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Abstract.

We present empirical and theoretical constraints for advanced evolutionary

phases in Globular Clusters. In particular, we focus our attention on the central helium
burning phases (Horizontal Branch) and on the white dwarf cooling sequence. We intro-
duce the canonical evolutionary scenario and discuss new possible routes which can provide
firm constraints on several open problems. Finally, we briefly outline new predicted near-
infrared evolutionary features of the white dwarf cooling sequences which can be adopted

to constrain their evolutionary properties.
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1. Introduction

Globular clusters (GCs) and their stellar con-
tent played a fundamental role in the de-
velopment of Stellar Astrophysics (Sandage
1953). The discovery of different stellar pop-
ulations (Baade 1958), resulted in a revolu-
tionary change in the size and age of the uni-
verse (Osterbrock 2003). Moreover, GCs were
adopted to estimate the distance of the so-
lar system from the Galactic center (Shapley
1928), and also to constrain the formation
and evolution of the Milky Way spheroid
(Eggen et al. 1962; Zinn 1985).

The reader interested in a detailed his-
torical and scientific summaries of the sig-
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nificant theoretical and empirical progresses
made by Stellar Astrophysics during the fifties
and the beginning of the sixties is referred
to The Vatican Conference (O’Connell 1958),
to the series of grey books, namely Galactic
Astronomy (Blaauw & Schmidt 1965); Stellar
atmospheres (Greenstein 1965); and Stellar
Structure (Aller & McLaughlin 1965). More
recent reviews for North American scholars
and institutions have been given by (Sandage
2007) and for the European ones by (Blaauw
1999, 2004).

During the early fifties, photometric
(Sandage 1953; Arp 1955) and spectroscopic
(Wallerstein 1958; Kraft 2009) data and, in
particular, the comparison with early evolu-
tionary computations (Schwarzschild et al.
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1957; Hoyle 1959) supported the evidence
that the stellar content of GCs is coeval and
chemically homogeneous. This suggests that
GCs can provide independent estimates of two
cosmological parameters: a lower limit to the
age of the Universe (fy) and an upper limit to
the primordial helium content (Iben & Rood
1969; Buzzoni et al. 1983).

These outstanding results were supple-
mented during the eighties with the use of
CCD cameras from the observational point
of view and with detailed evolutionary tracks
covering the hydrogen and the He burning
phases. These new facilities provided the op-
portunity to detect white dwarfs (WD) in GCs
(Richer & Fahlman 1988; Ortolani & Rosino
1987; Moehler etal. 2007) together with
accurate and complete CMDs reaching sev-
eral magnitudes below the turn-off region.
However, the significant improvement in
photometric accuracy and completeness was
provided by HST. During the nineties, the
detection of sizable samples of cluster WDs
was possible (Cooletal. 1996) and these
detections approached the limit of H-burning
structures (King et al. 1998). Obviously, the
progress made in the understanding of the
evolutionary properties of low-mass stars
swept across a significant improvement in
the input physics: opacity, (Iglesias & Rogers
1996; Potekhin et al. 1999; Ferguson et al.
2005); equation of state (Rogers & Nayfonov
2002); cross sections (Anguloetal. 1999);
and in the physical assumptions: gravitational
settling, (Thouletal. 1994; Cassisietal.
1999; Schlattl & Salaris 2003; Michaud et al.
2004); mixing, (Chiosi & Maeder 1986;
Ventura et al. 1998; VandenBerg et al. 2006;
Charbonnel & Lagarde 2010); mass loss,
(Chiosi et al. 1992; Vink & Cassisi  2002;
Ventura & Marigo 2010); outer boundary con-
ditions, (Cassisi et al. 2000; VandenBerg et al.
2008) adopted to construct stellar evolutionary
models.

During the last ten years, this paramount
effort was extended to include either bro-
ken regions such as the Galactic bulge
(Zoccalietal. 2000, 2003) or advanced
evolutionary phases: Extreme HB stars, (EHB,
Moehler et al. 2004b; Heber 2009); AGB,
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(Marigo & Girardi 2007; Marigo et al. 2008;
Weiss & Ferguson 2009); WD cooling se-
quences, (Calamida et al. 2008; Kalirai et al.
2008; Strickler et al. 2009; Althaus 2010a;
Salaris etal. 2010) or exotic phenomena
(Strassmeier et al. 2010), or new physi-
cal mechanisms, such as stellar rotation
(Maeder & Meynet 2000) and more sophis-
ticated mixing mechanisms (Penev et al.
2009).

Recently, deep HST photometry disclosed
the presence of multiple stellar populations
in several massive GCs. Together with the
most massive Galactic globular w Centauri
(Anderson 2002; Bedin et al. 2004) multiple
stellar sequences have been detected in GCs
covering a broad range of metal content:
NGC 2808 (D’ Antona et al. 2005; Piotto et al.
2007), M54 (Siegel et al. 2007) and NGC 1851
(Calamida et al. 2007; Milone et al. 2008).
Some of these multiple sequences (w Cen,
NGC 2808, NGC 1851) might be explained
either with a He-enhanced (Norris 2004;
D’Antonaetal. 2005; D’Antona & Caloi
2008; Piotto et al. 2007), or with a CNO-
enhanced (Calamida et al. 2007; Cassisi et al.
2008) sub-population. However, no general
consensus has been reached concerning the
physcal mechanisms, the evolutionary history
and the fraction of these stellar components.

The structure of this paper is the following.
In §2 we will discuss some intrinsic proper-
ties of GCs which make them perfect laborato-
ries to constrain the physical mechanisms and
the leading parameters governing their evolu-
tion. The evolutionary properties of Horizontal
Branch stars is discussed in §3, while §4 deals
with white dwarf cooling sequences. Finally, in
§5 we briefly outline future possible avenues
concerning advanced evolutionary phases in
GCs.

