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Summary Paragraph

The vast majority of stars in the Universe are not massive enough to end their lives as su-
pernovae. Low-mass stars, including the Sun, instead experience a final, non-explosive nu-
clear burning stage — the Asymptotic Giant Branch (AGB) phase. Containing millions of
low-mass stars Milky Way globular clusters are used as testbeds to constrain stellar evolu-
tion theory. Here we show, by using sodium as a spectroscopic ‘chemical tracer’ in stars,
a striking discovery: many stars in globular clusters actually die out before reaching their
AGB phase. This finding has a number of ramifications, including (i) cluster star counts used
to test stellar evolution timescales and deduce cluster helium abundances are not reliable if
they involve AGB stars, (ii) new input physics is required for stellar evolution codes to model
this phenomenon, and (iii) there may be a ‘loss’ of integrated light from extragalactic clusters

due to lower numbers of these bright stars.

Introduction

Stellar evolution theory!™, underpins much of modern astronomy and astrophysics. Apart from
their output of electromagnetic radiation in virtually all parts of the spectrum, stars also drive the
chemical evolution of the Universe through their internal nucleosynthesis and subsequent ejection
of processed gas and dust via supernovae explosions and stellar winds. In the study of distant
galaxies it is the stars, although unresolved individually, which, through their light, provide the

wealth of kinematic and chemical information which we use to investigate the greater Universe.



The vast majority of stars do not end their lives as supernovae because they are not massive
enough (< 10 Mg). Standard stellar evolution theory predicts that a low-mass star, such as the
Sun, experiences four key nuclear burning phases: the main sequence (MS, core H burning), the
red giant branch (RGB, H-shell burning), the horizontal branch (HB, core helium burning) and
finally the asymptotic giant branch (AGB, H-shell and He-shell burning). During the AGB phase
the star loses copious amounts of mass from its surface via stellar winds, thereby contributing to the
chemical evolution of the Universe. The star finally ends its evolution as a naked core composed

primarily of carbon and oxygen — a white dwarf (WD).

While most phases of evolution have been well studied both photometrically and
spectroscopically*®, the AGB phase has received less attention. This is because the AGB is diffi-
cult to study observationally, for two main reasons. First, there are relatively few AGB stars, a con-
sequence of their short lifetimes, and secondly it is difficult to identify them in colour-magnitude
diagrams (CMDs, constructed by plotting the colours of stars against their brightnesses) because
they lie in similar colour-magnitude space as RGB stars. Thus, in order to study a large homo-
geneous sample of AGB stars, a very large homogeneous stellar population is needed so that the
number of AGB stars is substantial. High-quality photometry is also needed, to differentiate the
two giant branches in CMDs. Galactic globular clusters (GCs) are one of the few objects in which
these two constraints can be met. Their stellar populations are large (10* — 10° stars) and they
are close enough for modern telescopes to resolve individual stars and collect high-quality photo-
metric data. High-resolution spectroscopic observations are also feasible, providing a plethora of

information on chemical abundances and kinematics. For these reasons, and since the CMDs of



GCs show a convenient ‘snapshot’ of all phases of evolution, GCs are well known for being very

useful ‘laboratories’ for testing and constraining low-mass stellar evolution theory in general’°.

Recent high quality photometry!®!! has allowed our group to identify large samples of AGB
stars in a variety of GCs. Using this sample we are pursuing a broad investigation into AGB stars
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with medium-resolution spectral observations in 9 GCs'~'°. Preliminary results from that study

have motivated us to pursue the higher resolution spectroscopic study presented here.

