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» CENTAURI: THE POPULATION PUZZLE GOES DEEPER
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ABSTRACT

We presentHubble Space Telescope observations that show a bifurcation of colors in the middle main sequence
of the globular clustet; Centauri. We see this in three different fields, observed with different cameras and filters.
We also present high-precision photometry of a central Advanced Camera for Surveys field, which shows a number
of main-sequence turnoffs and subgiant branches. The double main sequence, the multiple turnoffs and subgiant
branches, and other population sequences discovered in the past along the red giant branch of this cluster add up
to a fascinating but frustrating puzzle. We suggest various explanations, none of them very conclusive.

Subject headings: globular clusters: individualy Centauri) — Hertzsprung-Russell diagram

1. INTRODUCTION 2. OBSERVATIONS AND DATA REDUCTION

_ ) N In this Letter, we use Wide Field Planetary Camera 2 (WFPC2)

A number of properties (total mass, chemical composition, and Advanced Camera for Surveys (AGEJT data to construct
kinematics, and spatial distribution of the stars) mak€en- color-magnitude diagrams (CMDs) that extend from 1-2 mag
tauri a peculiar object among Galactic globular clusters. The above the TO to more than 7 mag below it. In particular, we
most evident anomaly is the large spread in metallicity seenhave used the following sets of images: (1) GO 9444 (ACS/
both in spectroscopic (Norris & Da Costa 1995) and photo- WFC): 4 x 1350 s F814W and4x 1350 s F606W; (2) GO
metric (Hilker & Richtler 2000; Lee et al. 1999; Pancino et al. 9442 (ACS/WFC)27 x 340 s F435W and@6x 440 s F658N
2000) investigations. (a 3 x 3 mosaic at the center); (3) GO 6821 (WFPC2)x2

Most of the fascinating results o@ Cen come from the 1,2 x 10 5,8 x 100 s in F675W, and 26 £ x 260 s in
evolved stellar population, which can be studied in detail from F336W; and (4) GO 5370 (WFPC2):x 300 s, 600 s FE06W,
the ground. In this Letter, we usdubble Space Telescope ~ @nd2 x 400 s, 1000 s in F814W. All these images have been
(HST) data to explore the cluster’s turnoff (TO) and main- feduced with the algorithms described in Anderson & King
sequence (MS) populations. While studies of the evolved red (2000). Photometric callb_ratlon has been done according to the
giant branch (RGB) can explore metallicity, kinematic, and Holtzman et al. (1995) flight system for the WFPC2 data; for

spatial distribution issues, we need the fainter stars if we hope \CS/WFC, we used the preliminary Vega system zero points

to learn anything about ages and mass functions and to give""va'l‘?lble on the ACS Web site.

us better statistics (there ar&0 MS stars for every RGB star).
This Letter was stimulated by preliminary results by one of 3. THE COLOR-MAGNITUDE DIAGRAM:
us (Anderson 1997, 2002, 2003) on the presence of multiple OBSERVATIONAL EVIDENCE
TOs and of a bifurcated MS. Here we confirm that the unusual  The |eft part of Figure 1 shows four CMDs: the two top
features found in the color-magnitude diagrams are not somepanels focus on the TO region, and the bottom ones on the
data-reduction artifact or a local phenomenon. The features araviS region. Figure 4 shows the original WFPC2 CMD that
real and are present throughout the cluster. Unfortunately, thefirst discovered the lower turnoff (LTO) sequence (Anderson
striking results we present here lead to more questions than2003). Figure b shows the same sequence (from WFC data)
they answer. Although it will take a lot of time to fully exploit  with many more details and more stars, from a larger region
thew Cen data stored in thdST archive (and we are working  of the cluster. There are a number of distinct TOs and subgiant
on this), we think that these new results are worthy of im- branches (SGBs), and the connection of the LTO to the metal-
mediate publication because of their importance to the ongoingrich RGB (called RGB-a by Pancino et al. 2000) can be seen
debate on the nature of this object. more clearly with more stars. We showxHphotometry here
instead ofR,,; because there are more exposures, and we can
therefore make a better estimate of the photometric errors.
Ferraro et al. (2004) reduced the same ACS field in their recent
! Based on observations with the NASA/ESAubble Space Telescope, study of the LTO population. They made the obvious association
obtained at the Space Telescope Science Institute, which is operated by thdhat this LTO corresponds to the metal-ridiré/H]~ —0.5 )
Association of Universities for Research in Astronomy, Inc., under NASA RGB-a population and found that it could be fitted only with an

contract NAS5-26555. - . .
2 Dipartimento di Astronomia, Universitdi Padova, Vicolo dell’Osservatorio old (15 Gyr) isochrone. They found little or no age difference