2. De utilitate globular clusters

Some of the positive features in dealing with
the stellar content of GCs have already been
mentioned in the above section. Here we would
like to mention a few other positive features,
typically adopted in comparing theory and ob-
servations in GCs. One of the main reasons
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why GCs are a crucial stellar benchmark is be-
cause they are redundant systems. There are
four major forms of redundancy in GCs:

— Internal redundancy —
Cluster stars present an intrinsic redun-
dancy and indeed the ratio between the

— Time redundancy —

The distribution of cluster low-mass stars
along the Main Sequence (MS) depends on
the actual value of stellar mass. Data plot-
ted in Fig. 1 show the optical V,V-I CMD of
the globular NGC3201 (Bono et al. 2010).
Data along the MS were collected with
ACS-WFC at HST and according to the
adopted set of stellar isochrones the stellar
masses range from 0.25M, at V~25 and V-
I~2 mag to 0.79 M, in the Turn-Off (TO)
region (at V~18.2; V-1~0.92 mag). The TO
region is the evolutionary phase with the
largest stellar mass, since during the sub-
sequent evolutionary phases the structures
start to loose a fraction of their envelope
via stellar winds. A conservative estimate
of the age of typical GCs gives 12+2 Gyr;
therefore, they are among the oldest stellar
systems in the Galaxy and in the universe.
This means that they host the evolutionary
relics of all the stars with stellar masses
larger than the actual TO mass. This ap-
plies not only to the progeny of low- and
intermediate-mass stars which end up their
evolution as CO-core WDs (WD cooling
sequences, see Fig. 1), but also to massive
stars which end up their evolution as core-
collapse supernovae (neutron stars, stel-
lar mass black holes) and of binary evo-
lution (Low-Mass X-Ray Binaries, Blue
Stragglers, He-core WDs, low-mass CO-
core WDs). The crucial consequence of
this evolutionary continuum is that either a
physical mechanism (gravitational settling)
or a chemical anomaly (abundance anti-
correlations), or binarity affecting current
un-evolved MS stars has already left its
fingerprint in more-massive stellar struc-
tures. In principle, we can investigate in
situ the impact which the quoted mecha-
nisms and peculiarities have had either on
advanced evolutionary phases (Red Giant
Branch [RGB], Horizontal Branch [HB],
Asymptotic Giant Branch [AGB], WD) or
on the relics of more-massive cluster stars.

number of stars located across the TO re-
gion and subsequent evolutionary phases
(SGB, RGB, HB, AGB, bright portion of
the WD cooling sequence) only depends on
their evolutionary lifetimes. The same ratio
between two MS regions located below the
MSTO do depend on both the evolutionary
lifetime and on the Initial Mass Function
(IMF). The difference is mainly due to the
fact that in the latter case we are dealing
with evolutionary phases characterized by
different mean mass values. These features
bring forward two relevant consequences:
i)— star count ratios between the MSTO
and more evolved evolutionary phases can
be easily compared with evolutionary life-
times; ii)— low- and very-low mass stars
can be adopted to constrain the present day
mass function (Marks & Kroupa 2010).
The observational uncertainties in these
comparisons are only dominated by statis-
tics, and in turn, by the total luminosity of
the cluster (Castellani et al. 2007). It is also
worth noting that the total number num-
ber of stars in a specific evolutionary phase
does depend on the evolutionary lifetime
and on the total luminosity of the cluster.
This is the reason why fast evolutionary
phases or exotic objects can be easily ei-
ther traced or identified in more massive
clusters (47 Tuc, w Cen, Thompson et al.
2010; Randall, Calamida & Bono 2009).
External redundancy —

Galaxies of all morphological type host
GCs. Their number ranges from a few
in dwarf galaxies (four in Fornax dSph,
Buonanno et al. 1998) to a few hundreds
in large spirals: ~200 in the MW (Harris
1996) and ~400 in M31 (Galleti et al.
2004) to a few thousands in giant el-
lipticals (Harris 2009, and references
therein). The luminosity function of GCs
is a robust secondary distance indicator
(Di Criscienzo et al.  2006) which pro-
vides accurate distances up to 100Mpc
(Coma cluster, Woodworth & Harris
1992). Moreover, the integrated colors and
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Fig. 2. Top — From left to right, V,V-J and I,V-K CMDs of NGC 3201. The colored lines show the same
isochrones plotted in Fig. 1. The distance modulus, the reddening and the chemical composition adopted to
compare theory and observations are labeled. Bottom — same as the top, but for the I,V-J and I,V-K CMDs.

spectrophotometric properties provide key
information on the stellar content in the
local (bulge/halo GCs) and in the nearby
Universe.

Wavelength redundancy —

Astrophysical sources typically emit in
different wavelength regions, but only a
few stellar systems host objects emit-
ting from the radio (millisecond pulsars
Freire et al. 2005), to the mid-infrared
(AGB, Novae, Boyeretal. 2009), near-
infrared (AGB, RG Valenti et al. 2007),
optical (CMD, radial and non radial vari-
ables, Albrow et al. 2001), near-UV (ex-
treme HB stars, Iannicolaetal. 2009),
far-UV (extreme HB stars, bright WDs,
Dieball et al. 2007), X-ray (low-mass X-

Ray binaries, Heinke 2010) and +y-ray
(millisecond pulsars, Anderhub et al. 2009;
Abdo et al. 2010; Lee et al. 2010).

The main advantage of this positive fea-
ture is that from y-Ray to radio we
often deal with multiple realizations of
the same stellar system. This means that
the same predictions (evolutionary mod-
els, isochrones, luminosity functions) once
transformed into the observational plane,
should provide, within the uncertainties af-
fecting the photometry and the reddening
law (Bono et al. 2010), the same intrinsic
properties. Data plotted in Fig. 2 show the
stellar content of NGC 3201 when mov-
ing from the optical to the NIR bands.
This multi-wavelength approach has be-
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Fig.1. Optical V,V-I CMD of the globular
NGC 3201 based on data collected with space
(HST) and ground-based telescopes (Bono et al.
2010). The most relevant evolutionary phases are
labeled: MSTO (main sequence turn-off), BS (blue
stragglers), RGB (red giant branch), HB (hor-
izontal branch), WD (white dwarfs). The col-
ored lines display three different cluster isochrones
(VandenBerg, Casagrande & Stetson 2010) at fixed
chemical composition. The adopted distance modu-
lus, reddening, iron and @-element abundances are
also labeled.

