallicities (see, e.g., Table 1 in Caputo &Cassisi
2002). Theoretical predictions present a marginal dependence
on metal abundance, and indeed predicted RG lifetimes for Z ¼
0:0002 (red lines) and Z ¼ 0:001 (blue line) attain quite similar
values. Note that to avoid a complete overlap, the lifetimes for
Z ¼ 0:001 have only been compared with the star counts of the
outermost annulus. The same outcome applies to the dependence
on the cluster age, and indeed a decrease of 2 Gyr (M ¼ 0:80M�
[red lines] vs.M ¼ 0:85M� [green line]) causes a marginal dif-
ference in the predicted RG lifetime. Once again, to avoid the
complete overlap, the predictions forM ¼ 0:85M� have only been
compared with the star counts of the outermost annulus.

Data plotted in Figure 12 indicate that theory and observations
agree quite well in the two external annuli, while counts of the
faintest giants attain slightly larger values in the inner annulus.
This discrepancy can be caused neither by an increase in metal
abundance of a factor of 5 (top panel, blue line) nor by a decrease
in stellar age of the order of 20% (bottom panel, green line).

Simple physical arguments suggest that the ratio between the
number of HB stars and the number of RG stars should scale
according to the ratio of their relative evolutionary lifetimes. Data

TABLE 5

Theoretical Predictions Concerning the Different Lifetimes that a Stellar Structure

with Canonical He Abundance (Y � 0:23) but Different Stellar Masses

and Chemical Compositions Spent in the Different ‘‘Windows’’ along the RGB

�mB

(mag)

�MB
a

(mag)

� tb

(Z ¼ 0:0002)

(yr)

� tb

(Z ¼ 0:001)

(yr)

� tc

(Z ¼ 0:0002)

(yr)

� tc

(Z ¼ 0:001)

(yr)

17.60–16.61.............. 3.44 –2.44 2.33E8 2.08E8 2.45E8 2.01E8

17.50–16.51.............. 3.34 –2.35 2.13E8 1.90E8 2.05E8 1.86E8

17.40–16.40.............. 3.24 –2.24 1.97E8 1.76E8 1.82E8 1.74E8

17.30–16.30.............. 3.14 –2.14 1.81E8 1.62E8 1.70E8 1.60E8

17.20–16.20.............. 3.04 –2.04 1.68E8 1.49E8 1.58E8 1.47E8

17.10–16.11.............. 2.94 –1.95 1.55E8 1.37E8 1.49E8 1.36E8

17.00–16.00.............. 2.84 –1.84 1.43E8 1.27E8 1.39E8 1.23E8

16.90–15.91.............. 2.74 –1.75 1.31E8 1.16E8 1.29E8 1.14E8

16.80–15.80.............. 2.64 –1.64 1.21E8 1.05E8 1.18E8 1.06E8

16.70–15.70.............. 2.54 –1.54 1.11E8 9.75E7 1.08E8 9.76E7

16.60–15.62.............. 2.44 –1.45 1.01E8 8.96E7 1.00E8 8.91E7

a Absolute B-band magnitudes for stellar structures with M ¼ 0:80 M�, Z ¼ 0:0002, and Y ¼ 0:23.
b Stellar ages for stellar structures with M ¼ 0:80 M� and different chemical compositions.
c Stellar ages for a stellar structure with M ¼ 0:85 M� and different chemical compositions.

Fig. 11.—Evolutionary predictions in the B, B� V CMD at fixed mass
(M ¼ 0:80 M�) and different chemical compositions (see labeled values). The
square brackets along the evolutionary tracksmark 3 out of the 11 1mag bins along
the RGB. The labels display the predicted lifetimes (Myr) for both metal-poor (left;
Z ¼ 0:0002) and more metal-rich (right; Z ¼ 0:001) structures. Solid and dashed
lines for He-burning structures show the zero-age HB and the exhaustion of central
He burningwith different chemical compositions. The labels and the symbols along
the zero-age HBs display predicted lifetimes (Myr) of metal-poor (left; asterisks)
andmoremetal-rich (right; triangles) He-burning structures representative from top
to bottom of EBT1, EBT2, and EBT3 groups. Filled and open circles mark the re-
gion of the MS adopted to estimate the MS lifetime.
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plotted in Figure 11 indicate that HB lifetimes for extremely hot
HB stars (EBT3, Te � 29;600 K, M ¼ 0:518 M�) are of the
order of 94 Myr for Z ¼ 0:0002 and of 101 Myr for Z ¼ 0:001
(Te � 28;500 K,M ¼ 0:510M�). This evolutionary lifetime for
hot HB stars (EBT2) decreases to 84 Myr (Z ¼ 0:0002, Te �
18;200 K, M ¼ 0:570 M�) and to 90 Myr (Z ¼ 0:001, Te �
18;200 K, M ¼ 0:551 M�), while for less hot HB stars (EBT1)
the evolutionary lifetime decreases to 76Myr (Z ¼ 0:0002, Te �
10;500 K, M ¼ 0:670 M�) and to 82 Myr (Z ¼ 0:001, Te �
10;000 K, M ¼ 0:620 M�), respectively. Thus, ‘‘typical’’ aver-
age lifetimes are �98, 87, and 79 Myr for EBT3, EBT2, and
EBT1, respectively. Note that the three effective temperatures,
and in turn the lifetimes, were selected to be representative of the
three EBT regions (see Fig. 7) and of the peaks in the HB LF (see
Fig. 8).