2, 135122 Padua, ltaly; bedin@pd.astroiit, pioto@pd.astro., momany@ O€tween the metal-rich and metal-poor (MP) populations. In our

pd.astro.it, carraro@pd.astro.it. diagram, not only is it clear that there is a lower SGB, but we
° Department of Physics and Astronomy, Mail Stop 108, Rice University, can also see the LTO at a color that is clearly redward of the
6100 Main Street, Houston, TX 77005; jay@eeyore.rice.edu. main population sequence. We also see several SGBs: the LTO

4 Osservatorio Astronomico di Collurania, Via M. Maggini, 64100 Teramo; ‘ot : ; ;
cassisi@astrte.te.astro.it. SGB, a distinct SGB at the bright end of the main population,

5 Department of Astronomy, University of Washington, Box 351580, Seattle, @nd some distinct structure in t_he region between the upper and
WA 98195-1580; king@astro.washington.edu. lower SGB. Clearly, this is telling us a lot about the cluster’s
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Fic. 1.—Collection of CMDs from WFPC2 and ACS data ©fCen. For each CMD, the label indicates the distances of the field from the cluster center.
Panele shows the subsample of the stars plotted in panébcated at radial distances>4  and with photometric rms lower than 0.025 mag.

populations, but the interpretation is complicated by age, me-(3) The DMS extends down to at leagt,~ 23.5 . Below this,
tallicity, and distance degeneracies. We will confine the focus of the bMS appears to vanish, although it is difficult to say for sure
this Letter to the populations farther down the MS, deferring a if it peters out or if it blends with the rMS as the photometric
detailed analysis of the TO population to when all the WFC errors increase. (4) Finally we note that Figurbsahd e show
central data have been reduced and some information on thelearly that the bMS is a different population from the LTO-
metallicity of the different TO SGBs will be available. RGB-a population.

Surely the most intriguing feature in the CMDs of Figure 1~ The DMS that we observe represents a real puzzle for at
is the double main sequence (DMS), which is clearly visible least two reasons. First, the bifurcation itself is puzzling. As
in the bottom two panels (Figscland ). Figure X shows summarized above, the many detailed photometric and spec-
the originalV,,s versu¥gys—I ., WFPC2 CMD from Anderson  troscopic investigations of the RGB indicate a spread of me-
(1997, 2002), where the DMS was first identified. Not only is tallicities, not two distinct populations. The only truly distinct
the MS much broader than photometric errors, it appears topopulation seen is the metal-rich component. Second, the less
bifurcate into two distinct sequences, with a region between populous of our two MSs is the blue one. This is even more
the two that is almost devoid of stars. Figurd shows a new  difficult to understand. Assuming that all the stars in the two
V06 VErsusVyoi—1 5,,CMD from ACS/WFC images, whichalso  MSs are members @f Cen, any canonical stellar models with
shows the anomalous DMS in a different field, at ftém the canonical chemical abundances tell us that the biSt be
center. The DMS can even be discerned in the very inner partmore MP than the rMS. However, both spectroscopic (Norris
of the cluster (Figs. A and X¥). & Da Costa 1995) and photometric (e.g., Hilker & Richtler

We have CMDs from different fields, observed with two 2000) investigations show that the distribution in metallicity
different cameras, in different photometric bands. The anom- of the w Cen stars begins with a peak [&&/H]~ —-1.6 and
alous DMS is present in all four (Figsbdle). There can be  then tails off on the metal-rich side.
no doubt that the double sequence is a real and ubiquitous
feature inw Cen.

If we were to guess what the MS should look like from our 4. COMPARISON WITH THEORETICAL MODELS
knowledge of the stars on the giant branch, we would expect a Section 3 has confronted us with several seemingly contra-
sequence about 0.03 mag in width, with a concentration to adictory observational facts concerning the CMD and popula-
blue edge, corresponding to the MP population containing abouttions of w Cen. In this section, we will see what light stellar
65% of the stars, a tail to the red corresponding to the inter- models can shed on the situation. Because the ACS photometric
mediate-metallicity (Mint) population containing about 30% of system is not yet adequately calibrated, we will confine our
the stars, and a small even redder component from the metalisochrone-fitting analysis to the WFPC2 data. The adopted stel-
rich RGB-a population with 5% of the stars (we adopt the pop- lar models are an extension of the updated evolutionary models
ulation labels from Pancino et al. 2000). The sequence we ob-for very low mass stars and more massive ones presented by
serve here could not be more different from these expectationsCassisi et al. (1999, 2000). All models and isochrones have