come more popular in the last few years,
thanks to space and ground-based tele-
scopes. The key advantage of this approach
is to investigate the properties of the same
stellar structures, by using a broad wave-
length coverage, and to single out the pos-
sible occurrence either of thorny system-
atic errors in the absolute calibration of the
data, or in the reddening correction, or in
the photometric reduction strategy.
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3. The Horizontal Branch

The evolutionary properties of HB stars have
already been discussed in a large number of ob-
servational and theoretical investigations (e.g.,
Moehler 2010, and references therein). In the
following, we briefly summarize the evolu-
tionary properties relevant in tracing the tran-
sitions from the HB to the WD cooling se-
quence. The key parameter to explain the stel-
lar distribution along the Zero-Age-Horizontal
Branch (ZAHB) is the total mass. The mass
of the He-core in low-mass stars is, at fixed
chemical composition, quite constant over a
broad age range. Therefore, lower mass HB
structures are characterized by lower enve-
lope masses and hotter effective temperatures
(bluer colors). According to the effective tem-
perature/color, the HB structures can be split
into three different groups: EHB stars (T, >
20,000 K), Blue (hot/warm) HB stars (BHB,
6,000 < T, < 20,000 < K) and red (cool) HB
stars (RHB, T, < 6,000 K). The quoted groups
are characterized by different final evolution-
ary fates during the off-ZAHB evolution. In the
recent literature, several new hypotheses have
been suggested to account for some features of
HB stars in GCs (Catelan 2009).

In particular, to explain why the posi-
tion of a fraction of EHB stars that at
fixed color attain slightly fainter magnitudes,
the hot helium-flasher scenario was sug-
gested by Castellanietal. (1993), but see
also D’Cruz et al. (1996), Brown et al. (2001,
2010) and Castellani et al. (2006). Such an
evolutionary channel predicts that red giant
stars undergoing violent mass-loss events ap-
proach the tip of the red giant branch with
a total mass that is too small for remov-
ing the electron degeneracy of the helium
core, and in turn for central helium ignition.
These stellar structures leave the red giant
branch and move toward their helium-core
white dwarf cooling sequence. During these
evolutionary phases, the hydrogen shell is still
active, and the mass of the helium core is
steadily increasing. Evolutionary prescriptions
suggest that the structures with a helium-core
mass slightly larger than this limit undergo
a helium-core flash at high temperatures, ei-
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ther during their approach to the white dwarf
cooling sequence (early hot helium flasher,
Castellani et al. 1993; D’Cruz et al. 1996), or
along this sequence (late hot helium flasher,
Brown et al. 2001).

This evolutionary scenario is also predict-
ing that a globular cluster hosting a large num-
ber of hot helium-flashers should also be af-
fected by a deficit in RGs, and host a sig-
nificant number of helium-core white dwarfs.
The final fate of the red giants with a helium-
core mass smaller than the limit for cen-
tral helium ignition is, indeed, as a helium-
core WD (Castellani et al. 2006). This sce-
nario has been supported by empirical evi-
dence. A deficit of the order of 20% in the
number of bright RGB stars in the globu-
lar cluster NGC2808 from HST photome-
try was found by Sandquist & Martel (2007).
Moreover, Calamida et al. (2008), found that
the GC w Centauri hosts a fraction of He-core
white dwarfs ranging from 10% to 80%, de-
pending on their mean mass. The quoted find-
ings suggest that candidate helium-core white
dwarfs are typically identified in stellar clus-
ters showing well defined blue HB tails, like
the metal-rich old open cluster NGC 6791,
the globular clusters wCen and NGC 6397
(Strickler et al. 2009). The reader interested
in a detailed discussion concerning the mix
of candidate hot helium flashers and candi-
date helium-enriched EHB stars in w Centauri
is referred to Cassisietal. (2009), and to
Brown et al. (2010).

The HB models plotted in Fig. 3 show
the evolution of selected canonical HB mod-
els. The evolutionary prescriptions plotted in
this figure and in the next ones have been pro-
vided by Pietrinferni et al. (2004, 2006)'. The
EHB structures are the low-mass tail of HB
stars and a significant fraction of them, after
central He exhaustion, evolve toward higher
luminosity and hotter effective temperatures.
Thus, they do not experience an asymptotic
giant phase, since they do not evolve toward
their Hayashi track. They are the so-called
AGB Manque’ stars (see solid lines in Fig. 3,
Greggio & Renzini 1990).

! See also http://www.oa-teramo.inaf.it/BASTI
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Fig.3. Top - HR diagram of HB models con-
structed at fixed alpha-enhanced chemical compo-
sition and for a broad range of stellar masses. The
mass of the progenitor is 0.80M,, and its age is 12
Gyr. The almost horizontal lines show the ZAHB
(green circles) and the central helium exhaustion
(black circles). The solid lines display the evolution
of low-mass AGB Manque’ structures, the dashed
lines the evolution of Post Early AGB structures,
while the dotted lines the evolution of Thermal
Pulsing AGB. The solid cyano line shows the evo-
lution of a hot helium flasher computed assuming a
similar composition ([M/H]=-1.1 dex; Y=0.23) and
a mass value of M=0.49 M,. The black triangles
mark along selected HB models steps of 15 Myr,
while the red ones steps of 5 Myr after 100 Myr of
evolutionary lifetime. Middle — Same as the top one,
but the models were transformed into the observa-
tional plane (My, B-V). The HB mass (solar units)
of selected models are labeled. Bottom — Same as
the top, but for an optical-NIR CMD (Mg, B-K).

The solid cyano line plotted in Fig. 3 shows
the HB evolution of a hot helium flasher con-
structed by assuming a similar chemical com-
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position ([M/H]=-1.1 dex, Y=0.23) and mass
value of M=0.49M,, (Cassisi et al. 2003). The
ZAHB position of this model is, as expected,
fainter than the canonical one, but both the
central helium burning phases and the AGB
Manque’ phase are similar to the canonical
one.
The BHB structures have intermediate-
mass values among HB stars. Their distinctive
evolutionary feature is that soon after central
He exhaustion, they ignite He in a shell, and in
turn their AGB phase starts (double shell burn-
ing) in the hot region of the HR diagram. They
do not experience thermal shell flashes and
have been called Post-Early-AGB (PEAGB,
see dashed lines, in Fig. 3, Greggio & Renzini
1990).