In order to account for such an occurrence, we estimated the
arrival rate of stars onto the HB in the three EBT groups, namely,
r(HB)¼N (EBT3)/98þN (EBT2)/87þN (EBT1)/79. Note that
to account for the possible spread in metal abundance, the lifetime
typical of the EBT3 group was estimated as the average tEBT3 life-
time for Z ¼ 0:0002 and Z ¼ 0:001 stellar structures. The same
approachwas adopted for the other HB groups and for the lifetime
of RG structures. The use of r(HB) represents the key advantage
for overcoming the problem of the change in the predicted lifetime
according to theHBmorphology. Thus, the arrival rate of HB stars

provides the opportunity to use, in the comparison between theory
and observations, specific evolutionary timescales. The rates
of HB stars in the three annuli are listed in the sixth column of
Table 2. As a whole, we found that the total rate of HB stars in
! Cen is �39 stars Myr�1. A similar rate was also estimated for
RG stars by using the RG counts in the magnitude bins 16:60 �
B � 17:60 (see Table 4) and the evolutionary lifetimes listed in
the third and fourth columns of Table 5. Figure13 shows the ratio
between the HB and the RG rates. Interestingly enough, we found
that the empirical HB star counts are on average between 30% and
40%more numerous than predicted by current evolutionary mod-
els. The means in the three different radial annuli are 1:416 �
0:047, 1:336 � 0:048, and 1:339 � 0:030 in the B, B� F625W
(ACS) and B, B� V (WFI) CMDs, while they are 1:373 �
0:043, 1:290 � 0:046, and 1:385 � 0:027 in the B, B� F658N
and B,U � V CMDs. The current estimates, taken at face value,
present the mild evidence that the ratio between HB and RG stars
appears, on average in the different CMDs, larger in the innermost
annulus (�1 � level). However, the current ratios do not allow us
to determine whether such a discrepancy is caused by a decrease

Fig. 13.—Top: Ratios between the rate of HB stars and the rate of RG stars in
the three different annuli. Star counts are based on B, B� F625W (ACS) and B,
B� V (WFI ) CMDs. The symbols are the same as in Fig. 10, and the error bars
account for uncertainties on star counts (Poisson) and on evolutionary life-
times (10%). Bottom: Same as the top panel, but for star counts based on B, B�
F658N (ACS) and B, U � V (WFI ) CMDs.

Fig. 12.—Top: Comparison between empirical star counts along the RGB of
!Cen and predicted lifetimes for different chemical compositions and fixed stel-
lar mass (see labeled values). Theoretical predictions have been normalized to
observations in themagnitude binmB ¼ 16:9 15:9 (MB ¼ 2:74 1:75). The nor-
malization was separately applied to the star counts of the three different annuli.
The symbols are the same as in Fig. 10, and the error bars only account for un-
certainties (Poisson) on star counts.Bottom: Same as the top panel, but for RG stars
selected in the CMDs B, B� F652N (ACS) and B, U � V (WFI). Predicted life-
times refer to stellar structures constructed at fixed chemical composition and dif-
ferent stellar masses (see labeled values).
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in the rate of relatively faint RG stars or by an increase in the rate
of HB stars.

5. HB AND RGB VERSUS MAIN-SEQUENCE STARS

The ratio between the rates of HB and RGB stars attains very
plausible values as a function of the radial distance. However, to
constrain on a quantitative basis whether the star counts of HB
and RG stars present any peculiar radial trend, we need to use MS
stars as an independent clock. In particular, we selected MS stars
just below the TO region in themagnitude bin 18:65 mag � B �
19:15 mag. The reason why we selected this region is threefold:
(1) empirical and theoretical evidence suggests that it marginally
depends on the initial mass function (Zoccali & Piotto 2000);
(2) the magnitude range is quite similar to the magnitude of EHB
stars, hence the two samples also present a very similar complete-
ness; and (3) stellar structures in this magnitude range present a
small spread in mass, and indeed �M � 0:025 M�. Figure 14
shows the ratio between RG stars and MS stars in the three dif-
ferent annuli. The different ratios attain quite similar values over
the entire magnitude range, thus suggesting homologous radial
distributions for RG andMS stars. Interestingly enough, the pre-
dicted ratios for M ¼ 0:80 M� and different metal abundances
(red and blue lines) between MS (see open and filled circles in
Fig. 11) and RG (see data listed in the third and fourth columns of
Table 5) lifetimes are in reasonable agreement with empirical ra-
tios. Note that the theoretical ratios were not normalized to ob-
served ratios and that no vertical shiftwas applied. The comparison

between theory and observations indicates a mild excess in the
number of observed RG stars. If we assume as a typical predicted
ratio the mean of the two different metal abundances, we find that
the discrepancy between theory and observations on average ranges
from �10% to �15% when moving from brighter to fainter RG
stars. The same outcome applies if we use the predicted ratios
based on younger stellar structures, i.e., lifetimes forM ¼ 0:85 M�
(see data listed in the fifth and sixth columns of Table 5).

