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Abstract. I present an overview of empirical stellar spectral libraries,
their uses, and (briefly) their history. I focus primarily on their utility for
understanding the stellar populations of composite stellar systems, but I
show examples of their use for topics ranging from the determination of
atmospheric parameters of stars outside the libraries to calibration of stellar
atmosphere models to stellar radial velocities. I end by presenting the “state
of the art” of available stellar spectral libraries focused on stellar population
synthesis and what still needs to be done in the near future.
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1. What is a stellar spectral library, and why do we need one or
more?

In its most basic form, a stellar spectral library is a collection of stellar spectra “or-
ganized systematically and kept for research” (McKean 2005, from the definition for
“catalog(ue)”). The key words here are systematic and kept. These imply a classifi-
cation system and a recording medium. It is the development of these two processes
— classification systems and recording media — that drive the history covered in this
review.

Now that we understand what a stellar spectral library is, we can ask the funda-
mental question of why do we need such libraries?. In astrophysics, stellar spectral
libraries (hereafter SSLs) help us to do at least four important things.

Understanding the physics of stars: Spectral classification based on systematizing

*email: sctrager@astro.rug.nl



2 S. C. Trager

large SSLs provides a means of organizing spectra of stars in a manner that is
conducive to understanding the temperatures of and physical processes in their
atmospheres.

Measure the compositions of stars: Knowing the compositions of large numbers of
stars permits us to trace the chemical evolution of our Galaxy (and even other
galaxies).

Measure the motions of stars: The motion of individual stars gives clues as to their
multiplicity, possible planetary systems, and taken en masse, the dynamical
history and mass of our own and other galaxies.

Build stellar population models: SSLs are one of the two primary ingredients in
stellar population models (along with prescriptions for stellar evolution), which
allow us to determine the star formation and chemical evolution histories of
stellar systems, from star clusters to galaxies.

In this review, I begin with a brief history of stellar spectral libraries, concentrat-
ing on empirical libraries — those constructed from observations of real stars — and
touching on their use for the four topics mentioned above. I then focus on the “state
of the art” of empirical stellar spectral libraries in the near ultraviolet—optical-near in-
frared range used for stellar population modeling, and what we’ve learned from these
libraries. I conclude with a discussion of what is missing from modern stellar spec-
tral libraries for stellar population modeling, what’s needed for this modeling, and a
forward look to what forthcoming libraries might provide.

2. A (brief) history of empirical stellar spectral libraries

The collection of large numbers of stellar spectra is an effort stretching back to the late
19th century, not long after the invention of photography itself — the first recording
medium capable of storing spectra for later classification. In this brief overview of
empirical stellar spectral libraries, I am indebted to the excellent review of the history
of stellar spectroscopy by Hearnshaw (1987).

2.1 The pioneers

The first photographs of solar spectra were made in 1842 by Becquerel (1848) and in
1843 by J. W. Draper. In the 1870’s, Draper’s son, Henry Draper, and William Hug-
gins (likely in collaboration with his wife, Margaret Huggins) were the first to pho-
tograph the spectra of other stars, observations requiring more sensitive photographic
techniques than available in the previous generation. A number of astronomers re-
alized the value of recording and examining large numbers of stellar spectra, but the
most ambitious and effective of these were H. C. Vogel at Potsdam and E. C. Pickering
at Harvard, as discussed in more depth below.
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2.2 Stellar spectral classification

Any classification system should ideally be complete, unambiguous, economical,
transform a qualitative impression into quantitative information, and illuminate phys-
ical processes. This requires both a large sample of objects to classify — to ensure
completeness, lack of ambiguity, and economy — and classifiers capable of making the
transformation from qualitative information to physical understanding. Large SSLs
are the key to classifying and understanding stellar spectra.

By 1895, Vogel and his colleagues at Potsdam had collected photographic spectra
of 528 stars for classification (and multi-epoch spectra of 51 stars for radial velocity
studies; see the following subsection). They classified these onto a scheme based on
the strength of absorption lines in the spectra (Vogel & Wilsing 1899).