The RHB structures are the high mass tail
of HB stars, and their ZAHB location is be-
tween the RR Lyrae instability strip and the
cool side of the HB region. They evolve al-
most at constant effective temperature and start
their AGB phase almost at fixed luminosity
and effective temperature (AGB Bump). The
occurrence of this evolutionary feature marks
the ignition of helium-burning in a shell. These
structures experience a number of helium-shell
flashes, during which they cross the Mira in-
stability strip, the OH-IR region, to become,
at the end of this phase, planetary nebulae
(Wood et al. 1992). The solid dotted lines
in Fig. 3 display their off-ZAHB evolution.
Between the BHB and the RHB region, the
HB stars are pulsationally stable and form the
instability strip of RR Lyrae stars (Bono et al.
1997).

3.1. He-enhanced HB models

The possible occurrence of He-enriched stars
in GCs dates back to the sixties (Iben & Rood
1969). During the last few years, it has
become quite popular to explain either the
blue tails of the HB (D’Antona & Caloi
2008), or the presence of multiple sequences
in GCs (Piottoetal. 2007). The presence
of He-enriched stars in GCs seems to be
connected with the occurrence of well defined
anticorrelations and star-to-star abundance
variations. Spectroscopic measurements of
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cluster RG stars showed the presence of
star-to-star variations not only in C, N and
Na (Osborn 1971; Cohen 1978; Peterson
1980), but also in Al and in O (Norris et al.
1981; Pilachowski, Sneden & Wallerstein
1983; Leep, Wallerstein, & Oke 1986) abun-
dances in many GGCs. The observational
scenario was further enriched by the evidence
that the molecular band-strengths of CN
and CH seem to be anticorrelated (Smith
1987; Kraft 1994). More recently, the quoted
anticorrelation together with the anticor-
relations between O-Na and Mg-Al have
been observed in evolved (red giant branch,
Horizontal Branch), and in unevolved MS stars
of a significant fraction of GC investigated
(Suntzeff & Smith 1991; Cannon et al. 1998;
Harbeck, Grebel & Smith 2003; Gratton et al.
2001;  Gratton, Sneden & Carretta 2004,
Ramirez & Cohen 2002; Carretta et al. 2007).

To explain these observations, it was sug-
gested that a previous generation (first gen-
eration) of asymptotic giant branch (AGB)
stars expelled processed material during ther-
mal pulses, and the subsequent stellar genera-
tion (second generation) formed with contam-
inated material (Ventura et al. 2001). In this
scenario, the surface abundances of the second
stellar generation show a significant He enrich-
ment and well defined CN and ONa anticor-
relations. It was suggested that the fraction of
stars belonging to the second generation might
be of the order of 50% (D’Antona & Caloi
2008; Carretta et al. 2009). The key difficulty
in the validation of this working hypothesis
is that helium absorption lines in the visi-
ble spectral region appear at effective tem-
peratures hotter than 10,000 K (Behr 2003,7;
Moehler et al. 2004b). These effective temper-
atures in a GC are typical of hot and ex-
treme HB stars. However, their helium abun-
dances cannot be adopted to constrain the orig-
inal helium content, since gravitational set-
tling and/or radiative levitation affect their
surface abundances. In a recent investigation
(Villanova et al. 2009) identified helium ab-
sorption lines in a few warm cluster HB
stars that should be marginally affected by the
quoted mechanisms, but the range in effective
temperature seems very narrow.
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Fig.4. Same as Fig. 3, but for HB models con-
structed assuming the same global metallicity,
([M/H]=-1.27 dex), but a helium enriched compo-
sition (0.35 vs 0.246). The mass of the progenitor is
0.70 M, and its age is 12 Gyr.

According to alternative working hypothe-
ses, the cluster self-pollution is caused either
by evolved RGB stars that experienced extra-
deep mixing (Denissenkov & Weiss 2004),
or by fast rotating intermediate-mass stars
(Maeder & Meynet 2000; Maeder & Meynet
2006; Prantzos & Charbonnel 2006;
Decressin et al. 2007). In the recent liter-
ature, there is a lively debate concerning the
role played by the different polluters. The
interested reader is referred to Renzini (2008)
and to Shen et al. (2010).

The presence of a He-enriched subpopula-
tion also accounts for the occurrence of Hot
and Extreme HB stars. Evolutionary prescrip-
tions indicate that He-enriched structures, at
fixed metal abundance and cluster age, have
a smaller Turn-Off mass when compared with
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structures constructed by assuming canonical
helium content. Therefore, a He-enriched sub-
population, for a fixed mass loss rate, is charac-
terized by smaller envelope masses, and there-
fore they will mainly populate the hot and
the extreme region of the HB (Bono et al.
1995). Thus, the presence of a He-enriched
sub-population alleviates the need of signifi-
cant changes in the mass-loss efficiency along
the red giant branch, required by the canonical
scenario to populate the EHB region.
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Fig. 5. Top — HR diagram showing ZAHBs (solid
lines) and exhaustion of central Helium burning
(dashed lines) for different sets of HB models con-
structed assuming an a-enhanced mixture, at fixed
global metallicity ([M/H]=-1.27 dex) and different
helium contents (see labeled values). Middle — Same
as the top, but transformed into the observational
plane (My, B-V) and only for the canonical and the
most helium-rich HB models. Bottom — Same as the
top, but for an optical-NIR CMD (M, B-K).
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In this theoretical framework, the HB
morphology is governed by two parameters,
namely the metal and the helium content.
This topic has been the crossroads of sev-
eral theoretical and empirical investigations.
In the following, we briefly outline the evo-
lutionary properties of He-enriched HB struc-
tures. Fig. 4 shows a set of HB models com-
puted by assuming a a-enhanced mixture and
a He-enriched composition. The above mod-
els, when compared with canonical HB models
plotted in Fig. 3, have the same global metal-
licity ([M/H]=-1.27 dex) and the same age of
the progenitor (12 Gyr), but the mass of the
progenitor is smaller (0.70 vs 0.80 My). The
HB models plotted in Fig. 3 and in Fig. 4 dis-
play, on average, the same evolutionary fea-
tures. Canonical and He-enriched HB models
cover the same range of luminosities and ef-
fective temperatures. The similarity applies not
only to the HR diagram, but also to the optical
(middle panels) and to the optical-NIR (bottom
panels) CMDs.

