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Abstract. Stellar spectral libraries are a crucial tool for interpreting the
integrated spectra of distant galaxies. However, the process is far from trivial. Some limitations to our understanding of stellar evolution and galaxies
are discussed, based on historical and recent results for the much more
accessible, and apparently simpler, star clusters in our Galaxy. These include practical limitations imposed by the available data and what we can
observe, and by our still incomplete theories of star formation and stellar
evolution. At a deeper level, we may be biassed by the way that stellar
evolution theory has itself evolved to explain specific types of objects. For
example, in the case of globular clusters, we lack observational templates
for the evolution of young (massive) metal-poor stars, and it is likely that
different evolutionary processes occur for stars in such dense environments.
The on-going explosion in the quantity and quality of available data keeps
giving us fresh insights, and raising new questions.
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1. Introduction
We have learned a lot here about stellar spectral libraries, the relative merits of observed and synthetic spectra, and some exciting prospects with the opening of new
spectral windows. My interests are more as a user of stellar spectra as templates for
analysing data and understanding stellar systems, starting from Galactic star clusters
and Local Group Galaxies where we can observe individual stars. Our knowledge of
star formation and stellar evolution is strongly based on using such systems as ‘laboratories’. This has been a corner-stone of astrophysics since the 1950s and continues

∗ email:

rdc@aao.gov.au

162

Russell Cannon

as a fruitful source of new ideas and often surprising discoveries. However, the frontier of astrophysics today has moved to observational cosmology and the study of ever
more distant galaxies. We probably now have more spectra of distant galaxies than
of Galactic stars, thanks to very large redshift surveys such as the SDSS (York et al.
2000), 2dFGRS (Colless et al. 2001) and GAMA (Driver et al. 2011). The redshifts
were sufficient to determine the fundamental parameters of the Universe and constrain
cosmological models. Now the challenge is to understand the processes of galaxy formation and evolution by interpreting the integrated spectra of distant galaxies.
There is a two-way process involved in interpreting galaxy spectra: we have to
understand galaxies to model the Universe and we have to model the Universe to interpret galaxy data. Pessimists fear that circular arguments may lead to apparently
self-consistent but erroneous models, optimists hope that by gradually refining each
step in the argument we will arrive at a deeper understanding of the whole. Here I
want to examine some specific areas which are currently among the weakest links
in the chain. I also want to draw attention to some ‘philosophical’ issues that may
be colouring our current ideas, such as biasses in the available data, and hidden or
unrecognised assumptions. In these aspects I have been inspired by an article entitled ‘Astronomer’s Luck’ by the British astrophysicist and cosmologist Sir William
McCrea (1972). I am not a historian and give only brief summaries of a few key
astronomical ideas, mainly arising from my own research experience. My interest
is in how the availability of data drives and possibly distorts the development of our
science.

1.1

A warning: ubiquitous hydrogen

Let me give one particularly striking historical example of what I mean by ‘hidden
assumptions’ and how easily, and deeply, we can be misled. In her classic paper Astrophysical Data Bearing on the Relative Abundance of the Elements, Cecilia Payne
(1925) laid the foundations of stellar astrophysics by determining some of the first
quantitative elemental abundances for stars. In it she wrote “Hydrogen and helium are
omitted from the table. The stellar abundance deduced for these elements is improbably high, and is almost certainly not real [my italics].” At about the same time, Sir
Arthur Eddington wrote in Chapter 1 of his landmark treatise on The Internal Constitution of the Stars (Eddington 1926) “If the ionisation is carried to the extreme limit a
remarkable simplification occurs; the molecular weight becomes approximately equal
to 2 whatever the chemical composition of the material [author’s italics], provided
only that there is not an excessive proportion of hydrogen.”
It was tacitly assumed that stars like the Sun must have approximately the same
composition as the Earth, where hydrogen is a very minor component and helium so
rare that it was first seen as an unknown line in the solar spectrum, 30 years before
it was found on Earth. It also took three decades before it was generally accepted
that, far from being negligible, hydrogen and helium comprise about 98% of the mass
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of most stars. John Faulkner (2005) gives a good account of the gradual shift to the
new abundances. Are we making similarly spectacularly erroneous assumptions about
distant galaxies today?