The rates of MS stars in the three different annuli are, by using
the star counts based on B, B� F625W (ACS) and B, B� V
(WFI) CMDs and themean of the lifetime for Z ¼ 0:0002 (2074
Myr) and for Z ¼ 0:001 (2211 Myr), the following: 19;932/
2093 ¼ 9:52 � 0:95 (r� r�), 19;376/2093¼ 9:26� 0:93 (r� <
r � r�), and 15;223/2093 ¼ 7:27 � 0:73 (r > r�). The errors
account for uncertainties in both star counts (Poisson) and evo-
lutionary lifetimes (10%). The same outcome applies to the ratios
given by star counts based onB,B� F658N (ACS) andB,U � V
(WFI) CMDs, and indeed we find 19;935/2093 ¼ 9:52 �
0:95 (r � r�), 19;815/2093 ¼ 9:47 � 0:95 (r� < r � r�), and
14;187/2093 ¼ 6:78 � 0:68 (r > r�). Therefore, the total rate of
MS stars in the selected box is slightly more than 25 stars Myr�1.
This means that on average the HB rate is approximately 43%
larger than the MS rate.24 This discrepancy between theory and
observations appears as robust empirical evidence, since it is mar-
ginally affected by the assumed metal abundance. Moreover, the
ratio between HB andMS stars is alsomarginally affected by field
star contamination. Hot HB stars are systematically bluer than
field stars, and theMS stars we selected cover a very narrowmag-
nitude range. It is worth mentioning that the RR Lyrae stars in !
Cen (>187;Weldrake et al. 2007 and references therein) have not
been identified yet in the current photometric catalog. Some of
these objects might have a limited coverage of the light curves,
and therefore they have not been included in the sample of EBT1
stars. Therefore, the inclusion of these objects implies a mild in-
crease in the observed HB/RG and HB/MS star count ratios.

This finding and the excess shown by the ratio between the rate
ofHB andRG starswhen compared to predicted ratios (see Fig. 13)
are suggesting that we are faced with a true excess of HB stars.
However, during the last few years several empirical and theoret-
ical investigations suggested that a fraction of the order of 30% of
the stars in ! Cen might present an increase in He content (Bedin
et al. 2004; Piotto et al. 2005; Sollima et al. 2007 and references
therein). Thismeans that beforewe can reach a firm conclusion on
the occurrence of a possible discrepancy between predicted and
observed star counts, we need to investigate the impact of the He
content on MS, RG, and HB evolutionary lifetimes.

6. DEPENDENCE ON He ABUNDANCE

In order to account for the dependence of evolutionary lifetimes
on helium abundance,we constructed a new series of evolutionary
models by assuming the same TO age (t � 12 Gyr) and metal
abundances, but higher helium contents. Figure 15 shows both
hydrogen- and helium-burning evolutionary phases for helium-
enhanced stellar structures. Note that evolutionary prescrip-
tions for helium-burning structures do not cover, as expected, the
temperature range typical of HB stars. At fixed TO age andmetal
abundance, an increase in the helium content causes a steady de-
crease in the TOmass. This alsomeans that an increase in helium
content also causes the HBmorphology to become systematically

Fig. 14.—Top: Ratio between RG and MS star counts selected in the B, B�
F625W (ACS) and B, B� V (WFI ) CMDs. The red and blue lines show the pre-
dicted ratio betweenRG andMS lifetimes at fixed stellarmass (M ¼ 0:80M�) and
different metal abundances (see labeled values). Theoretical predictions were not
normalized to observed ratios. The symbols are the same as in Fig. 10, and the error
bars only account for uncertainties (Poisson) in star counts.Bottom: Same as the top
panel, but the RG and MS star counts were selected in the B, B� F658N (ACS)
and B, U � V (WFI ) CMDs.

24 In order to avoid subtle uncertainties in the estimate of the relative dif-
ference between the HB and the MS rate, we decided to use � ¼ ½r(HB)�
r(MS)	/f½r(HB)þ r(MS)	0:5g.
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bluer (hotter; Caloi et al. 1978; Lee et al. 2005 and references
therein). At the same time, the He core mass becomes smaller; in
particular, for Z ¼ 0:0002 and 0.001 it ranges from 0.514/0.506
(Y ¼ 0:23), to 0.494/0.488 (Y ¼ 0:33), and to 0.479/0.474 (Y ¼
0:42). This means that the extremely hot stellar structures are, at
fixed effective temperature, fainter (see Figs. 11 and 15), and in
turn, their lifetimes become systematically longer (Castellani et al.
1994; Zoccali et al. 2000). The lifetime of He-enhanced EHB
structures when compared with canonical (Y ¼ 0:23) structures
increases on average by at least 10% for Y ¼ 0:33 and 20% for
Y ¼ 0:42.