Although still amongst the most homogeneous stellar populations known, it is now well
established that GCs are not the simple, single stellar populations they were once thought to be.
All well-studied GCs are known to contain (at least) two populations with different light element
(e.g. C, N, Na) contents. Early spectroscopic work showed this through observations of molecular

band absorption'

. For example the star-to-star distribution of cyanogen (CN, used as a proxy
for N) band strengths in a GC is usually bimodal, with one population of stars having strong CN
absorption and the other weak (CN-strong vs CN-weak stars). From high resolution spectroscopy
it is now clear that every GC contains at least two populations/generations of stars®!> — a first
generation (FG), having higher abundances of C and O but lower abundances of He, N and Na,
and a second generation (SG), having enhanced N and Na but lower C and O. The SG stars are
thought to have formed from the ejected gas of the short-lived intermediate-mass (~ 4 — 9 M)
stars of the FG population'®, since the abundance variations (anti)correlate in a way that is highly
suggestive of nuclear processing through the CNO cycles (and sometimes also the Ne-Na, Mg-Al
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chains). There is some evidence that the SG stars also have enhanced He'®'’, which ties in with



the CNO cycling since He is the main product of H burning (He is very difficult to measure directly

in stars). The proportions of these populations are usually around 40:60 (FG:SG).

Early work on AGB stars in GCs hinted at possible chemical abundance differences between
the AGB and other phases of evolution. In particular, a study of NGC 6752 reported that their
entire sample of 12 AGB stars appeared to be CN-weak'#. This was in contrast to their RGB sam-
ple which showed a bimodal mix of CN-weak and CN-strong stars, roughly in a ratio of 40:60.
This difference is quite unexpected since a surface abundance change going from the RGB to AGB
is not predicted by standard stellar evolution. The same authors speculated that this difference
could also come about if the CN-strong stars were failing to reach the AGB phase for some reason.
Other studies found different results for different GCs, for example the AGB population of M5 ap-
peared to be dominated by CN-strong stars'®. These possible AGB-RGB differences are interesting
considering that all other phases of evolution show roughly the same proportions of CN-weak to
CN-strong stars within each GC. The early results were however based on small samples of stars.
CN molecular band strengths are also known to be affected by a complex interplay between the
relative abundances of C, N, O, especially at the temperatures typical of cool giant stars'®2°. Fur-
thermore, it is well established that low-mass stars alter their surface abundances of C and N in situ
along the RGB via ‘deep-mixing’?!"?2. For these reasons there has been uncertainty in the reality
of there being a difference in abundance distributions between the AGB and other phases of evo-
lution. A more concrete determination of abundance variations is the measurement of elemental
sodium, since it is not affected by molecular band formation uncertainties and stars of this mass

can not alter their Na abundances in situ. Here we report on our survey of Na abundances of NGC



6752 giant stars. NGC 6752 is ideal for this study because it is well-studied, nearby, massive and

suffers little interstellar reddening.

Stellar Sample and Results

Our stellar sample includes 20 AGB stars and 24 RGB stars. Figure 1 shows the sample against
the greater CMD dataset'?. We include RGB stars as a control group, since it has previously been
shown that this evolutionary population harbours the standard abundance distributions, including
the well-known Na-O anticorrelation present in all GCs?*. RGB stars also have similar surface

temperatures and gravity to AGB stars, making comparisons more direct.

In Figure 2 we show the sodium abundance results for both the AGB and RGB samples.
The RGB sample shows the usual spread in [Na/Fe]! of roughly 1 dex. On the other hand the
AGB result is very striking — every single one of the AGB stars in our sample lies at the low
end of the RGB distribution. The upper envelope of the AGB sodium abundances is located at
about [Na/Fe] = 0.18 dex (dotted line in Fig. 2). Interestingly this corresponds very closely to a
previous RGB study® that defines the FG population as having [Na/Fe] < 0.2 (their ‘Primordial’
population). Using either value as the border for the definition of Na-poor and Na-rich stars we find
the proportions of Na-poor to Na-rich RGB stars in our data to be 30:70. Again this corresponds
well to the roughly 30:70 proportions found previously®?. Thus, surprisingly, a// of our AGB stars

appear to be FG stars.

I'This notation shows the abundance ratios of two elements in a star’s atmosphere relative to the solar ratio: [X/Y]
= log,o(Nx /Ny )star — 10g10(Nx /Ny ) sun, where the N; are the number of atoms of each elemental species.
2The previous study also reports a third population but only at the level of about 2%.