2. Difficulties in interpreting galaxy spectra
Clearly it is impossible to derive the life history of an individual galaxy from a single composite spectrum of billions of stars. Most galaxy spectra have been taken
primarily to obtain one quantity, the redshift, for which spectra with low resolution
and signal-to-noise ratio (S/N) are adequate. Nevertheless, there is still a considerable amount of information in each spectrum, and clear patterns emerge when large
samples of galaxies are compared at different redshifts. Galaxies can be classified
as ‘star-forming’, with strong Balmer emission lines; ‘AGN’, Active Galactic Nuclei
with strong forbidden emission lines; or ‘old’, quiescent elliptical galaxies (see Fig. 1
of Sadler et al. (1999)). Rarer but easily distinguished classes include those variously
described as ‘post star-burst’, ‘em+a’ or ‘A+K’ galaxies: these have composite spectra corresponding to large contributions from both A- and K-type stars, indicating
a dominant population with an age of around 108 years (Fig. 4 of Roseboom et al.
(2006)).

2.1

Intrinsic limitations

We tend to talk loosely about the ages and metallicities of galaxies, by analogy with
stellar spectroscopy. However, this is dangerous and can lead to subconscious misconceptions. The light we observe is often dominated by the youngest population
present, which may represent only a small fraction of the total stellar mass: with optical data alone it is difficult to detect underlying old populations, let alone set useful
limits on their contribution to the total mass.
Another problem is the ‘aperture effect’. Most survey spectra have been obtained
using optical fibres with diameters corresponding to fixed apertures of only a few
arcseconds. Thus the fraction of galaxy light that is sampled varies systematically
with redshift, coming from just the nuclei of large nearby galaxies but including a fair
sample of bulges and disks at large distances.

2.2

Practical limitations

Most redshift survey spectra cover limited wavelength ranges that correspond to different rest wavelengths at different redshifts. This makes it difficult to compare samples of galaxies at different distances and look-back times. Even with wide spectral
coverage, it is difficult to identify which types of galaxies at large redshift evolve into
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which types at lower redshift. Other practical problems include the availability of
targets, e.g. the lack of a nearby giant elliptical galaxy; our dependence on available
instruments and detectors for different wavelength ranges; the impact of telluric absorption bands and emission lines; which elements produce strong lines from which
abundances can be derived; and which other physical parameters such as effective
temperature and gravity can be determined observationally.
Our interpretation of galaxy spectra depends on comparison with theoretical model
spectra, based on either observed or synthetic template spectra of stars. For the observed templates, we have local examples of old metal poor low-mass stars in globular
clusters, and a wide range of solar-abundance Galactic stars at all masses and ages, but
almost no data on young, massive metal-poor stars. On the theoretical side, there are
serious gaps in our understanding of star formation and stellar evolution, for example
covering the initial mass function, mass loss and binary star evolution.

2.3

Philosophical limitations

Finally, I have some fundamental concerns about our current understanding of stellar
evolution, which go back to McCrea’s (1972) concept of ‘Astronomer’s Luck’. A
large part of stellar evolution theory was developed by, and continues to be shaped
by, an urge to understand the globular star clusters. There may well be gaps in our
understanding of stellar evolution when we extrapolate or interpolate to types of stars
not seen in clusters: to what extent have our theories have been tailored specifically
to reproduce features that may be peculiar to star clusters?
I have similar concerns regarding some special types of stars. Observers like
to measure the quantities they can see and measure most accurately. These may or
may not be the quantities that are of most significance astrophysically. For example, the RR Lyrae stars played a huge role in the development of our understanding
of horizontal branch evolution, mainly because their periods could be determined to
exquisite accuracy, many orders of magnitude better than most astronomical quantities. Similarly carbon stars are favourite targets for observers because they are easy
to recognise, making them very convenient tracers of stellar populations. They are
key to our understanding of AGB (Asymptotic Giant Branch) star evolution, dust formation and the return of nuclearly processed material into the interstellar medium.
However, it is almost impossible to determine their fundamental physical parameters
such as mass and temperature, while the models devised to explain their weird surface
abundances involve complex chains of events deep in their interiors (Frost, Lattanzio
& Wood 1998). These represent two special classes of stars which have strongly
influenced stellar evolution theory, and one wonders to what extent they may have
distorted our overall picture, and also what crucial processes we may have completely
ignored because we haven’t seen them in action.