In order to further constrain this key point,
Fig. 5 shows evolutionary prescriptions for dif-
ferent sets of ZAHBs and central helium ex-
haustion models computed by assuming the
same global metallicity and a very broad range
of helium contents (see labeled values). HB
models plotted in the middle and in the bottom
panel indicate that the difference in magnitude,
at fixed color, is at most of the order of a few
tenths of a magnitude. The difference in color,
at fixed magnitude, is smaller even in the Mk,
B-K CMD. This evidence suggests that uncer-
tainties either in distance moduls or in red-
dening hamper the comparison between the-
ory and observations of canonical and and He-
enriched HB stars. The use of far-UV and opti-
cal bands improve the sensitivity, since EHB
stars are the brightest objects in the former
bands. However, the comparison with theory
and/or with empirical templates might be af-
fected by uncertainties in the reddening correc-
tion in the far-UV (Dalessandro et al. 2010). It
is worth mentioning that the HB morphology
of several GCs, including the more massive
ones, show gaps, thus affecting comparisons
with theory. However, there are two secondary
interesting features worth being discussed. i)—
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More massive HB models display more ex-
tended blue noses. This evidence, taken at face
value, would imply that massive HB structures
can cross the RR Lyrae instability strip, thus
affecting their pulsation properties (Marconi et
al. 2010, in preparation). ii)- The central He-
burning lifetimes of He-enriched structures are
longer than HB models with canonical He con-
tent. The difference among EHB structures is
clear, and indeed after 100 Myr they did not
approach the end of the central helium burning
phase.

In order to investigate this point in more de-
tail Fig. 6 illustrates the central helium burn-
ing lifetimes for the same HB models plot-
ted in Fig. 5. Predictions plotted in this fig-
ure provide a more quantitative estimate of
the He-burning lifetime of canonical and He-
enriched HB models. The difference with the
most helium enriched models ranges from 10%
to 30% for ZAHB temperatures larger than
logTe~4.3, i.e. the region of EHB stars. The
increase in the lifetime is mainly caused by the
fact that they are fainter, since the He-core of
He-enhanced models is slightly smaller than
the canonical ones. In these structures, the H-
shell plays a marginal role, since the enve-
lope mass is quite small. The HB region in
which the H-shell becomes relevant in the en-
ergy budget is for effective temperatures cooler
than logTe~4.3, and indeed in this region He-
enhanced structures are brighter than canonical
ones. However, the He-burning lifetime of he-
lium enhanced models is systematically longer
over the entire temperature range. The differ-
ence is smaller and appears counter-intuitive,
since the former structures are, at fixed effec-
tive temperature, not only brighter, but also less
massive than the latter ones. The increase in
the He-burning lifetime is mainly caused by
the fact that the hydrogen-burning shell in the
He-enriched structures is more efficient, due to
the increase in the mean molecular weight. The
main outcome of the quoted scenario is that in
GCs with a 50% of He-enhanced stars, the HB
morphology is governed by these structures.
This applies not only to EHB and BHB stars,
but to a minor extent also to RHB stars.
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Fig. 6. Central helium burning lifetimes (in units of
100 Myr) as a function of the ZAHB effective tem-
perature for the same models plotted in Fig. 5. The
lifetimes were slightly smoothed.

3.2. New routes

Two independent methods appear very promis-
ing to constrain the evolutionary history of
cluster HB stars. Evolutionary models in-
dicate that HB structures which ignite he-
lium along the white dwarf cooling se-
quence (late hot helium flashers) experi-
ence a significant mixing (Sweigart 1997;
Brown et al. 2001, 2010; Cassisi et al. 2003,
2009; Miller Bertolami et al. 2008) between
the core (helium and carbon-rich) and the en-
velope (hydrogen rich). The aftermaths of this
flash-mixing phenomenon are structures show-
ing a significant increase in the surface abun-
dance of carbon ranging from 1% to 5% and
an even more relevant increase in helium con-
tent. This is a crucial observable, since the
progeny of the helium-enriched scenario is not
supposed to be carbon-enriched (see Moehler
in these proceedings). In a recent spectro-
scopic investigation of extreme HB stars in
w Centauri, Moehler et al. (2007); Moehler
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(2010) found that among the EHB stars (Te >
30,000 K) roughly the 30% are helium-poor,
while the 70% have either solar or super-solar
helium abundances. Interestingly enough, the
carbon-rich stars are also helium-rich stars,
thus supporting the evidence that a fraction of
these stars are the aftermath of the hot helium
flasher scenario. However, more deep and ac-
curate data are required to constrain the frac-
tion of carbon and helium-rich stars and the im-
pact of current evolutionary prescriptions (con-
vective mixing, element diffusion, mass loss,
Miller Bertolami et al. 2008).

The first variable extreme horizontal
branch star has been recently discovered in
w Cen (Randall, Calamida & Bono 2009).
The period is short (114 s) and the luminosity
amplitude is ~0.3 mag. The optical colors
indicate for this object an effective temper-
ature of 31,500+6300 K, thus suggesting
that it is located inside the instability strip
for rapidly oscillating B subdwarfs. This
discovery was soundly supported by the
identification of three plus one new variable
EHB stars in the same cluster (see colored
symbols in Fig. 7), using accurate B-band
time series data collected with EFOSC at
NTT (Randall, Calamida & Bono 2009,
2010). The identification of these objects in a
GC is relevant to constrain the evolutionary
properties of this new group of variable stars,
since up to now pulsating SdB/SdO have only
been detected in the field. The astroseismic
investigations of the quoted objects appear
very promising, since the comparison between
observed and predicted frequency pattern can
provide optimal estimates, not only of the core
mass, but also of the abundance pattern and of
the mass of the envelope (van Grootel et al.
2008; Randall, Calamida & Bono  2010).
These three structural parameters are crucial
to constrain their evolutionary history.