Moreover and even more importantly, the increase in the he-
lium content also causes stellar structures around the TO region
(18:65 � mB � 19:15) to have significantly shorter lifetimes
(see open and filled circles in Fig. 15). In particular, for themetal-
poor (Z ¼ 0:0002) chemical composition it ranges from tMS �
1:42 Gyr for Y ¼ 0:33 to�0.98 Gyr for Y ¼ 0:42, i.e., 32% and
53% shorter when compared with canonical (Y ¼ 0:23) MS life-
times. For more metal-rich structures (Z ¼ 0:001) the lifetimes
range from tMS � 1:39 Gyr for Y ¼ 0:33 to �0.84 Gyr for Y ¼
0:42, and the difference with canonical MS lifetimes is 34% and
60%, respectively. Note that He-enhanced stellar structures pres-
ent in this magnitude range a very small spread in mass, and indeed
�M � 0:005 M�. On the other hand, the evolutionary lifetimes
along the RGB are only mildly shorter (see Figs. 11 and 15), and

indeed the difference with canonical RG lifetimes is at most of
the order of 15%.
The main outcome of the increase in the He content is that the

ratio between RG andMS lifetimes increases. Data plotted in the
top panel of Figure 16 show that an increase in He abundance
of �45% (Y ¼ 0:33) causes, in the current metallicity range, at
least an increase in the t(RG)/t(MS) ratio of 25%, while an in-
crease of�85% (Y ¼ 0:42) gives an increase of more than a fac-
tor of 2. The predicted lifetime ratios for Y ¼ 0:42 and different
metal abundances (red and blue dashed lines) attain quite sim-
ilar values over the entire magnitude range. This behavior is the
result of several nonlinear effects. The variations in the metal
content and in the He abundance independently affect the evolv-
ing mass at fixed stellar age together with the evolutionary times
of MS and RGB phases. The predicted ratios are systematically
higher than observed. However, predictions for Z ¼ 0:001 and
Y ¼ 0:33 account for the observed ratio, but this would imply
that a significant fraction of ! Cen stars should be metal-rich.
This evidence is not supported by currentmetallicitymeasurements
suggesting a main peak in the metallicity distribution around
½Fe/H 	 � �1:7 (see the predictions listed in the third through
sixth columns of Tables 5 and 6).
Obviously, these ratios only apply if the entire stellar content

of ! Cen is He enriched. In the case where 70% of the stellar
population presents a canonical He content and only 30% is He

Fig. 16.—Top: Same as Fig. 14. The theoretical ratios refer to the helium-
enhanced (Y ¼ 0:33, 0.42) stellar structures. Bottom: Same as the top panel, but
predicted ratios account for the fraction of He-enhanced stellar population (30%).
See text for more details.

Fig. 15.—Top: Same as Fig. 11. The evolutionary models refer to stellar
structures constructed by adopting the same TO age and metal abundances but a
higher helium content (Y ¼ 0:42). Bottom: Same as the top panel, but for a lower
helium content (Y ¼ 0:33).
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enriched, the predicted ratios are significantly smaller (see bot-
tom panel of Fig. 16) and in excellent agreement with observed
ratios. This outcome applies to the two sets of He-enriched mod-
els, thus suggesting a marginal dependence on He enhancement.
Aweak dependence of the stellar LF (below the RGB bump) on
helium enhancement has also been recently found by Salaris et al.
(2006) using different sets of cluster isochrones accounting for
both the helium enhancement and the observed abundance anti-
correlations in several heavy elements (C, N, O, Mg, Al).

To further constrain this effect, we need to estimate the impact
of an enhanced He abundance on the ratio of HB stars. There-
fore, we use the approach adopted in x 4, to estimate the rate of
HB stars. The lifetimes typical of the three HB groups, by account-
ing for the two different metal abundances and for the same mix
of stellar populations, are the following:

tEBT1 ¼ 0:70 t EBT1(Y ¼ 0:23) þ 0:30 t EBT1 (Y ¼ 0:33) ¼
0:70 ; ½(76þ 82) ; 0:5	 þ 0:30 ; ½(81þ 87) ; 0:5 	 � 81 Myr,
t EBT2 ¼ 0:70 t EBT2 (Y ¼ 0:23) þ 0:30 t EBT2 (Y ¼ 0:33) ¼

0:70 ; ½(84þ 90) ; 0:5	 þ 0:30 ; ½(90 þ96) ; 0:5	 � 89Myr,
t EBT3 ¼ 0:70 tEBT3 (Y ¼ 0:23) þ 0:30 t EBT3 (Y ¼ 0:33) ¼

0:70 ; ½(94þ101) ; 0:5	þ 0:30 ; ½(108þ117) ; 0:5	 �102Myr.

Only the lifetime of the EBT3 group changes for Y ¼ 0:42, since
the coolest models do not produce HB stars of the EBT1 group
and only a negligible fraction of HB stars of the EBT2 group:

t EBT3 ¼ 0:70 t EBT3(Y ¼ 0:23) þ 0:30 t EBT3 (Y ¼ 0:42) ¼
0:70 ; ½(94þ101) ; 0:5	þ 0:30 ; ½(123þ129) ; 0:5	 �106Myr.