The range in [Na/Fe] in our AGB sample very small, with a mean of —0.07 and a standard
deviation of 0.10 dex. This scatter is comparable to our internal uncertainties (Table 1), indicating
that the AGB stars may have a uniform abundance of Na. Assuming the 30:70 Na-poor:Na-rich
distribution as seen on the RGB, the probability of randomly selecting 20 Na-poor AGBs is ex-
tremely low, especially considering that we have derived Na abundances for almost all of the AGB
stars in the region covered by the photometric dataset (Fig. ). It now appears certain that the entire
population of SG stars, having elevated levels of Na and N (along with low levels of C and O), do
not make it to the AGB phase. This is a huge effect since the SG contains the majority of the stars
in NGC 6752. Furthermore, there is the possibility that some Na-poor stars may also fail to reach

the AGB. This indicates that at least 70% of the stars do not ascend the AGB.

Discussion

Although the theory that some stars may not ascend the AGB has previously been discussed in the
literature from both theoretical and observational perspectives'®?* the result presented here is the
first conclusive confirmation of the phenomenon. Moreover, we can readily identify which stars

do not ascend the AGB based on their Na content ([Na/Fe] 2 0.18 dex).

An obvious consequence of such a large proportion of stars avoiding the AGB is that there
should currently be many fewer stars in the AGB phase than expected. A detailed study reporting
star counts of GC populations finds a value of Ry = Nagp/Nup ~ 0.06 for NGC 6752!!. This

is one of the lowest R, values in their GC sample. The GCs with the two highest R, values in



their sample (M 5 and M 55) could be assumed to provide an upper limit to R, since R, is fairly
insensitive to metallicity, He abundance, and GC age® . Interestingly this upper value is ~ 0.18 —
a factor of 3 higher than that of NGC 6752. This is indeed consistent with our result of = 70% of
stars not ascending the AGB. Current model predictions for R, tend to be lower than 0.18, being
around 0.12 — 0.15%26_ however the models are known to suffer from significant uncertainties?®.
We note that the observed Rs value for NGC 6752 is still at least a factor of 2 smaller than the

model predictions.

It has long been speculated that the composition differences between the FG and SG popula-
tions could have an effect on the CMD structure of GCs'#. Recent work has revealed that this does
appear to be true. A new study on M4, which has both a red HB (RHB) and a blue HB (BHB),
has shown that all RHB stars in their sample are Na-poor, whilst all their BHB stars are Na-rich?’.
They infer that the He content must be different between the two Na populations since it is not ex-
pected that Na (or N) could affect the position of stars in the HB, while He can’-'%28, In the case of
NGC 6752 a sample of HB stars from the redder end of the HB (NGC 6752 only has a BHB) was
shown to exclusively® contain Na-poor stars?’. The same stars have a uniform He abundance that
is consistent with Big Bang theory predictions (Y = 0.245), as expected for a FG population. Thus
it appears that the bluer (presumably Na-rich) HB stars must avoid AGB ascent — leaving only the
redder, Na-poor HB stars to populate the AGB of NGC 6752. Combining this information with our
estimate of the proportion of stars that do not ascend the AGB, we can estimate what HB colour

delineates the border between the two groups. Since our uvby CMD dataset is not complete at the

3That study also reports one star with elevated Na abundance, but, as noted by the authors, the star has evolved off
the HB and probably started from a much bluer position.