Interpretation of galaxy spectra

165

3. Globular clusters and stellar evolution theory
Globular clusters were the first key to our understanding of stellar evolution. They
provide beautiful, apparently simple, astrophysical laboratories, with large samples
of coeval stars with the same chemical composition at the same distance. Sandage
(1953) published one of the first modern colour-magnitude diagrams (CMDs) for M3,
showing the key features of the main sequence (MS), subgiant, red giant and horizontal branches (HBs), as well as one of the best examples of the still puzzling ‘Blue
Stragglers’. CMDs like that of M3 led to the first modern computer-generated models
of red giant branch (RGB) evolution by Hoyle & Schwarzschild (1955), using a chemical composition dominated by hydrogen and helium. Sandage (1957) went on to deduce an age for M3 from the main sequence turn-off point (MSTO). He also reversed
the process, deriving a set of semi-empirical evolutionary tracks for individual stars
by matching the numbers of stars along the evolved sequences with an extrapolation
of the main sequence luminosity function. This technique could be used more today:
too often the main focus is on matching the shapes of CMDs to model isochrones, but
it is equally important to ensure that the numbers of giants and HB stars are consistent
with the numbers on the MS and subgiant branch.
A decade later John Faulkner (1966) made the first double energy-source models
for horizontal branch (HB) stars, in a phase following the ‘helium flash’ at the tip of
the RGB. For a while it seemed that the evolution of globular cluster stars would soon
be completely worked out, requiring only good observational data for a few dozen
clusters and grids of models covering a range of chemical compositions.

3.1

The galactic globular cluster sample

While globular clusters are ideal test objects for stellar evolution, only a few tens out
of about 160 clusters are easy to observe and populous enough (105 − 106 stars) to
give good data. Most of these are very metal-poor, with abundances around 1% of
solar, and most are also extremely old with ages ∼ 13 Gy, comparable to the Hubble
expansion time. Indeed, for a while during the 1970s and 1980s, it appeared that
there might be a real conflict between stellar evolution theory and cosmology, with
the clusters being older than the Universe.
Complications in the understanding of globular clusters began to arise as better
data were obtained. A big advance came with the introduction of CCDs in the 1980s,
e.g. by Penny & Dickens (1986) for NGC 6752. These gave much higher precision
data for faint stars, with vastly better-defined MSTO points and data extending well
down the little-evolved MS, confirming that any metallicity or age spreads were small
within many clusters. However, as in much of modern astronomy, systematic errors
began to dominate over random errors. Comparing data for different clusters was still
difficult because of uncertainties in the calibration of broad-band photometry, and in
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transforming observed colours and magnitudes into model temperatures and luminosities. More recently, painstaking analysis of deep HST data has revealed multiple
populations of stars below the MSTO in ω Cen (Bedin et al. 2004), while Richer et al.
(2008) push down to the ultimate limit of hydrogen-burning MS stars in NGC 6397
and show structure in the white dwarf cooling sequence.

3.2

The ‘second parameter’ problem

John Faulkner’s (1966) pioneering models explained the range of cluster horizontal
branch types as a function of metallicity, from blue HBs in metal-poor clusters to the
short red HB in 47 Tucanae (with metallicity about a quarter of solar). However, some
worrying discrepancies were soon noticed, giving rise to the so-called ‘second parameter problem’. The pair of clusters NGC 288 and NGC 362, have almost the same
metallicity but almost purely blue and red HBs respectively (Bolte 1989). This difference was interpreted as an age difference by Green & Norris (1990); more recently
Bellazzini et al. (2001) reached the same conclusion although other possible factors
include the helium abundance. Whether an RGB star arrives at the blue or red side
of the HB after the helium flash depends on the mass remaining in the hydrogen-rich
envelope. Our current ‘standard model’ requires that stars at the MSTO in globular
clusters have masses of around 0.8M but arrive on the HB with just over the helium
core mass of ∼ 0.5M .