On the basis of these lifetimes, we can now estimate the rates of
HB stars. In particular, for Y ¼ 0:33 and for star counts based on
B, B� F625W (ACS) and B, B� V (WFI) CMDs in the inner-
most annulus (r� r�) we find

r (HB;Y ¼0:33)¼N (EBT3)/102þN (EBT2)/89þN (EBT1)/
81 ¼ 349/102þ 98/89þ 798/81 � 14:43,

while for Y ¼ 0:42 we have

r(HB;Y ¼ 0:42)¼N (EBT3)/106þN (EBT2)/87þN (EBT1)/
79 ¼ 349/106þ 98/87þ 798/79 � 14:51.

The rates of HB stars for the other annuli and for the star counts
based on B, B� F658N (ACS) and B, U � V (WFI) CMDs are
listed in the last two columns of Table 2. Note that an increase in
He content causes an increase in the HB lifetime and, in turn, a
mild decrease in the total rate of HB stars.

Figure 17 shows the ratios of HB and RG rates in the three
different annuli. These ratios were estimated by accounting for
a mix of stellar populations with different metal and helium
abundances. Interestingly enough, data plotted in the top panel
show that the predicted ratios for a mix of 70% of ! Cen stars
with canonical helium content and 30% He enriched (Y ¼ 0:42)
are systematically larger than observed. The discrepancy ranges
from at least �15% to �25%, and indeed the means in the three
different annuli are 1:248 � 0:046, 1:177 � 0:044, and 1:183 �
0:030. The trend appears similar also for the He-enriched ratios
with Y ¼ 0:33, but the discrepancy ranges from�15% to�20%,
and the means in the three different annuli are 1:207 � 0:030,
1:136 � 0:049, and 1:148 � 0:018.

To further constrain the mismatch between theory and observa-
tions,wedecided to compare the rates of HBandMSstars. The rates
of MS stars attain, once again, very similar values, and indeed in the
three different annuli star counts based on B, B� F625W (ACS)
and B, B�V (WFI) CMDs give

r(MS) ¼ 19;932/(0:7 ; 2093 þ 0:30 ; 1402:5) ¼ 10:57 �
1:10 (Y ¼ 0:33)¼ 19;932 /(0:7 ; 2093þ0:30 ; 910)¼ 11:47�
1:15 (Y ¼ 0:42) for r� r�,

r (MS) ¼ 19;376(0:7 ; 2093 þ 0:30 ; 1402:5) ¼ 10:27 �
1:03 (Y ¼ 0:33)¼ 19;376/(0:7 ; 2093þ0:30 ; 910) ¼ 11:15�
1:10(Y ¼ 0:42) for r� < r � r�, and

r (MS) ¼ 15;223/(0:7 ; 2093 þ 0:30 ; 1402:5) ¼ 8:07 �
0:81(Y ¼ 0:33) ¼ 15;223/(0:7 ; 2093þ0:30 ; 910) ¼ 8:76 �
0:88 (Y ¼ 0:42) for r > r�.

At the same time, the semiempirical ratios given by star counts
based onB, B� F658N (ACS) and B,U � V (WFI) CMDs give

r (MS) ¼ 19;935/(0:7 ; 2093 þ 0:30 ; 1402:5) ¼ 10:57 �
1:10 (Y ¼ 0:33)¼ 19;935/(0:7 ; 2093þ0:30 ; 910)¼ 11:47�
1:15 (Y ¼ 0:42) for r � r�,

TABLE 6

Theoretical Predictions Concerning the Different Lifetimes that a Stellar Structure at Fixed Mass Value

but with Different Metal Abundances and an He-enhanced (Y ¼ 0:33, 0.42) Composition Spent

in the Different ‘‘Windows’’ along the RGB

�mB

(mag)

�MB
a

(mag)

� tb

(Z ¼ 0:0002)

(yr)

� tb

(Z ¼ 0:001)

(yr)

� tc

(Z ¼ 0:0002)

(yr)

� tc

(Z ¼ 0:001)

(yr)

17.61–16.60 .............. 2.90–1.84 2.17E8 1.78E8 2.16E8 1.77E8

17.50–16.50 .............. 2.78–1.73 1.97E8 1.66E8 1.91E8 1.62E8

17.41–16.41 .............. 2.69–1.63 1.84E8 1.53E8 1.78E8 1.50E8

17.31–16.31 .............. 2.58–1.52 1.70E8 1.41E8 1.64E8 1.39E8

17.21–16.21 .............. 2.48–1.42 1.58E8 1.31E8 1.48E8 1.28E8

17.11–16.11 .............. 2.37–1.31 1.45E8 1.20E8 1.35E8 1.18E8

17.01–16.00 .............. 2.27–1.20 1.35E8 1.10E8 1.25E8 1.08E8

16.91–15.90 .............. 2.16–1.10 1.23E8 1.01E8 1.15E8 9.78E7

16.81–15.80 .............. 2.06–0.99 1.14E8 9.24E7 1.05E8 8.91E7

16.70–15.70.............. 1.94–0.88 1.03E8 8.45E7 9.64E7 8.22E7

16.60–15.60.............. 1.84–0.77 9.47E7 7.75E7 8.72E7 7.60E7

a Absolute B-band magnitudes for stellar structures with M ¼ 0:655 M�, Z ¼ 0:0002, and Y ¼ 0:33.
b Stellar ages for helium-enhanced (Y ¼ 0:33) stellar structures constructed at fixed TO age (12 Gyr) and metal