bluest end of the HB, we obtained a very high quality U BV photometric dataset* for this purpose.
We counted HB stars in the U, U — V plane, starting at the red edge of the HB at U — V' = 0.25.
The total number of HB stars was found to be 320. Thus we expect the reddest 96 stars (30%) to
eventually ascend the AGB. We find that this number of redder HB stars corresponds to an ‘ascen-
sion cut-off” in U — V' of —0.30. Interestingly this is exactly the colour for the Grundahl jump'®3°.
The Grundahl jump is a well-known discontinuity in the HB morphology seen in wvby and UV B
photometry. It is seen in all GCs studied to date whose HB extends beyond T.;; 2 11,500 K.
Explanations of this discontinuity include radiative levitation of elements heavier than carbon and
nitrogen in the high-temperature atmospheres of these stars'’, or the combination of post-zero-age
HB evolution and diffusion effects®. At face value, it appears that all stars bluer than the Grundahl
jump do not ascend the AGB, at least in NGC 6752. This may represent further evidence that there
is some fundamental change in the stellar atmosphere structure and/or mass-loss physics occurring

10,31

at the Grundahl jump temperature'™>'. We note that it is these extremely blue HB stars that are

considered to be the source of excess UV flux in the spectra of elliptical galaxies®?.

Theoretical models show that a star on the HB will not ascend the AGB if it has a very low
envelope mass (< 1072 M,)**%. These stars instead evolve directly to the WD cooling track. A
HB star can have such a low envelope mass if it suffered extra mass-loss along the previous RGB
phase, or if it formed with an elevated helium abundance. In the latter case the higher He affects
the evolution of the star such that it arrives on the HB with a lower total mass (for a given GC age).
In the former case the mechanisms that might affect the mass loss rates are unknown, although

rotation is a possibility!”-**. In both cases the stars populate the blue end of the HB”-'%35. We have



calculated some stellar models to compare with the photometric observations. Our models, shown
in Figure 3, include standard input physics*®. The usual Reimers mass-loss rate®” was used for the
RGB and HB. Two model tracks are shown from the MS to the AGB. One has FG composition
with the observed He abundance® of Y = 0.245, the other has SG composition with a moderate
He enhancement of 0Y= +0.04. The FG model populates the redder end of the HB, before the
Grundahl jump, as expected. It then continues to the AGB. The He-rich SG model (presumed to
correspond to the Na-rich population) populates the bluer end of the HB (after the Grundahl jump),
and also continues to the AGB. It thus appears that our SG model cannot account for the lack of
ascension of the Na-rich BHB stars in this part of the CMD. We note that an increased mass-loss
rate during the RGB phase would result in a bluer zero-age HB star, so this can not be a solution
since the CMD is clearly populated in this region. One possibility is that the HB stars blueward
of the Grundahl jump experience enhanced mass-loss. We show the effect of an ad-hoc 20-fold
increase in mass-loss on the SG model during the HB phase (Fig. 3). Indeed this model can
populate the blue end of the HB and also fail to become an AGB star. This result again suggests

that some physics describing the mass-loss from hot HB stars is missing from the models.

Conclusion

Our conclusive discovery that the majority of stars in NGC 6752 do not enter the AGB phase of
evolution has a number of important consequences. For instance, since GCs are often used to
test stellar evolution theory, any test which uses star counts of AGB stars will be fundamentally

flawed. This is true of the R-Method used to check the lifetimes of various phases of evolution. In
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particular the i/, R1 and R2 values'!3%3 all involve the number of AGB stars, so these values will
be misleading (including the GC He values inferred from them). This is particularly true if the GCs
in question have blue extensions to their HBs, since it is the blue HB stars that appear not to ascend
the AGB. Star number counts used to ascertain AGB lifetimes will also be erroneous, unless the
proportion of AGB ascenders is known somehow (e.g. via a cut-off in Na abundance or HB colour
for AGB ascension). Another consequence is that the results of studies that use integrated light of
GCs, usually in the case of unresolved extragalactic GCs, will be affected by the ‘loss’ of the light
contribution from of many of the brightest stars in the clusters. Related to this is the fact that the
large population of extreme BHB stars and failed AGB stars will contribute significant UV flux to
GCs and extragalactic populations such as elliptical galaxies. Finally, our model results suggest
that future stellar models need to include extra physics to model the non-ascension of HB stars. In
particular increased mass loss in blue HB stars appears to be needed, most likely blueward of the

Grundahl jump.