Let us take note of a few simple facts from Figure 1: (1) The been transformed into the WFPC2 observational planes by us-
two sequences are clearly separated, at least in the intervaing the accurate bolometric corrections kindly provided to us
22 < V< 20.5 with a region almost devoid of stars between by F. Allard (see also Allard et al. 1997).
them. (2) The bluer MS (bMS) is much less populous than the In fitting the stellar models, we have adopted a reddening
red MS (rMS). The bMS contains 25%—-35% of the stars. E(B—V) = 0.13and a distance modulug — M), = 13.6 .We



No. 2, 2004 w CEN PUZZLE L127

used the absorption coefficients for the WFPC2 bands listed in T B B e B e e T e B U
Table 12b of Holtzman et al. (1995). For the F606W band, we 16 N R :
adopted a mean of the absorption coefficients in F555W and
F675W. In Figures & and 2, we have overplotted four sets g 18
of isochrones, corresponding to metallicities from [Fe#H] =
—2.1 to —0.6, which covers the entire metallicity range of the 20
stellar population ofw Cen (Norris & Da Costa 1995), and | P <l |
corresponding to an age of 14 Gyr. 15 o 5

Since we are able to see the actual TO and not just the SGB
(as in Ferraro et al. 2004), and since we us¢-eR CMD, we
are more sensitive to the population’s metallicity. Figuee 2
shows that a more MP isochrone would fit the LTO better.
Indeed, Origlia et al. (2003) have shown that the RGB-a stars ~ *°
have a metallicity in the intervat0.9< [Fe/H] < —0.5. It does
appear that the LTO population would be fitted with a metal- g
licity near the middle of this range.

Figure d shows the cluster MS in the F606W versus
F606W— F814W bands, along with isochrones for the clus-
ter's metallicity range. There are several features worth noting: 24
First, the[Fe/H] = —1.6 isochrone clearly follows along the
rMS. Second, canonical models are not able to explain the bMS.

In order to explain the 0.06 mag—| color difference between
the two sequences &t~ 21 , we would have to assume that
the bMS stars are extremely MfFé/H] <« —2.0 ), although it F16. 2.—Comparison of theoretical models with WFPC2 observations of the
would seem absurd to have such a large population of low- TO region &, and the DMS adopting the same distance (as in paeir al

7 . . the isochronesc}, and shifting thefFe/H] = —1.1 isochrone by 1.6 kpd)(
metallicity MS stars when there is no evidence whatever for For clarity we have plotted only the fiducial points of the rMS and the bMS.
such stars along the much-studied RGB. The only way to force
the model to fit the two sequences with the metallicity spread
seen in the RGB would be to shift the models arbitrarily in with [Fe/H] < —2. However, such a large population of MP
color and/or magnitude. stars has never been observedi@en or in any other globular.

We can imagine four possible explanations, although we admit  The third possibility is that the populations of the two MSs
that all of them seem far-fetched. (1) The models or calibrations have sensibly different helium conterf)( Norris, Freeman, &
are grossly in erroand the distribution of metallicities is vastly  Mighell (1996) have shown that the metallicity distribution of
different for the RGB stars than for the MS stars. (2) The bMS  Cen stars can be well fitted by two separate components and
represents some super-MP populatigie(H] < —2.0 ). (3) The argued that this can be explained by two successive epochs of
bMS represents a super—helium-rich 0.3 ) population. star formation. Assuming for the more metal-rich ([Fe/H]

(4) The bMS represents a population of stars about 1-2 kpc—1.0) Mint population a helium content of ~ 0.30 , we find
behindw Cen. We examine these four possibilities in the fol- that the corresponding MS would b®.07 mag bluer in\{—1)
lowing section. than the MP MS (assumed to have a canonitat 0.23 and
[Fe/H] = —1.6). Note that Norris et al. (1996) found that the
ratio of the Mint to MP population should be 0.2, compatible,
within the uncertainties, with the value we find for the rMS/bMS