abundance. The TO masses are M ¼ 0:655 M� for Z ¼ 0:0002 and M ¼ 0:665 M� for Z ¼ 0:001.
c Stellar ages for helium-enhanced (Y ¼ 0:42) stellar structures constructed at fixed TO age (12 Gyr) and metal

abundance. The TO mass is M ¼ 0:55 M� for both Z ¼ 0:0002 and Z ¼ 0:001 structures.
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r (MS) ¼ 19;815/(0:7 ; 2093 þ 0:30 ; 1402:5) ¼ 10:51 �
1:05 (Y ¼ 0:33)¼ 19;815/(0:7 ; 2093þ0:30 ; 910) ¼ 11:40 �
1:14 (Y ¼ 0:42) for r� < r � r�,

and r (MS) ¼ 14;187/(0:7 ; 2093þ 0:30 ; 1402:5) ¼ 7:52�
0:75 (Y ¼ 0:33) ¼ 14;187/(0:7 ; 2093þ 0:30 ; 910) ¼ 8:16�
0:81 (Y ¼ 0:42) for r > r�.

Therefore, the total rate of MS stars in the selected box is�28
stars Myr�1 for Y ¼ 0:33 and �30 stars Myr�1 for Y ¼ 0:42.
Hence, the discrepancy between lifetimes and star counts is of
the order of 30% for Y ¼ 0:33 and of the order of 24% for Y ¼
0:42. Note that the above rates have been estimated by assum-
ing, at fixed helium content, the mean HB and MS lifetimes for
the two different metal abundances (Z ¼ 0:0002, 0.001). Current
findings indicate that a mix of stellar populations comprising
70% with canonical He (Y ¼ 0:23) and 30% with He-enhanced
(Y ¼ 0:33 or 0.42) stars does not account for the observed excess
of HB stars in ! Cen.

In passing, we note that the HB/MS ratio presents a twofold
advantage when compared with the RG/MS and the HB/RG ra-

tios: (1) Current predictions indicate that an increase in He abun-
dance causes a decrease in the lifetime of both RG andMS stars,
whereas the lifetime of hot HB stars increases. Moreover, the
HB/MS ratio has the largest sensitivity to changes in He abun-
dance. (2) TheHB/MS ratio ismarginally affected byfield star con-
tamination (see x 4).

7. DISCUSSION AND FINAL REMARKS

We have presented an extensive photometric investigation on
HB, RGB, and MS stars in the GGC ! Cen. The central regions
of the cluster were covered with a mosaic of F435W, F625W,
and F658N band data collected with ACS on board theHST. The
outer reaches were covered with a large set of U-, B-, V-, and
I-band data collected with the mosaic camera, WFI, available at
the 2.2 m ESO/MPI telescope. The current photometric data
cover more than 99% of the total flux of the cluster, and the final
catalog includes approximately 1.7 million stars. This unprece-
dented photometric catalog allowed us to identify more than 3200
likely HB stars, the largest sample collected in a GC to date, and
more than 12,500 stars brighter than the base of the RGBs and
fainter than the RGB bumps (15 � B � 18). The sizable sample
of HB stars allowed us to constrain on a quantitative basis the
change in the HBmorphology as a function of the radial distance.
The relative number of EHB stars decreases from�30% to�21%
whenmoving from the center toward the outer reaches of the clus-
ter. On the other hand, the fraction of less hot HB stars (EBT1)
increases from �62% to �72%.
Two physical mechanisms that might partially account for the

discrepancy between observed and predicted star counts are the
so-called breathing pulses (Castellani et al. 1985) and mild con-
vective core overshooting. These mechanisms increase the cen-
tral He-burning lifetime by roughly 15% (Caputo et al. 1989;
Cassisi et al. 2001; Straniero et al. 2003). On the other hand, stel-
lar rotation has an opposite trend because the rotation delays the
He core flash at the tip of the RGB. This causes an increase in the
mass of the He core and a decrease in the envelope mass (Renzini
1977), since the mass loss is more efficient close to the tip of the
RGB. Therefore, rotating HB structures are typically bluer and
brighter than ‘‘canonical’’ HB stars. Moreover, one should also
take into account the rotationally induced mixing along the RGB
phase (Denissenkov & VandenBerg 2003; Palacios et al. 2006).
If the envelope mixing does not reach the edge of the H-burning
shell, the effect on HB models is negligible. On the contrary, if
the mixing reaches the H-burning shell, then the He abundance
in the envelope of bright RGB structures increases, thus causing
a higher luminosity and a larger mass loss close to the tip of the
RGB. The aftermath of such a mechanism is a brighter and bluer
HB morphology (see, e.g., Sweigart & Catelan 1998 and refer-
ences therein). The rotational HB models present, when com-
pared with canonical ones, larger He core masses and, in turn,
more luminous stellar structures. Thismeans that theHB lifetime
of the rotational HB models is, at fixed effective temperature,
shorter than for canonical ones. Moreover, empirical evidence
suggests that the projected rotational velocity among hot HB
stars (Te > 10;000 K), in several GCs that show a well-defined
blue tail, is quite constant and smaller than 10 km s�1 (see
Fig. 5 in Recio-Blanco et al. 2004), while it presents a mild in-
crease only among cooler (Te � 9000 K) HB stars (Behr et al.
2000).
This evidence might suggest that the higher density in the

central regions plays a crucial role in the formation of EHB stars.
However,!Cen presents a central density that is at least 1 order of
magnitude smaller ( log �0 ¼ 3:12 L� pc�3) than other massive
GGCs (47 Tuc, NGC 6397). Therefore, it might be interesting