Methods Summary

Observations of our sample stars (24 RGB + 20 AGB stars, Figure 1 and Table 1) were carried out
with the FLAMES-Giraffe spectrograph*’, mounted on the 8.2m telescope at ESO-VLT, under pro-
gramme 089.D-0038 (PI SWC). We employed the high-resolution grating HR11, which provides
a nominal resolution of R = 24,200 and a spectral coverage of A\ = 5597 — 5840 A. The LTE
Na abundances were obtained from the strong Na I doublet at 5680 A*!, with the driver abfind in

MOOG* (2011 version) and the Kurucz set of model atmospheres with no overshooting®. Stel-
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lar parameters were derived in the following way: T.;; values are calculated from a Stromgren
colour (b-y) calibration**; gravities were then computed from stellar luminosities and the derived
temperatures (we assumed a mass of M = 0.8 Mg, and a distance modulus of (m — M)V = 13.30),
while microturbulence values ¢ were obtained using a relation from the literature®>. A metallicity
of [Fe/H] = —1.54 dex** was adopted for all of our sample stars. Although the lines under scrutiny
are known to be only marginally affected by departures from LTE, we applied NLTE corrections to
our Na abundances*. The random (internal) uncertainties (see Table 1) were estimated by adding
in quadrature errors due to the EW measurements and those related to stellar parameters. The lat-
ter were evaluated in the standard way, that is varying one parameter at a time (keeping the others
unchanged) and inspecting the corresponding variation in the resulting abundances. We adopted

errors of AT, = £30 K, Alogg= 0.1, A{ = 0.1 km/s, and A[Fe/H] = £0.05 dex.

The stellar models presented in Figure 3 were calculated using the Monash University stel-
lar structure code MONSTAR?%47-48 " The code has been recently updated with low temperature

opacity tables which follow variations in C, N and O%.
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Table 1: The stellar sample including atmospheric parameters and Na abundances.

Type ID Terr  log () £ log (Ny,) [Na/Fe] Error
AGB FGJ000022 4607 1.414 1.765 4.85 0.06 0.09
AGB FGJ000025 4371 1.146 1.851 4.71 -0.08 0.09
AGB FGJ000031 4460 1.285 1.806 4.73 -0.06 0.09
AGB FGJ000044 4629 1537 1.725 4.63 -0.16 0.07
AGB FGJ000052 4787 1.740 1.660 4.74 -0.05 0.09
AGB FGJ000053 4688 1.636 1.693 4.73 -0.06 0.10
AGB FGJ000059 4772 1.719 1.666 4.82 0.03 0.06
AGB FGJ000060 4685 1.654 1.687 4.58 -0.21 0.10
AGB FGJ000061 4714 1.689 1.676 4.69 -0.10 0.10
AGB FGJ000065 4677 1540 1.724 4.91 0.12 0.14
AGB FGJ000075 4763 1.764 1.652 4.55 -0.24 0.07
AGB FGJ000076 4881 1.850 1.624 4.74 -0.05 0.05
AGB FGJ000078 4868 1.855 1.623 4.82 0.03 0.07
AGB FGJ000080 4829 1.843 1.627 4.67 -0.12 0.08
AGB FGJ000083 4825 1.849 1.625 4.66 -0.13 0.08
AGB FGJ000089 4861 1.868 1.618 4.80 0.01 0.04
AGB FGJ000094 4925 1.937 1.596 4.75 -0.04 0.10
AGB FGJ000097 4946 1.978 1.583 4.74 -0.05 0.05
AGB FGJ000104 4874 1.907 1.606 4.56 -0.23 0.08
AGB FGJ201620 4864 1.938 1.596 4.74 -0.05 0.11

RGB FGJ000012 4270 1.062 1.878 5.06 0.27 0.12
RGB FGJ000023 4360 1.181 1.840 5.18 0.39 0.12
RGB FGJ000027 4425 1.290 1.805 4.75 -0.04 0.11

