The Ages of Stars
Proceedings IAU Symposium No. 258, 2008 © 2009 International Astronomical Union
E.E. Mamagjek, D.R. Soderblom & R.F.G. Wyse, eds. doi:10.1017/5174392130903186X

The ages of stars: The horizontal branch

M. Catelanfi
Pontificia Universidad Catdlica de Chile, Departamento de Astronomia y Astrofisica,
Av. Vicuna Mackenna 4860, 782-0436 Macul, Santiago, Chile
email: mcatelan®@astro.puc.cl

Abstract. Horizontal branch (HB) stars play a particularly important role in the “age debate,”
since they are at the very center of the long-standing “second parameter” problem. In this
review, I discuss some recent progress in our understanding of the nature and origin of HB
stars.
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1. Introduction

Horizontal branch (HB) stars have long played a central role in the age debate. These
low-mass stars, which burn helium in their core and hydrogen in a shell, are the immediate
progeny of the luminous, vigorously mass-losing red giant branch (RGB) stars. Most
importantly in the present context, their temperatures depend strongly on their total
masses. More specifically, the lower the mass of an HB star, the bluer it becomes, by
the time it reaches the zero-age HB (ZAHB). Therefore, the HB morphology in globular
clusters (GC’s) is naturally expected to become bluer with age.

It has long been known that the first parameter controlling HB morphology is actually
metallicity, with more metal-rich GC’s presenting redder HB’s than their more metal-
poor counterparts. Still, Sandage & Wallerstein (1960) first realized, based mainly on the
early observations of the GC’s M3 (NGC 5272), M13 (NGC 6205), and M22 (NGC 6656)
by Sandage (1953), Arp & Johnson (1955), and Arp & Melbourne (1959), that GC’s with
a given metallicity might also present widely different HB types, due to the action of an
unknown “second parameter.” We quote from their study:

“... the character of the horizontal branch is spoiled by the two clusters M13 and
M22. (...) M13 appear[s] to be metal-rich, whereas the character of the horizon-
tal branch simulates that of the very weak-lined group (M15, M92, NGC 5897).
(...) M13 is younger than M2 or M5 (...) Consequently, in addition to chemical
composition, the second parameter of age may be affecting the correlations.”

(Note that the sense of the correlation between age and HB morphology suggested by
Sandage & Wallerstein is the opposite of what modern studies indicate to be necessary
to account for the second-parameter phenomenon.)

It soon became clear that age was not the only possible second-parameter candidate.
By the early 1970’s, the list of candidates had increased sharply, and already included, in
addition to age, the helium abundance and the abundances of the CNO elements (Rood
1973). While the “age as the second parameter” scenario was to gain an important
boost with the work by Searle & Zinn (1978), who noted that HB morphology tends to
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Figure 1. Comparison between different mass-loss recipes and the empirical data. The small
crosses represent data from Judge & Stencel (1991), selected according to Catelan (2000). Filled
diamonds correspond to the HST-GHRS results by Robinson et al. (1998) and Mullan et al.
(1998). Gray symbols with error bars represent data from the recent compilation by Schréoder
& Cuntz (2007). In all panels, the solid lines show the fits derived by Catelan (2000) from the
Judge & Stencel data (using the different combinations of physical parameters indicated in the
x-axis of each plot as the independent variable), except for panel e, where the fit is presented here
for the first time. In panel a, the dotted line represents the predicted mass loss rates according
to the Reimers (1977) formula, whereas the dashed line indicates the predicted mass-loss rates
according to Origlia et al. (2007). In panel e, the dash-dotted line indicates the mass-loss rates
predicted by the Schroder & Cuntz (2005) formula.

become redder with increasing Galactocentric distance — which was interpreted as an age
effect, with more distant clusters being younger on average, and having possibly been
accreted from “protogalactic fragments” of external origin over the Galaxy’s lifetime —
many other second parameter candidates have also surfaced over the years. These include,
among others, cluster concentration, total mass, and ellipticity; stellar rotation; magnetic
fields; planetary systems; and mass loss on the RGB (see Catelan 2008, for extensive
references).