Fig. 17.—Top: Comparison between the rates of HB andRG stars. Star counts
are based onB, B� F625W (ACS) andB, B� V (WFI ) CMDs. The symbols are
the same as in Fig. 13, and the error bars account for uncertainties on star counts
(Poisson) and on evolutionary lifetimes (10%). The predicted HB lifetimes account
for stellar populations with different fractions of canonical (Y ¼ 0:23, 70%) and
He-enriched (Y ¼ 0:42, 30%) stars and for the spread in metal abundance. Bottom:
Same as the top panel, but for an He-enriched stellar population with Y ¼ 0:33.
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to estimate the expected frequency of stellar collisions for this
very massive GC. It was demonstrated by King et al. (2002) that
the number of stellar collisions per year for a GC with a King
profile is given by �c ¼ 5 ; 10�15(�3

0rc)
1/2, where rc is the core

radius in parsecs and �0 is the central surface brightness in units
of L�;V pc�2. To estimate the rc in parsecs, we adopted the true
distancemodulus (� ¼ 13:70 � 0:6 � 0:6) recently provided by
Del Principe et al. (2006) and the core radius (rc � 2:60 ) provided
by Trager et al. (1995) and more recently by Ferraro et al. (2006).
We find rc ¼ 4:13 pc and, in turn, that �c, i.e., the number of
collisions, is 5:85 ; 10�9 yr�1. Following the assumptions adopted
by Piotto et al. (2004) in order to estimate the probability that a
single star undergoes a stellar collision in 1 yr, �?, we divided �c

by the number of cluster stars. In order to estimateN?, we adopted
the mass-to-light ratio (M /LV � 2:5) recently estimated by van
de Ven et al. (2006), the absolute visual magnitude of MV ¼
�10:39 [Vt ¼ 3:68, E(B� V ) ¼ 0:12; Harris 1996], and a typ-
ical mass of 0.4 M�. The total number of stars we find is 7:74 ;
106. This estimate agrees quite well with the dynamical estimate
of the total mass of the cluster provided by van de Ven et al.
(2006). They foundMt ¼ 2:5 ; 106 M� assuming that the same
typical mass provides a number of stars in ! Cen of 6:25 ; 106.
Therefore, the probability that a single star centrally located ex-
periences a collision in 1 yr is log �? ¼ �15:12. The current col-
lision rate is approximately 1 order of magnitude smaller than the
collision rate in NGC 2808 (log �? ¼ �14:05), a relatively mas-
sive GC (MV ¼ �9:36; Harris 1996) characterized by a higher
central density (log �0 ¼ 4:61 L� pc�3) and an HB morphology
including a significant number of red HB stars and a very extended
blue HB tail (Castellani et al. 2006b). However, the current col-
lision rate in ! Cen is slightly higher than the collision rate
of NGC 4833 (log �? ¼ �15:31), a GC with a central density
( log �0 ¼ 3:06 L� pc�3) and an HB morphology (Melbourne
et al. 2000) quite similar to ! Cen. Current findings seem to sup-
port the evidence brought forward by Castellani et al. (2006b) that
the blue tails, if affected by cluster dynamics, should be consid-
ered more a transient phenomenon rather than an intrinsic feature
of GCs. We plan to address this topic on the basis of a larger sam-
ple of GCs in a forthcoming paper.

The referee suggested two different working hypotheses
that might account for the peculiar radial distribution of HB
stars:

1. Let us assume that EHB stars are the progeny of WD bina-
ries. This would imply that the radial gradient of HB stars could be
the aftermath of mass segregation causing a larger fraction of bi-
naries to be located in the cluster center. Recent empirical evidence
indicates that more massive GCs tend to have a larger number of
HB stars and bluer HB morphologies (Davies et al. 2004; Recio-
Blanco et al. 2006). However, Ferraro et al. (2006) found a lack
of mass segregation in !Cen, since the radial distribution of BSs
does not appear to be centrally peaked. These objects are thought
to be the evolution of binary systems, and their radial distribu-
tion in GCs is typically more concentrated than single cluster
stars.

2. Let us assume that a radial gradient in the initial He abun-
dance was already present at the epoch of the cluster formation.
Could this initial gradient still persist due to the long two-body
relaxation time of ! Cen? This working hypothesis is supported
by the empirical evidence that more metal-rich cluster stars are
more centrally concentrated than metal-poor ones (Norris et al.
1996, 1997). Moreover, Sollima et al. (2007) found that stars
belonging to the so-called blueMSaremore centrally concentrated
than stars belonging to the red MS. These findings, together with

the evidence that stars in the blue MS appear to be less metal-poor
(Piotto et al. 2005) and that the two-body relaxation time increases
outside the half-mass radius, suggest that a radial gradient in He
abundancemay have been set up at the epoch of cluster formation.
However, recent chemical evolution models might account for the
metallicity distribution in!Cen but do not account for the signif-
icant He enhancement suggested to explain the blueMS (Romano
et al. 2007).