Another interesting aspect concerning the
identification of variable EHB stars in a GC is
that their properties can help to shed new light
on a longstanding open problem concerning
the occurrence of binaries among EHB stars
(Castellani et al. 2006). Detailed spectroscopic
investigations indicate that the fraction among
field sdB stars range from 40% (Napiwotzki
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Fig.7. B,B-V CMD of w Centauri based on B-band
time series data collected with EFOSC at NTT. The
colored crosses show the position of the four candi-
date variable EHB stars. The fourth object has been
recently discovered (Randall, Calamida 2010, pri-
vate communication). The error bars on the right
display intrinsic photometric error both in magni-
tude and in color.

2006) to 60% (Maxted et al. 2001). Moreover,
radial velocity measurements indicate that ap-
proximately the 50% of them are close bi-
naries with period shorter than a dozen of
days (Morales-Rueda et al. 2004, 2006; Heber
2009). On the other hand, up to now there has
been no clear identification of binaries among
cluster EHB stars (Moni Bidin et al. 2008). In
particular, it is not clear whether this finding is
the consequence of a difference in their forma-
tion channel (Han et al. 2002; Han 2008), or
the aftermath of an observational bias.

Finally, we mention that rotation can also
play a fundamental role in the evolution of
HB stars. However, the empirical and the the-
oretical rotational scenarios are far from be-
ing settled. Detailed radial velocity measure-
ments of field and cluster EHB and BHB in-
dicate that their rotational velocity increases
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when moving from hotter to cooler effective
temperatures. The rotational velocity attains
a constant value, smaller than 10 km sec!
for logTe < 4, and becomes of the or-
der of 20-30 km sec™! for 4 < logTe <
3.9 (Behr 2003; Recio-Blanco et al. 2004).
Plain physical arguments suggest that RR
Lyrae stars should have rotational veloci-
ties larger than 10 km sec”!, but observa-
tions indicate that they have smaller rota-
tional velocities. This is the so-called Peterson
conundrum (Peterson, Rood & Crocker 1995;
Peterson, Carney & Latham 1996) and the in-
terested reader is refereed to Preston (2010) for
a more detailed discussion. The rotational ve-
locity can also be a good candidate for the sec-
ond parameter(s) problem in driving the HB
morphology (Renzini 1977; Castellani et al.
1980; Catelan, Valcarce & Sweigart 2010).

The period change rate of RR Lyrae stars
is also a robust diagnostic to constrain the in-
trinsic properties of HB stars, and in particular,
to establish the evolutionary direction (Rosino
1973; Sweigart & Renzini 1979). The period
derivative should be positive for stars evolv-
ing from the blue to the red, and negative if
the star is evolving from the red to the blue.
Note that this difference is crucial to constrain
the Oosterhoff dichotomy (Bono et al. 1997),
and to constrain the possible occurrence of
evolved helium-rich RR Lyrae stars (Marconi
et al. 2010, in preparation). Evolutionary pre-
scriptions indicate that He-rich HB structures
cross the RR Lyrae instability strip from the
blue to the red, at higher luminosities and
with smaller mass values when compared with
canonical HB models. In a recent investigation,
Kunder et al. (2010) found, by using detailed
data for a sizable sample of RR Lyrae stars
in 1C4499, that the observed period change
rates are on average one order of magnitude
larger than predicted from canonical HB mod-
els. This result further supports previous find-
ings on the period derivative in other clus-
ters (Lee & Carney 2010; Jurcsik et al. 2001,
2010) and field (Le Borgne et al. 2007) RR
Lyrae stars. The new interesting point is that as
empirical estimates on the uncertainties of pe-
riod change rates are becoming systematically
smaller, a stark discrepancy between theory
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and observations is found. In turn, this leads
to the need for a new spin in pulsation and evo-
lutionary models of RR Lyrae stars.

Finally, we mention what seems to be the
most promising route concerning future use of
field and cluster RR Lyrae stars as cosmologi-
cal beacons. In a recent paper, (Preston 2009)
brought to attention the identification of both
Hel and Hell emission and absorption lines in
field RR Lyrae stars. The lines show up during
the rising branch of RR Lyrae stars and appear
to be the consequence of the shock propaga-
tion soon after the phases of minimum radius
(Christy 1966; Bono & Stellingwerf 1994;
Chadid et al. 1996; Fokin et al. 1999). The
idea is not new and dates back to Wallerstein
(1959), who detected helium emission lines in
his seminal investigation on type II Cepheids.
The possibility of a direct measurement of
helium lines in RR Lyrae stars appears very
promising to constrain this fundamental cos-
mological parameter. The key advantage of RR
Lyrae stars, when compared with similar de-
tections of helium lines in extreme HB stars
(Behr 2003) is that they have an extended con-
vective envelope, and therefore they are mini-
mally affected by gravitational settling and/or
radiative levitation (Michaud et al. 2004).

4. Cluster white dwarfs

The transition from the HB to the AGB has
been discussed in detail by Wood (2010, and
references therein). The evolutionary proper-
ties of white dwarfs have been discussed by
Prada Moroni (2010); Althaus (2010a, and
references therein), while WD atmosphere
models have been discussed by Koester
(2010, and references therein). The interested
reader is also referred to the thorough recent
reviews by Koester & Chanmugam (1998);
Hansen & Liebert (2003); Hansen (2004);
Moehler & Bono (2008); Salaris (2008);
Kalirai & Richer (2010). In the following,
we will focus our attention on the astro-
physical use of the WD cooling sequence
in GCs. The interested reader is referred to
Moehler & Bono (2008) for a comprehensive
discussion.
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Fig.8. Optical Color Magnitude Diagram
—  F625W,F435W-F625W- of w  Centauri
(Calamida et al. 2008). Data were collected with
ACS-WFC on board the Hubble Space Telescope.
The left black arrow marks the position of extreme
HB stars. The WD cooling sequence shows up as
a well defined region on the left hot faint corner
of the CMD. This is the first GC with a number of
WDs, which is almost a factor three larger than the
number of HB stars.