3.3

Abundance variations within clusters

Cluster CMDs have become better defined as telescopes and detectors have become
more powerful, with the narrowness of the principal sequences confirming that the
spread in metallicity within most clusters must indeed be small, particularly for the
iron group elements. However, the parallel improvement in spectroscopic data has
revealed an increasingly complex pattern of unexpected variations in some species,
particularly the CNO group and related elements. Hesser (1978) and Bell, Hesser &
Cannon (1983) showed that similar CN-band strength variations could be found in
all parts of the CMD of 47 Tuc, even down to little-evolved stars below the MSTO,
suggesting a primordial origin for the abundance variations. It is now clear that both
mixing and primordial effects occur, although whether the effects seen on the main
sequence are truly primordial, or due to successive generations of star formation early
in the life of a cluster, or to some other pollution or self-enrichment process, remains
uncertain. A lot can happen in the first 108 y, only 1% of a globular cluster’s age.
ω Cen, the most massive Galactic globular cluster, is an extreme case. Its CMD
has a large intrinsic scatter (Cannon & Stobie 1973) which was soon found to be
due to a substantial spread in surface composition (Norris & Bessell 1975, 1977).
Faint CMDs from HST (Bedin et al., 2004; Bellini et al., 2010) show that this cluster
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contains multiple stellar populations. A major surprise was the discovery that while
the evolved stars above the MSTO are mostly metal-poor with a smaller population
of redder metal-rich stars, below the MSTO the major population is on a red main
sequence while the smaller population is bluer. One possible explanation is that the
more metal-rich population in ω Cen also has substantially higher helium abundance
(Norris 2004), but why or how this occurred is not obvious.
Multiple populations are found in some other clusters, while the abundance patterns within globular clusters seem to be more complicated than for samples of field
stars (Kraft 1994). Environmental effects within globular clusters are evidently important. One factor may be the incidence of binary stars, which varies substantially
both between clusters and spatially within clusters. NGC 288 provides an extreme
example (Bellazzini et al. 2002), with many main sequence binaries. Like M3, it also
contains Blue Stragglers, apparently young or rejuvenated stars that may well have
formed through coalescence or mass exchange in close binary systems (Bailyn 1995).

4. Open clusters and local group galaxies
The Milky Way open clusters provided another window into stellar evolution, this
time as a function of age, again pioneered by Allan Sandage. His composite schematic
CMD for a dozen clusters (Sandage 1958) showed the progression of ages from a million to several billion years. However, most open clusters have metallicities close to
solar abundance, are much less populous than globulars, and are embedded within the
Milky Way so that field star contamination and variable reddening become problems.
The oldest surviving open clusters like M67 (Montgomery, Marschall & Janes
1993) and NGC 188 (Stetson, McClure & VandenBerg 2004) are a few billion years
old. Their CMDs are similar to those of the two to three times older globulars, with
a well-defined MSTO and a continuous sequence across the subgiant branch and up
the RGB. The HB is reduced to a handful of red stars in a small clump close to the
RGB. Intermediate-age clusters like NGC 2477 (Hartwick, Hesser & McClure 1972)
and NGC 7789 (Girardi, Mermilliod & Carraro 2000), with ages around 1 Gy, have
sparsely populated subgiant and lower red giant branches, and an upper giant branch
dominated by a dense clump of red giants. Cannon (1970) postulated that this clump
was probably the Population I (high metallicy) analogue of the globular cluster HB,
subsequently confirmed with double-source evolutionary models by Don Faulkner (no
relation to John) (Faulkner & Cannon 1973).
By contrast with most globular clusters, many open clusters have substantial populations of binary stars. NGC 188 (Stetson et al. 2004) has a well-defined secondary
sequence lying about 0.7 mag above the principal main sequence. Old open clusters
also often contain Blue Straggler stars; in NGC 188 they are about as numerous as
upper RGB stars and probably make a significant contribution to the integrated light
at short wavelengths.
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The nearer Local Group galaxies are also valuable testbeds for stellar evolution,
and good sources of template spectra. The two Magellanic Clouds have metallicities
from a quarter to a tenth solar, giving a link between the Galactic globular and open
clusters. The Milky Way’s dwarf spheroidal galaxies are also close enough to reach
the MSTO for all ages, and are giving a wealth of often unexpected results with a
wide range of star formation histories, as in Carina (Smecker-Hane et al. 1996).

5.

Limitations and gaps in stellar evolution theory

Libraries of evolutionary tracks are needed as much as stellar spectral libraries for
the interpretation of galaxy spectra. Several comprehensive libraries of theoretical
evolutionary tracks and isochrones are now available, covering wide ranges of masses
and chemical composition. Gallart, Zoccali & Aparicio (2005) compare no fewer
than nine grids of models, and discuss many of the issues involved in interpreting
the CMDs of resolved stellar systems. Here I will focus on a few problems which
remain, and which are also relevant to the interpretation of the integrated spectra of
distant galaxies.