At Harvard, Pickering was collecting huge numbers of photographic stellar spec-
tra. By 1915, he had more 10° objective-prism spectra from both hemispheres, result-
ing in the Henry Draper (HD) Catalogue (Cannon & Pickering 1918-1924). Annie
Jump Cannon made 225300 spectral classifications on the “Harvard system”, based on
earlier one-dimensional classification systems by Williamina Fleming (Pickering &
Fleming 1897) and Cannon herself (Cannon & Pickering 1912). The one-dimensional
Harvard system — our now-familiar OBAFGKM ordering of spectral types — was
shown empirically by Wilsing & Scheiner (1909) and theoretically by Payne (1925)
to be a temperature sequence. Antonia Maury (Maury 1897) had earlier classified 681
stars using a two-dimensional system, where the second dimension corresponded to
what we now call luminosity (or gravity). These sequences were only possible with
the huge SSLs collected by Pickering and his collaborators.

Collection of massive SSLs continued in the inter-war period, as W. Adams car-
ried our a large program of slit spectroscopy at Mount Wilson, classifying stars by
line ratios, and A. SchwaBBman (at Hamburg-Bergedorf) and F. Becker (at Potsdam’s
southern observatory in Bolivia) together classified 241500 in the Kapteyn Selected
Areas on the Harvard (“HD”) system from objective prism spectra. The culmination
of all of these studies was the “MKK” system of W. W. Morgan, P. C. Keenan, and
E. Kellman, devised for their “Atlas of Stellar Spectra” (Morgan, Keenan & Kellman
1943). This system extended the one-dimensional temperature-driven HD system
with a second dimension representing luminosity (as previously suggested by Maury
1897, and others). The MKK system was “cleaned up” by Johnson & Morgan (1953),
the basis of the nearly-universally-used modern “MK” system (but note that the MK
system has never been officially adopted by the IAU!). Again, very large SSLs pro-
vided the required data to make a useful, physically-meaningful classification system.

2.3 Radial velocities

Vogel & Scheiner at Potsdam were the first to use photographic spectra to measure
the radial velocities of stars, with a factor of ten better accuracy than previous vi-
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sual estimates (Vogel 1892). But it was W. W. Campbell at Lick Observatory who
provided the first large catalogues of radial velocities, culminating in the publication
of the radial velocities of 2771 stars in both hemispheres, including 351 with vari-
able velocities (Campbell & Moore 1928). In the words of Hearnshaw (1987), “what
Pickering did for spectral classification, Campbell did for radial velocities.”

Interestingly, the next major step in radial velocity catalogues was the massive
homogenized compilation of radial velocities of 6739 stars collected from a large vari-
ety of literature sources by Campbell’s main collaborator, J. H. Moore (Moore 1932).
This was perhaps the first time that a large catalogue of diverse spectral data was
homogenized onto a consistent system, an important step for future SSLs. Moore’s
work was eventually superseded by Wilson (1953), which contained radial velocities
of more than 15000 stars. (I note that the coming Gaia satellite will provide radial
velocities of more than 10° stars!)

2.4 Spectral indices: the importance of data compression

Photographic spectra are individual, unique physical objects and are quite fragile.
They therefore are difficult to store, retrieve, and manipulate. Moreover reducing the
contents of a spectrum to a spectral type (even one with two dimensions) and a ra-
dial velocity — three numbers — is a seriously lossy compression of the information
contained in that spectrum. However, stellar spectra have (significantly) more infor-
mation than just those two or three numbers. In particular, a star’s spectrum contains
information on its (surface) compositions.

Kirchhoff & Bunsen (1860) were the first to conclusively demonstrate the pres-
ence of (six) elements in the solar spectrum. The breakthrough for quantitative analy-
sis of the composition of stellar atmospheres was provided by Cecilia Payne in her
PhD thesis (Payne 1925), who used the ionization theory developed by Saha (1920,
1921) and furthered by Fowler & Milne (1923) to estimate the abundance of 18 ele-
ments in the Sun. Not long thereafter Adams & Russell (1928) used much stronger
lines than Payne, allowing for an extension of Payne’s work to many more elements
as well as being useful for determining stellar temperatures and gravities.

These studies (and many more following) showed the value of studying the line
strengths of stellar spectra to determine their compositions. Because these lines — par-
ticularly strong lines — cover a limited fraction of the whole spectrum, narrow band
photometry can replace spectra when needs must. Narrow band photometry is much
easy to store — just a few numbers! — and, given narrow-enough bands, is basically
poorly-sampled but moderate resolution spectroscopy. By the 1960’s, astronomers
took advantage of new technology to push “spectral” libraries much further than be-
fore.