Among the Galactic GCs, w Cen is the
most massive one. Therefore, the identifica-
tion by Monelli et al. (2005) of more than
2,000 WD candidates, in three out of the nine
ACS @HST pointings located across the clus-
ter center, did not came as a surprise. On the
basis of this evidence Monelli et al. (2005)
suggested that a fraction of them might be
helium-core WDs, since their cooling time
scale is slower than canonical CO-core WDs
(Castellani et al. 2006; Althaus 2010a). Note
that in a Hubble time He-core WDs can only be
the aftermath of a binary evolution. These re-
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sults were supported by (Calamida et al. 2008)
who found, using eight out of nine point-
ings?, approximately 6,500 WD candidates.
Moreover, they found that the ratio between
WD and main sequence (MS) star counts is =
a factor of two larger than the ratio between
the CO-core WD cooling time and the MS life-
time. This evidence indicates that a fraction of
He-core WDs ranging from 10% to 80%, ac- _
cording to their mean mass, can account for the ¢
discrepancy between theory and observations. <

This finding was recently supported ing
an independent investigation by (Cassisi et al.“
2009). They found that in w Cen a fraction
(~15%) of suspected He-rich HB stars are not
present in the CMD. This missing population
could be the progeny of the RGs that does not
approach the tip of the RGB and does not ig-
nite central He-burning. Therefore, these stel-
lar structures end up their evolution as He-core
WDs, as suggested by Castellani et al. (2006)
and by Calamida et al. (2008).

The possible occurrence of He-core WDs
in GCs, was also supported by Strickler et al.
(2009), by using deep and accurate multi-
band HST photometry of the nearby GC
NGC6397. They found that a group of WDs
are, at fixed color, brighter than typical CO
WDs and also show strong H, absorption
lines. The theoretical and the observational
scenario is far from being settled, and in-
deed Prada Moroni & Straniero (2009) also
suggested that progenitors with stellar masses
ranging from 1.8 to 3 M, experiencing a signif-
icant mass loss during hydrogen buning phases
end up their evolution as low-mass (0.33 <
M/M; <0.5) CO-core WDs. However, the
cooling time of He-core WDs is longer than
low-mass CO-core Wds, since the former have
a higher specific heat.

The data plotted in Fig. 8 make sense to
a simple prediction. Assuming that 12 Gyr
is the typical age of a GC and a Salpeter-
like initial mass function (« 2.35), one
finds that the number of cluster WDs is about
a factor of 300 larger than the number of

2 The central pointing was not included, since the
photometry was less accurate due to crowding prob-
lems.
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Fig. 9. Left — Deep and accurate F814W,F606W-
F814W CMD of NGC 6397 (Richer et al. 2008).
Data were collected with ACS-WFC on board the
Hubble Space Telescope and the total exposure is
roughly 50 hours. This is the first GC for which the
optical photometry clearly detected the blue turn in
the WD cooling sequence and approached the bot-
tom of the MS. Right — same as the left, but the au-
thors cleaned the cluster data by using the proper
motion.

HB stars (Brocato, Castellani & Romaniello
1999). This number is a lower limit, since
it neglects the fraction of WDs produced in
binaries. The current number of HB stars
measured in w Cen is approximately 3,200
(Castellani et al. 2007), thus suggesting that
the current sample is a tiny fraction of the en-
tire WD population (= 1 million!).

Data plotted in Fig. 9 also contributed to
open a new path concerning the astrophysical
use of cluster WDs. By using deep ACS-WFC
at HST images of of NGC 6397 Hansen et al.
(2007); Richer et al. (2008) firmly detected,
for the first time, the blue turn of cluster
WDs. This evolutionary feature is caused by
both steady increase in the stellar mass along
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the WD cooling sequence and by the colli-
sional induced absorption by H, molecules
in DA (helium and hydrogen-rich envelope)
WDs. The identification is particularly robust,
since the authors have been able to separate
field and cluster candidates by using accurate
proper motion measurements. The compari-
son between theory and observations provided
for this cluster very precise distance modulus
(u= 12.02+0.06 mag) and absolute cluster age
(t=11.47+0.47 Gyr, Hansen et al. 2007).

4.1. New routes

Whenever either a new instrument, a new
wavelength region, or a new observing facil-
ity becomes available we are at the classical
crossroads: i)— improve the precision of well
known diagnostics; ii)— develop new diagnos-
tics. The latter route is less trivial, but offers
a relevant reward: the opportunity to identify
new evolutionary features which can provide
independent checks on the systematics affect-
ing well established distance and age indica-
tors. Along this path moves the bending that
low-mass main sequence stars show in the NIR
CMDs (Bono et al. 2009). This bending is
marginally dependent on metallicity, and can
be adopted to provide robust estimates of both
cluster age and distances.

Cluster age (Richer et al. 2008) and dis-
tances (Zoccali et al. 2001) based on WDs, in
spite of their intrinsic faintness, have been the
fresh turning point on these topics. They bring
forward two indisputable positive features: i)—
they are virtually independent of the metal con-
tent; ii)— they are the ending point of a signifi-
cant fraction of stars in globular and open clus-
ters, and their properties provide the opportu-
nity to constrain the input physics adopted in
previous evolutionary phases.

The literature concerning pros and cons
of WDs as age and/or distance indicators
is large and detailed. In the following, we
briefly mention a few positive features in us-
ing deep NIR Color-Magnitude Diagrams of
GGCs. Fig. 10 shows a complete predicted
CMD, including not only hydrogen burning
phases (cluster isochrones), but also helium
burning phases (ZAHB) and the WD cooling
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Fig. 10. Top — Predicted V,V-1 CMD for metal-
intermediate stellar structures. The pink, blue and
green solid lines show cluster isochrones at fixed
chemical composition (see labeled values) and
ages of 9,11 and 13 Gyr. The triangles mark the
Main Sequence Turn-Off (MSTO). The red solid
line shows the Zero-Age-Horizontal-Branch for the
same chemical composition and progenitor mass
of M=0.8M,. right, V,V-J and V,V-K CMDs of
NGC 3201. The almost linear pink, blue and green
solid lines display the cooling sequences of DA
(helium and hydrogen rich envelope) WDs for the
same chemical composition and the same ages of
the cluster isochrones. The diamonds mark the WD
Blue Turn (WDBT) along the cooling sequence. The
dashed lines show the difference in magnitude and
in color between the MSTO and the WDBT. Bottom
— Same as the top, but in the NIR K,J-K CMD. Note
that the difference in magnitude and in color is now
between the MSTO and the WD Red Turn.
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sequences. The key advantages of the models
plotted in this figure consist in the fact that
they come from a homogeneous theoretical
framework (Salaris et al. 2010). Evolutionary
models were constructed by assuming the
same a-enhanced metal-intermediate chemi-
cal composition ([M/H]=-1.27 dex). The clus-
ter isochrones and the WD cooling sequences
cover the same age range, i.e. 9,11,13 Gyr.
The WD cooling sequences account for the re-
lease of gravitational energy, associated with
the phase separation of the CO mixture upon
crystallization (Stevenson 2010). The chemi-
cal composition of the envelope of the quoted
DA models is made of helium (0.01 My p) and
hydrogen (0.0001 Myp).