5.1

Mass loss between the RGB and the HB

Gallart et al. (2005) note that there has to be mass loss between the RGB and the
HB in globular clusters, but do not include mass loss in the 16 model parameters
they consider. Of course, models that are designed to match the HB and RR Lyrae
stars of specific clusters can treat the mass loss as a free parameter. For example,
Demarque et al. (2000) fit Gaussian distributions while others use some empirical
or semi-empirical mass-loss formula. Dotter (2008) demonstrates that the HBs of
the set of well-observed coeval old Galactic globulars can all be fitted with a single
mass-loss pattern, depending only on metallicity. However, his empirical mass-loss
formula invokes an almost bimodal distribution to explain the fact that the most metalpoor clusters do not have the bluest HBs, but with no physical basis, and he adjusts
the spread in mass loss in order to get a statistically acceptable fit to the observations.
Such HB models can be used to give self consistent pictures of globular clusters
and may indicate which physical parameters are important, or set useful limits on
the amount of mass loss involved. However, in interpreting the integrated spectra
of distant galaxies we do not know the distribution of HB stars a priori: we need
predictive models that include a full physical theory of AGB mass loss, to create
stellar populations covering a wide range of initial mass functions, compositions and
ages.
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Binary stars

Most existing libraries of evolutionary tracks are for single stars. While these may be
appropriate for a majority of stars in clusters, in the general field binaries are more
common than single stars. Even when we have reliable complete theories of close
binary star evolution, the range of parameters needed to model their population in an
entire galaxy seems likely to limit the predictive strength of synthetic galaxies.

5.3

The abundance of helium

Helium presents particular difficulties, the main one being that although it comprises
about a quarter of the mass of most stars, it has few observable spectroscopic lines
in most stars and its abundance is often virtually a free parameter. Even when it is
observable, e.g. in hot HB stars, its surface abundance may not be representative of
its interior, due to both evolutionary effects and gravitational sedimentation.
While the ‘conventional’ view that the global helium abundance is close to 25%
has been current for more than half a century, not least because of its consistency with
the standard Big Bang cosmology, there are some worrying signs that we may still be
making unwarranted assumptions. Most stellar abundances are quoted relative to the
solar values, but within the last decade there has been a substantial revision of absolute
solar abundances, with the dominant species decreased by ∼ 0.2 dex (Asplund et al.
2009). However, this spoils the previously good fit to asteroseismological data. And
if the anomalous faint blue MS in ω Cen really is evidence for high He in a subset of
that cluster’s stars, there may be more problems with He than we currently realise.

6.

Conclusions and future prospects

Today we have unprecedented access to large libraries of stellar spectra, both observed
and synthetic; we also have libraries of evolutionary model tracks and isochrones.
These are the basic tools we need for interpreting the spectra of galaxies. However,
both observers and theorists have to be aware of the biasses in our data and gaps in
our modelling. Here I have tried to draw attention to various problems where our
‘standard models’ are less secure than we would like.
In addition to well-known problems like convection and mass loss on the AGB,
the still uncertain origin of Blue Straggler stars (ESO is to hold a workshop on this
topic in Santiago November 2012) and anomalous abundance variations in globular
clusters, we are often limited by the absence of observable targets, what quantities
we can measure and which physical parameters we can derive. Hence our models
sometimes lack predictive capability, and many observational tests demonstrate consistency but not necessarily a unique correct solution.
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Our current ideas may be distorted by fitting models to specific observations that
may not be fully representative, like stars in dense globular clusters, or by details of
fascinating but peculiar objects like carbon stars, or by transient effects such as the
colour of HB stars, which may be a function of the epoch we are observing. At a
deeper level, it may be that our overall picture of stellar evolution has been biassed by
the historical sequence of its development and the particular stars it has been designed
to explain. There is always a risk of hidden or unconscious assumptions.
For the future, one of the most exciting developments has been the opening up
of new spectral windows in the UV and IR that we have heard about at this meeting, giving access to new spectral lines for determining stellar abundances and wider
common coverage for at different redshifts. For distant galaxies, the ‘aperture effects’
that plague redshift surveys (see Section2.1) should soon be alleviated by multi-IFU
(Integral Field Unit) systems like SAMI on the AAT (Lawrence 2011). And there will
continue to be unexpected breakthroughs from unexpected directions, such as using
asteroseismology to recognise AGB stars (Bedding et al. 2011). Every time we get
new data, by going fainter, into new wavelength regions or out to larger redshifts, we
find some things we expected; however, these are more often than not overshadowed
by other completely new and unexpected discoveries.
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