While it seems clear now that age does play an important role, it has also become
evident that it is not the only parameter involved. Indeed, the presence of bimodal HB’s
in such GC’s as NGC 2808 have long pointed to the need for other second parameters in
addition to age (e.g., Rood et al. 1993). Recent, deep CMD studies have revealed that
some of the most massive globulars, NGC 2808 included, present a surprisingly complex
history of star formation, with the presence of extreme levels of helium enhancement
among at least some of their stars (e.g., Norris 2004; D’ Antona et al. 2005; Piotto et al.
2005, 2007). As noted by these authors, such He enhancement would provide a natural
explanation for the presence of hot HB stars in these clusters. High helium abundances
also appear to provide a natural explanation for some of the peculiarities observed in the
CMDs and RR Lyrae properties in the globular clusters NGC 6388 and NGC 6441 (e.g.,
Catelan et al. 2006; Caloi & D’Antona 2007, and references therein).
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Figure 2. Dependence of the integrated RGB mass loss upon age for fixed metallicity (panel
a: [Fe/H] = —2.01; panel b: [Fe/H] = —1.31; panel ¢: [Fe/H] = —0.71) and upon metallicity for a
fixed age (panel d: 9 Gyr; panel e: 12 Gyr; panel f 15 Gyr), for the different mass loss recipes
indicated. In panels a through ¢, the total mass loss has been normalized to a value of 0.20 Mg

at 12 Gyr; in panels d through f, in turn, the integrated mass loss has been normalized to a
value of 0.10 Mg at [Fe/H] = —1.54.

In the next few sections, we will address some empirical constraints that may be posed
on some of these second parameter candidates.

2. Mass loss in red giants

In order to reliably predict the temperature of an HB star of a given composition and
age, we must know how much mass it loses on the RGB. Unfortunately, our knowledge of
RGB mass loss remains rather limited. Most studies adopt the Reimers (1977) mass-loss
formula to predict the integrated mass loss along the RGB. However, recent evidence
indicates that the Reimers formula is not a reliable description of RGB mass loss (e.g.,
Catelan 2000, 2008; Schroder & Cuntz 2005, 2007). In addition, there are several alter-
native mass-loss formulations which may better describe the available data. We illustrate
this point by comparing, in Figure 1, some empirical mass-loss rates with the predicted
rates from several of these alternative mass-loss formulae (see Catelan 2000, for exten-
sive references). While the Reimers formula is clearly inconsistent with the data, the
empirical data cannot conclusively distinguish among these alternative formulations.}

1 Note that, while the Origlia et al. (2007) mass-loss formula is inconsistent with the plotted
data, this should not be taken as evidence against its validity, since this formula has been
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Figure 3. Comparison between Stromgren (1963) photometry for M3, as derived by Grundahl
et al. (1998, 1999), with the predictions of theoretical models for Yus =0.23, Z=0.002. The
observed data were shifted vertically so as to lead to a good match with the theoretical ZAHB
at the red HB.

The serious problem which this uncertainty in the RGB mass loss poses for our un-
derstanding of HB morphology and its dependence on age and metallicity is apparent
from Figure 2, where the integrated RGB mass loss is plotted as a function of the age
for fixed metallicity (panels a through ¢) and as a function of metallicity for fixed age
(panels d through f). More specifically, we know that only a very mild AM — [Fe/H]
dependence can account for the observed relation between HB type and [Fe/H] without
resorting to a significant age-metallicity relation (see, e.g., Fig. 1la in Lee et al. 1994). In
this sense, we find that the Origlia et al. (2007) and Schroder & Cuntz (2005) mass-loss
formulae lead to the weakest AM — [Fe/H] dependence. All other formulae that we have
tested lead to steeper dependencies between AM and [Fe/H] than the Reimers (1977)
relation, thus implying steeper dependencies between age and metallicity as well. The
precise dependence between AM and metallicity is also important in terms of explaining

suggested to apply exclusively to low-metallicity stars. Still, some caveats regarding the Origlia
et al. study have recently been raised (see Boyer et al. 2008).
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Figure 4. Comparison between spectroscopically derived gravities for blue HB stars in M3 and
M13 (from Behr 2003) with the same theoretical models as before, but for two different Yus
values: 23% (panel a) and 28% (panel b).

the ultraviolet-upturn phenomenon of elliptical galaxies and spiral bulges (see Catelan
2007, for a recent review).

Similarly, a stronger dependence between AM and age at fixed [Fe/H] makes it easier to
account for a given second-parameter pair in terms solely of an age difference. According
to Figure 2, the equation that is most successful in this regard is a modified version of
the Schroder & Cuntz (2005) formula, in which the adopted power-law exponents are
obtained by a least-squares fit to the Judge & Stencel (1991) data, selected as in Catelan
(2000) (see Fig. le). While not the steepest, the original Schréder & Cuntz formula
provides a stronger dependence between AM and age than does the Reimers (1977)
formula, which should reduce the required age difference between second-parameter pairs.
By contrast, the Origlia et al. (2007) equation shows the weakest dependence, with a
remarkably constant integrated AM value over a wide range in ages.