RGB FGJ000029 4298 1.102 1.865 4.67 -0.12 0.12
RGB FGJ000030 4294 1.070 1.876 5.13 0.34 0.10
RGB FGJ000035 4439 1.353 1.784 5.41 0.62 0.10
RGB FGJ000043 4443 1.359 1.782 5.49 0.70 0.10
RGB FGJ000050 4404 1.267 1.812 5.02 0.23 0.13
RGB FGJ000054 4496 1.487 1.741 4.92 0.13 0.12
RGB FGJ000064 4436 1.353 1.784 5.42 0.63 0.12
RGB FGJ000069 4583 1.587 1.709 5.34 0.55 0.12
RGB FGJ000091 4665 1.776 1.648 5.12 0.33 0.11

RGB FGJ000092 4612 1.711 1.669 4.73 -0.06 0.10
RGB FGJ000107 4662 1.822 1.633 5.01 0.22 0.11

RGB FGJ000129 4717 1.939 1.596 5.03 0.24 0.09
RGB FGJ000155 4726 1.992 1.579 4.62 -0.17 0.07
RGB FGJ000161 4775 2.052 1.559 5.17 0.38 0.05
RGB FGJ000170 4794 2.083 1.549 5.33 0.54 0.12
RGB FGJ000186 4800 2.117 1.538 4.70 -0.09 0.10
RGB FGJ000193 4806 2.134 1.533 4.55 -0.24 0.04
RGB FGJ000217 4813 2.161 1.524 5.22 0.43 0.05
RGB FGJ000262 4855 2.252 1.495 5.13 0.34 0.09
RGB FGJ000276 4858 2.260 1.492 5.15 0.36 0.11

RGB FGJ200619 4760 1.940 1.595 5.43 0.64 0.11

The evolutionary status of each star is indicated in column 1. ID codes are designations of the current
study. T.¢, log (g), and & are the surface temperature, gravity, and microturbulence values used in the
abundance determinations. log (Ny,) and [Na/Fe] are the final Na abundances. The final column shows
the internal errors in [Na/Fe].
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Figure 1 Sample selection in the Stromgren uvby colour-magnitude diagram of
NGC 6752. Small black dots show the whole photometric sample’®. Our AGB and RGB
stellar samples are shown as blue squares and red triangles respectively. Part of the

horizontal branch can be seen at bottom left, at y magnitudes > 13.5.

Figure 2 Sodium abundance results for NGC 6752. Results for our sample of RGB
stars (filled red triangles, 24 stars) and AGB stars (filled blue squares, 20 stars) are shown.
Error bars show internal abundance determination uncertainties. For comparison the
RGB results of a previous study (C07)% are included (grey open circles). The horizontal
dotted line at [Na/Fe] = 0.18 delineates the upper envelope of AGB values, and serves as

the definition between Na-rich and Na-poor stars.

Figure 3 Theoretical stellar model tracks overlain on the Stromgren colour-magnitude
diagram of NGC 6752. The solid red line (with open circle symbols marking 5 million year
time intervals) is a model with an initial mass of 0.80 M, and a helium content of Y = 0.245.
This Y value matches that reported for the redder end of the HB?°. This FG model does
indeed spend most of its HB evolution at the red end of the HB. The solid black line (with
open square symbols marking 5 million year time intervals) is a model with an initial mass
of 0.75 M, and a helium content of Y = 0.285. This SG model spends its HB evolution
in a bluer part of the HB, but still ascends the AGB, contrary to what is inferred from the
observations in the current study. The solid blue line (with open triangle symbols marking
5 million year time intervals) shows the evolution of the Y = 0.285 model with an ad-hoc
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20-fold increase in mass-loss rate (A = dM/dt) initiated once the star settles on the HB.
This model evolves downwards along the extreme blue end of the HB and fails to ascend
the AGB. The arrow indicates the location of the Grundahl jump at y = 14.65 (see text for

details). Transforms from theoretical luminosity-T.;; plane to CMD have been made®.
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