One way to interpret the observations is to assume that eitheratio. Figure & shows that the bMS could well be connected
the photometric calibration or the isochrones are in error. If the with the intermediate TO SGB. Figureazhows that this in-
net error is 0.06 mag iv—I color, then perhaps the MP pop- termediate SGB is slightly brighter than the luminosity expected
ulation (Fe/H] = —1.6) follows along the bMS instead of for a metallicity similar to the Mint population, and the expected
along the rMS. If this is the case, then the rMS would corre- TO is redder than the observed one. These observational facts
spond to the metal-rich populatiofiFé/H] = —0.5 ), as the are consistent with this population being helium enhanced and
0.06 magv—1 separation cannot be explained by the metallicity slightly younger, as expected if the helium enhancement is due
difference between the MP and Mint populations. (While it to self-pollution from intermediate AGB MP stars. The dramatic
may be conceivable that the isochrones could have errors inincrease of-process heavy-element abundances with metallicity
an absolute sense, they should be reliable in a differentialfound by Smith et al. (2000) i@ Cen RGB stars further supports
sense.) There are additional problems with this interpretation.the hypothesis that Mint stars could have formed from material
First is that only 5% of the RGB stars are metal-rich, but in polluted by ejecta fron1.5-3m, AGB stars. The presence of
this scenario over 70% of the MS stars would be metal-rich. a population with high helium content could also account for
This would imply drastically different mass functions, such as the anomalously hot horizontal branchwfCen, following the
have never been seen before anywhere (see Piotto & Zoccalcalculations of D’Antona et al. (2002). All this notwithstanding,
1999). Furthermore, there is no actual gap in the observedaY > 0.30is higher than any value so far measured in Galactic
metallicity distribution and in the color distribution of the RGBs globular clusters (Salaris et al. 2004) and not easy to understand.
of the MP and Mint populations. Most importantly, the fact As a fourth possibility, if we assume that the rMS corresponds
that the MS extension of the LTO runs parallel to the rMS (on to the majority of the cluster stars, the bMS could correspond
the red side of it; Fig. @ makes this scenario impossible. to a population of stars located behiadCen. As shown in

The second interpretation is that the rMS corresponds to theFigure 21, if the bMS is populated by stars located 1.6 kpc
MP stars, but the bMS corresponds to a super-MP population,beyondw Cen, we can easily fit it with afFe/H] = —1 iso-
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chrone. Figure 4 appears to strengthen this hypothesis: we see respect to the other cluster stars and interpreted this as evidence
the bMS get closer and closer to the rMS, crossing it at~H that it could be a background object or a merger product that
18.5 and apparently continuing into a broadened TO and SGB. has not yet phase-mixed. However, Platais et al. (2003) find
This broadening of the intermediate TO could be the result of this motion spurious, attributing it to a color/magnitude term

a spread in both metallicity and distance. The overall appearancen the proper motions. Moreover, Anderson (2003), using very
of the CMD is that there are two sequences, shifted by up to accurate WFPC2 proper motions, contradicts the bulk motions
~0.3-0.5 mag. The hypothesis of a background agglomerate ofseen by Ferraro et al. (see his Fig. 1). In any case, the back-
stars with metallicity arounfFe/H] ~ —1.0 would also naturally ground population we consider here could not correspond to

explain why the bMS appears to intersect the rMSvat ~
23.5 (see Figs. ¢ and M). Such a background object would

naturally explain the observation that the giants of different me-
tallicity appear to have somewhat different spatial distributions

(Jurcsik 1998; Hilker & Richtler 2000), although this spatial

variation could be explained by merger or self-enrichment sce-

narios as well.
Leon, Meylan, & Combes (2000) have identified a tidal tail
aroundw Cen. Tidal tails often have a clumpy nature. However,

the number of stars in the bMS seems to be too large and th

sequence too sharp to be interpreted as a part of a clump in
tidal tail behind the cluster. Another possibility is that the object
in the background is a distinct cluster or a dwarf galaxy. As
it should cover at least 2630 in the sky (this is the extent

of the region where we identified a DMS) and be located at
about 7 kpc from the Sun, the object should be extended by
at least 40-60 pc. The probability of observing such an object

in the direction ofw Cen is extremely low. However, if this
object happens to be gravitationally linked 4doCen (either

the very metal-rich population; our Figure Inakes it clear
that the LTO and the bMS are not related to each other.

6. RESOLVING THE CONTROVERSY

Much of the current puzzle stems from our inability to in-
terrelate the various RGB, SGB, TO, and MS populations.
Currently there exists a good database of observations for RGB
stars but only spot observations of the SGB, TO, and MS

opulations. An accurate analysis of the proper-motion, radial-

elocity, metallicity, and spatial distributions of the MS, TO,
and SGB stars ab Cen, in a large field sampled over the inner
20’ or so of the cluster, along with detailed theoretical calcu-
lations, are absolutely essential to explain the observational
facts, which at the moment represent a mixed-up puzzle. The
new results presented in this Letter show that the more we learn
about this cluster, the more we realize we do not know.

because it was part of the same original system or because it We thank the referee, John Norris, and Raffaele Gratton for
is the remnant of some merging event), that would enhanceuseful suggestions and discussions on the role of helium in

the probability of seeing it in the same direction@agen.

interpreting the observations presented in this Letter. L. R. B.,

We note that the idea of a population of stars behind the G. C., S. C., Y. M., and G. P. acknowledge financial support
cluster has been suggested before. Ferraro, Bellazzini, & Panby MIUR (PRIN2001, PRIN2002, and PRIN2003). J. A. and
cino (2002) measured a bulk motion for the RGB-a stars with I. R. K. acknowledge support by STScl grant GO 9444,
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