3. Helium enrichment in globular clusters

As previously noted (§1), high levels of helium enrichment have been detected among
some of the most massive Galactic GC’s. Very recently, it has been suggested that such
helium enhancements are in fact not the exception, but indeed the rule, among Galactic
GC’s (D’Antona & Caloi 2008). Here we provide a first test of this scenario, in the case
of the GC’s M3 and NGC 1851.

3.1. The case of M3

D’Antona & Caloi (2008) and Caloi & D’Antona (2008) claim that the blue HB compo-
nent in M3 owes its origin to a moderate level of He enhancement in the cluster, between
2% and 6%. Is this supported by the available data?

To answer this question, we compare, in Figure 3, canonical theoretical predictions
from Catelan et al. (1998) and Sweigart & Catelan (1998), for a helium abundance of
Yus = 0.23 and a metallicity Z = 0.002, with high-precision photometry in the Stromgren
(1963) system, from Grundahl et al. (1998, 1999). The empirical data were corrected for
reddening following Harris (1996). In these plots, the lines represent different fiducial loci,
as follows: ZAHB, middle-age HB (MAHB, or average locus occupied by the HB stars),
90%-age HB (90AHB, or locus below which one should expect to find about 90% of all HB
stars), and terminal-age HB (TAHB, or He exhaustion locus). Except for a discrepancy
between the predicted and observed numbers of highly evolved stars (both on the blue
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Figure 5. The age difference that is required to account for the difference in HB morphology
between the blue and red components of NGC 1851’s HB (lines, based on the different mass-loss
formulae discussed in §2) is compared with the age difference that is estimated from the observed
split on the SGB (gray band).

and red HB sides of the distribution) that was previously noted by Valcarce & Catelan
(2008), one finds remarkable agreement between the model predictions for a constant
Y and the observations. Such an agreement is also confirmed by the spectroscopic data
from Behr (2003), as can be seen from Figure 4, where we limit the comparison to
temperatures lower than 11,500 K due to the well-known complications brought about
by the “Grundahl jump” phenomenon (Grundahl et al. 1999). Interestingly, this plot
also appears to support a similar helium abundance between M3’s blue HB stars and the
redder blue HB stars in M13.

3.2. The case of NGC 1851

Milone et al. (2008) have recently discovered that the subgiant branch (SGB) of NGC 1851
is actually split into two separate components, which may be linked to the cluster’s well-
known bimodal HB morphology. The most straightforward explanation for this split
would be a difference in age by 1.0 £ 0.4 Gyr. However, as shown in Figure 5, this
is inconsistent with the age difference that would be required to fully account for the
separation between the blue and red HB components of the cluster, irrespective of the
mass-loss formula (§2) used. A difference in metallicity between the two components is
also ruled out by recent spectroscopic data (Yong & Grundahl 2008). Here we apply the
same CMD test as in the previous section to constrain the possibility of a difference in
Y between the two components as being responsible for the well-known bimodal nature
of the cluster’s HB.

The result is shown in Figure 6. While the quality of the data is not as high as in the
case of M3, one is still able to derive some general conclusions. First, the same theoretical
ZAHB does appear to provide a reasonable description of the lower boundary of the data,
both for the red and blue HB components — which suggests that at least some of the stars
on the blue HB have the same Y as do the red HB stars. Second, there is a predominance
of overluminous stars on the blue HB, at colors around (b—y)¢ ~0.05 —0.15. While these
might in principle be interpreted in terms of a moderate level of helium enrichment,
perhaps of the order of 3% — 4% on average (see Fig. 7), the more straightforward
explanation is that these stars actually represent the well-evolved progeny of the blue
ZAHB stars that are found at higher temperatures. If so, this would again suggest that
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Figure 6. As in Figure 3, but for NGC 1851.

the late stages of HB evolution are somehow significantly underestimated by present-day
HB tracks, similar to what was previously found elsewhere (Catelan et al. 2001; Valcarce
& Catelan 2008, and references therein).

Clearly, more work is needed before we are able to conclusively establish the nature of
NGC 1851’s bimodal HB and SGB (see also Cassisi et al. 2008; Salaris et al. 2008).