Models plotted in the top panel of Fig. 10
indicate that the difference, both in color and in
magnitude, between the Main Sequence turn-
oft (MSTO) and the WD Blue Turn (WDBT)
are strong age indicators. The key advantage
of this approach, when compared with tradi-
tional methods (CMD fit, luminosity function),
is threefold: i)- the difference in magnitude
and in color is independent of both distance
and reddening; ii)- it is minimally affected
by uncertainties in the photometric zero-point;
iii)— it is also minimally affected by limits in
completeness in the faint limiting magnitude,
as soon as the WDBT can be unambiguously
identified.

Models plotted in the bottom panel of
Fig. 10 appear even more promising in the ap-
plication of this method. As a matter of fact,
WD cooling sequences show in the NIR bands
a significant blue turn, due to the collisional-
induced-absorption (CIA) of H, molecules and
soon after a Red Turn (WDRT). A similar fea-
ture was already found in old DA WD cooling
sequences by Salaris et al. (2000), and is the
consequence of an interplay between the oc-
currence of CIA (strongly affected by surface
gravity) and total mass (see their figures 4 and
5). It is worth mentioning, that in this plane
an increase in age makes the WDRT bluer,
while the MSTO becomes redder, thus increas-
ing the sensitivity of the age derivative. Finally,
let us mention that the WDBT seems to be age-
independent in this age range. This firm evolu-
tionary feature only depends on the initial-to-
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final mass (M;/My) ratio (Kalirai et al. 2009a;
Salaris et al. 2010, and references therein),
therefore, the difference in color between the
WDBT and the WDRT is also a robust age in-
dicator (Bono et al. 2010, in preparation).

In passing, we may also note that the min-
imal dependency of the WD cooling sequence
on the metal content and the nature of the phys-
ical mechanism causing the WDBT (CIA of
H, molecules) make this intriguing evolution-
ary feature a very promising feature in order to
constrain either the (M; /M) ratio or the cluster
distance.

The WD models plotted in Fig. 11 are the
same as in Fig. 10, but the chemical compo-
sition of their envelope is typical of DB WDs,
i.e. they are only made of helium (1073 Myp).
As expected, the WD cooling sequences do
not show significant either blue or red turns.
However, the difference in magnitude between
the MSTO and the WD cooling sequence, at
the same color of the MSTO, can still be
adopted to estimate the cluster age. Note that
an increase in age makes the MSTO redder, the
same applies to the DB WD cooling sequence,
therefore, the age derivative becomes less sen-
sitive. The above evidence might not be se-
vere limit in the application of the new method,
since current spectroscopic investigations indi-
cate that a significant fraction of bright cluster
WDs are of DA type, i.e. with a helium and
hydrogen-rich envelope (Moehler et al. 2004a;
Davis et al. 2009).

5. Final remarks

Our knowledge of the advanced evolution-
ary phases of low-mass stars has significantly
improved during the last few years. From
an observational point of view, the new re-
sults mainly rely either on large photomet-
ric and spectroscopic ground-based surveys,
or on HST observations (Moehler & Bono
2008). The Sloan Digital Sky Survey identi-
fied ~20,000 WDs in the Galactic field, while
more than ~15,000 WDs have been identi-
fied in stellar systems with ACS-WFC at HST
(see §4, and Bedinetal. 2009, 2010). The
same outcome applies for the input physics,
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Fig. 11. Same as Fig. 10, but the cooling sequences
display predictions for DB (helium-rich envelope)
WDs. The vertical dashed line shows the difference
in magnitude between the MSTO and the WD cool-
ing sequence at the same color of the MSTO.

currently adopted in constructing WD models
(Althaus et al. 2010b; Salaris et al. 2010).
The near future appears even more promis-
ing in this field especially if we account for
the high sensitivity and spatial resolution of the
WFPC3 at HST. A significant quantum jump
in the population of field WDs is expected
with the Large Synoptic Survey Telescope
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(LSST)?. Preliminary estimates indicate that
the number should be of the order of 50 mil-
lion (Kalirai et al. 2009b).

The astrophysical use of cluster WDs in
the NIR bands outlined in section 4.1 are
beyond the current limits of ground-based
and probably space instrumentation. However,
the use of multi-conjugate adaptive optic
systems (Marchetti et al. 2006) will provide
NIR images with a full width at half maxi-
mum (FWHM) of a few hundredths of arc-
seconds, and a field of view of a few ar-
cminutes squared. This new generation of in-
struments at the 10m class telescopes are
paving the road for the European Extremely
Large Telescope (Hook etal. 2006)*, the
Thirty Meter Telescope’, the Giant Magellan
Telescope® and the James Webb Space
Telescope’. The interval of cluster ages we
have investigated (9-13 Gyr) indicate that
the white dwarf red turn is located between
Mj~Mg~ 14-15 mag. If we assume that
a 40m class telescope can reach apparent
limiting magnitudes of mj~mg~ 29-30 mag
(Bono et al. 2009), this would imply that we
can investigate the GCs within 15 kpc. In pass-
ing, we note that the same limiting magnitudes
will allow us to investigate HB stars, and, in
turn, their morphology not only in GCs, but
also ultra compact dwarfs and dwarf ellipticals
in nearby galaxy clusters (Hilker 2010).

Certainly we will deal with big challenges
not only to properly assess longstanding as-
trophysical problems, but also in the advance-
ment of new technological enterprises. These
appealing opportunities further support the ev-
idence that cluster WDs in the near future will
remain relevant targets for theoretical and em-
pirical investigations.
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