To provide firm constraints on the stellar populations in!Cen,
we performed detailed comparisons of large samples of evolved
and MS stellar tracers with homogeneous evolutionary prescrip-
tions. In particular, the comparison between the observed star
counts (RG, HB, MS) and the theoretical framework based on a
canonical helium content (Y ¼ 0:23) brings forward several in-
teresting findings:

1. Star counts along the RGB.—Evolutionary lifetimes for stel-
lar structures along theRGBphase constructed by adopting a broad
range ofmetal abundances (Z ¼ 0:0002, 0.001) and different stel-
lar masses (M ¼ 0:80 and 0.85 M�) agree quite well with em-
pirical RG star counts fainter than the RGB bump.

2. Stellar population ratios.—The comparison between the-
ory and observations discloses that the observed ratio of HB and
RG stars is systematically larger (30%–40%) than the ratio of
HB andRG lifetimes predicted by evolutionarymodelswithmetal
abundances (Z ¼ 0:0002, 0.001) that bracket the observed spread
in metallicity of ! Cen stars.

3. The ratio between HB, RG, and MS stars.—The compari-
son between the observed ratio of RG and MS stars and the pre-
dicted ratio of their evolutionary lifetimes is suggestive of a mild
excess of RG stars in the faint region of the RGB. By using evo-
lutionary tracks with canonical compositions, the discrepancy
ranges once again from 10% to 15%. The same outcome applies
to the observed ratio between HB and MS stars. However, their
excess when compared with the predicted ratio is of the order of
43%. This circumstantial evidence suggests the possibility that a
fraction of bright RG stars miss the central helium flash evolu-
tionary phase.

Recent empirical evidence concerning the occurrence in
!Cen of a blue MS and of a well-defined blue HB tail has been
explained with the presence of an He-enhanced stellar popu-
lation. To constrain this appealing working hypothesis, we
constructed several evolutionary tracks and HB evolutionary
models using the same metallicity range but higher He contents,
namely, Y ¼ 0:33 and 0.42. The comparison between theory and
observations was performed by assuming a mix of stellar popu-
lations made, according to empirical evidence, with 70% canon-
ical stars and 30% He-enhanced stars. We found the following
results:

1. The ratio between RG, HB, and MS stars.—The observed
ratio of RG andMS stars agrees quite well with the predicted life-
times of mixed He-enhanced (Y ¼ 0:33 or 0.42) stellar popu-
lations, thus suggesting a negligible sensitivity of this ratio on
the He content. On the other hand, the observed HB and RG star
counts are still 15%–25% larger than predicted for He-mixed
stellar populations with Y ¼ 0:42, but the discrepancy is on aver-
age a factor of 2 smaller than for predicted ratios based on evolu-
tionary models with canonical He abundance. The same outcome
applies to the predicted ratio for Y ¼ 0:33, but the discrepancy
ranges from �15% to �20%. Moreover and even more impor-
tantly, the observed ratios between HB and MS star counts are
once again from �24% to �30% larger than predicted for He-
mixed populations with Y ¼ 0:42 and 0.33, respectively.

STAR COUNTS IN ! CENTAURI. I. 1037No. 2, 2007



2. New empirical constraints.—The findings based on stan-
dard andHe-mixed stellar populations have quite different impacts
on the final evolutionary fate of low-mass stars. The theoretical
scenario based on a canonical helium content also implies that a
fraction of RG stars does not approach the tip of the RGB, miss-
ing the core helium flash phase, and might end up their evolution
either as EHB stars or as He core WDs (Castellani et al. 2006a).
Therefore, we should also observe an excess of AGB-manqué
stars and of brightWDs. The theoretical framework based on He-
mixed stellar populations is puzzling, and indeed the ratio between
HB and MS stars is roughly a factor of 2 larger than the excess
between HB and RG stars. However, the ratios between MS and
RG star counts agree quite well with the ratio of evolutionary
lifetimes.

During the last few years, several homogeneous photometric
investigations covering a substantial fraction of the body of GGCs
found mounting evidence for peculiar radial distributions among
different stellar tracers (Castellani et al. 2006b; Sollima et al. 2007).
Moreover, a significant excess of RG stars above and below the
RGB bump has also been detected in several GCs (Sandquist et al.
1999; Pollard et al. 2005). On the other hand, in a very recent in-
vestigation Sandquist & Martel (2007) found a well-defined de-
ficiency of RG stars along the RGB of the massive GGC NGC
2808. This globular shows an extended blue HB tail, and the
authors also suggest that strong mass-loss events might account
for such an empirical evidence. An accurate and quantitative anal-
ysis of RG stars in ! Cen across and above the RGB bump is

mandatory to constrain the efficiency of this possible evolution-
ary channel. It goes without saying that the new mosaic CCD
cameras with FOVof the order of 1 deg2 might play a crucial role
to provide sound quantitative constraints on these new compel-
ling features.
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