4. The Oosterhoff dichotomy and the formation of the Milky Way

Irrespective of our ability to properly model HB stars, we can use RR Lyrae stars to
derive entirely empirical constraints on the process of formation of the Milky Way. In the
Searle & Zinn (1978) scenario, much like in modern ACDM cosmology, one expects galax-
ies such as our own to have formed by the accretion of “protogalactic fragments” that
may have resembled the early counterparts of the Milky Way’s present-day dwarf satellite
galaxies. Useful constraints on recent accretion events may be posed by the presence of
younger stellar populations in several of these galaxies (Unavane et al. 1996). Still, in
order to probe what happened very early on, we must look at the ancient components —
and RR Lyrae stars are especially useful in that regard (e.g., Catelan 2008).
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Figure 7. As in Figure 6, but showing ZAHB’s for the several different indicated Yms values.
Interpolated ZAHB’s are also plotted between the 23% and 28% loci, at intervals of 1%.

Are the ancient populations in the Milky Way’s dwarf satellites, as traced by their
RR Lyrae pulsators, consistent with the Galactic spheroid having been built therefrom?
The answer is provided in Figure 8, where we compare the average properties of the
fundamental-mode (ab-type) RR Lyrae stars in Galactic (left panel) vs. nearby extra-
galactic (right panel) GC’s and field populations. While the Galactic distribution clearly
presents the so-called Oosterhoff dichotomy, with a tendency for systems to clump around
the “Oosterhoff I” (Ool) and “Oosterhoff 11" (Ooll) regions (see also Miceli et al. 2008,
for the case of halo field stars), the opposite happens in the case of nearby extragalactic
systems, which tend to be preferentially Oosterhoff-intermediate. This strongly suggests
that the oldest components of the Galaxy cannot have been formed by accretion of even
the early counterparts of its present-day dwarf galaxy satellites.

As indicated in Figure 8, at least one of the newly discovered SDSS dwarf galaxies
(e.g., Belokurov et al. 2006, 2007), CVn I, is Oosterhoff intermediate (Kuehn et al. 2008),
whereas the Bootes dwarf is Ooll (Dall’Ora et al. 2006; Siegel 2006). Unfortunately, some
of the low-mass SDSS galaxies seem to harbor a mere one or two RR Lyrae stars, which
makes it more difficult to assign a conclusive Oosterhoff status to them. Indeed, due to
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Figure 8. Distribution of Galactic GC’s (left) and stellar populations associated with neigh-
boring dwarf galaxies (right) in the average ab-type RR Lyrae period (P,,) vs. [Fe/H] plane.
Galactic GC’s are classified into “bulge/disk,” “young halo,” and “old halo” subsystems follow-
ing Mackey & van den Bergh (2005). See Catelan (2008) for further details.

statistical fluctuations, and since the HB lifetime is of order 100 Myr, it is not entirely
clear whether the same Oosterhoff types would necessarily be inferred for these galaxies
if they were observed, say, a few hundred Myr in the future (which is very little, in terms
of Galactic history), when these HB stars will have long left the HB phase, to be replaced
by an entirely new generation of HB stars. Still, the present-day properties for several
of the RR Lyrae stars that are found in these very low-mass galaxies do appear to be
consistent with an Ooll status (e.g., Greco et al. 2008).

5. Conclusions

e HB stars play a central role in the age debate. Still, before we are able to predict
how (ZA)HB temperature changes with age, we must properly describe RGB mass loss.

e In studies of HB morphology, it is not sufficient anymore to analyze solely the “hori-
zontal” HB morphology, meaning the temperature and/or color distribution of HB stars:
“vertical” HB morphology, or the distribution of HB stars in luminosity at fized tem-
perature (or color), provides us with unique information to help us constrain theoretical
scenarios for the origin and evolution of these stars. Indeed, the available data appears to
strongly constrain, if not conclusively rule out, the possibility of significant He enhance-
ments among M3’s blue HB stars, while at the same time suggesting that canonical HB
models underestimate the duration of the late stages of HB evolution.

e Irrespective of our ability to model them, HB stars — and RR Lyrae in particular —
represent invaluable tools to probe into the Milky Way’s early formation history.
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Discussion

A. DOTTER: I would like to suggest that the information required to determine mass
loss is not provided in canonical stellar models (R, L, M, log g), and so we do not know,
for instance, if it has a dependence on pulsation.

M. CATELAN: I agree: any simple analytical fit, such as the ones I have discussed in my
talk, must then reflect averages over sufficiently long timespans, covering several pulsation
periods. If so, such formulae may still provide useful descriptions of the integrated mass-
loss amounts in the course of their evolution.

C. GALLART: How young do you think an RR Lyrae star can actually be?

M. CATELAN: It has been traditionally thought that the youngest object harboring RR
Lyrae stars is NGC 121 in the SMC, with an age around 10 Gyr (e.g., Glatt et al. 2008,
AJ, 135, 1106, and references therein). RR Lyrae stars (much) younger than this must
be exceedingly rare, although it is possible, in principle, for younger stars to become RR
Lyrae stars, provided they meet the associated mass-loss requirements. Even the Sun
could in principle become an RR Lyrae star, but again it is extremely unlikely that it
will lose sufficient mass for this to happen.

A. DUPREE: Is there any connection between rotation or binarity on the HB that could
affect the distribution of stars on the horizontal branch?

M. CATELAN: As a matter of fact, the pattern of rotation is also dramatically affected
by the Grundahl jump phenomenon, with some stars with temperatures below 11,500 K
showing considerable rotation, whereas all stars with higher temperatures basically show
no rotation. To me the most likely explanation for this is the one put forward by Allen
Sweigart, whereby a stellar wind that is triggered by the onset of radiative levitation at
T > 11,500 K carries away angular momentum and spins down those stars. As to binarity,
we have recently shown (Moni Bidin et al. 2008, A& A, 480, L1) that the fraction of close
binaries among the EHB stars in NGC 6752 at least is remarkably low, unlike what
happens among field sdB stars. Note also that Davis et al. (2008, AJ, 135, 2155) have
recently presented some intriguing evidence that the initial binary fraction in globulars
may be very low as well.

G. P1oTTO: I basically agree with your conclusions about the He enhancement. Still, we
know that all clusters that have been looked at show a Na-O anticorrelation and that
it is present down to the turn-off, implying that the entire star is formed with material
created through hot hydrogen burning. Don’t you think this material should also be
enhanced?

M. CATELAN: As you may recall, I was in fact one of the first to call attention to the fact
that the globulars with the strongest abundance anomalies, as traced by the presence
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of super- oxygen-poor stars, tended to have the bluest HBs (see Catelan & de Freitas
Pacheco 1995, A&A, 297, 345). So perhaps these clusters with the strongest abundance
anomalies do indeed harbor populations with strongly enhanced helium, but it is also
conceivable that globulars with lesser anomalies have greatly reduced levels of helium
enhancement, if any. In addition, it is possible that the abundance anomalies in the RGB
atmospheres may lead to enhanced mass-loss rates, and that this may help drive bluer
HBs.

R. WYSE: A comment and a question. In Unavane et al. we did state explicitly that we
were constraining the assembly of the stellar halo after the formation of intermediate-age
stars in dwarf spheroidals after redshift ~1. My question is, what are the prospects for
gaining sufficient physical understanding to decide among the various mass-loss laws you
showed?

M. CATELAN: In regard to your comment, I fully agree. As to your question, unfortu-
nately progress has been quite slow, though the recent studies by Schroder & Cuntz and
by Origlia et al. that I mentioned in my talk should give one some reason to be hopeful
that there will be some breakthroughs in the not-too-distant future. Perhaps Andrea
Dupree could add some comments in this respect.

A. SARAJEDINI: First, I have a comment. We should stop using NGC 1851 as a “bridge”
between NGC 288 and NGC 362 because NGC 1851 is obviously a complicated stellar
system and cannot be considered analogous to a typical globular cluster. I suggest we
use NGC 1261 instead. My question is: What observations do we need to constrain mass
loss in the age and abundance regimes of the Galactic GCs?

M. CATELAN: I agree that NGC 1261 could be a possible alternative to NGC 1851, as far
as the bridge method is concerned, although the latter cluster can still be used, provided
due account is taken of possible systematic effects and an increased error budget. As to
your question, I defer it to the true expert in the audience, Andrea Dupree. But you
may also want to check the recent paper by Origlia et al. that I mentioned in my talk
for a recent effort to derive a mass-loss formula that is specifically aimed at describing
low-metallicity red giants in GCs.

M. Tost: Concerning the Oosterhoff dichotomy and the newly discovered SDSS satellites,
I understand that the lowest-mass ones do avoid the Oosterhoff gap. Do you think these
types of satellites could be Galaxy building blocks?

M. CATELAN: It is not clear to me whether an Oosterhoff type can be conclusively
assigned to a system with just one or two of RR Lyrae stars, so I am afraid I cannot
provide you with a conclusive answer to your question.

P. STETSON: I just wanted to add quickly that it has been known for decades that the
binary fraction among RR Lyraes, both in clusters and in the field, is effectively zero.
You would see them in the timing of the light curves.

M. CATELAN: Indeed, such systems are exceedingly rare, although a number of RR Lyrae
stars in binary systems were discovered by the OGLE team in the LMC (Soszynski et al.
2003, AcA, 53, 93).
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