Spinrad & Taylor (1967, 1969) used J. Wampler’s photoelectric scanner at Lick
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Figure 1. The definition of the indices comprising the basic Lick/IDS system of Worthey et al.
(1994), based on the K giant HR 6018.

Observatory to measure index strengths of 229 K stars, confirming the existence of
super-solar metallicity (“super-metal-rich™) stars in the Milky Way (and suggested
that the centers of nearby galaxies may also be super-metal-rich). These indices were
key to the success of B. M. Tinsley’s second-generation stellar population models
(Tinsley 1972). Hansen & Kjaergaard (1971) calibrated index strengths of 1160 GK
stars taken at Lowell Observatory by Dickow et al. (1970) and used these to deter-
mine stellar atmosphere parameters; smaller samples by Williams (1971a,b, Fe, Na,
and Mn in 180 GK stars) and Gustafsson, Kjaergaard & Andersen (1974, Fe and mi-
croturbulence in 80 FG stars using 3 A-wide indices) were further important studies.

But the apotheosis of the index method is almost certainly the Lick/IDS system
of Faber, Burstein and collaborators (including the author of this review). A series
of papers leading up to Worthey et al. (1994, 460 stars) and Trager et al. (1998, 381
galaxies and 38 globular clusters) describe a narrow-band index system of 21 indices
of objects taken with the Robinson & Wampler (1972) second-generation Image Dis-
sector Scanner observed over the period 1972—-1984. The Lick/IDS system is almost
certainly still, with minor modifications, the most widely-used index system, used for
topics ranging from analysis of the stellar populations of distant galaxies (e.g. Har-
rison et al. 2011, just to pick a recent example) to determining metallicities of bulge
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giants (Rich 1988). An example — the spectrum that defines the wavelengths of the
indices, the K1 giant HR 6018 — is shown in Fig. 1.

2.5 The breakthrough stellar spectral library

Gunn, Stryker & Tinsley (1981); Gunn & Stryker (1983) provided the first truly usable
spectrophotometric library for stellar population modeling. This library of 175 stars
covering 3130-10800 A at 20-40 A resolution included dwarfs from late-O to mid-
M types, F-M giants, and even a few supergiants. By combining these spectra with
models of stellar evolution, it was possible for the first time to compare model spectra
to observed galaxy spectra (see Fig. 5 in Gunn et al. 1981, for one of the first examples
of what is currently called “full spectrum fitting” in the literature). The models of
Gunn et al. (1981) that implemented this library for the first time are notable also for
introducing the concept of “isochrone synthesis”, that is, treating single-age, single-
metallicity stellar populations — instead of just groups of stars with similar properties
in a Hertzsprung-Russell diagram — as the fundamental building blocks of the spectra
of galaxies (as later expanded to great effect by Bruzual 1983; Charlot & Bruzual
1991; Bruzual & Charlot 1993, and many others).

3. Empirical stellar spectral libraries: The “state of the art”

As my own interest is in the use of (empirical) SSLs as a necessary ingredient in
the construction of models of the spectra of stellar populations, I spend the rest of
this review discussing state-of-the-art empirical near-ultraviolet (NUV), optical, and
near-infrared (NIR) SSLs. In particular, I concentrate on the Sanchez-Blazquez et
al. (2006, MILES), Gregg et al. (2006, NGSL), Rayner, Cushing & Vacca (2009,
IRTF-SpeX), and Lancon & Wood (2000, LW2000) libraries and highlight what we’ve
learned from each of these libraries.

David Montes at the Universidad Complutense de Madrid has set up an excellent
page for finding both empirical and theoretical SSLs, which can be found at http://
www.ucm.es/info/Astrof/invest/actividad/spectral .html. Additionally,
Pickles (1985, 1998) has produced empirical SSLs in the NUV-optical-NIR range,
focused particularly on excellent flux calibration; his recent review (Pickles 2007) is
an excellent starting point for such discussions.

3.1 MILES

One of the largest, most homogeneous optical, and most widely-used SSLs is MILES
(Sanchez-Blazquez et al. 2006; Cenarro et al. 2007), which contains nearly 1000 stars
covering a wide range of stellar parameters and very good flux calibration. The spectra
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cover 3525-7500 A at a resolution 2.5 A, and have recently been recalibrated in flux
and wavelength by Falcén-Barroso et al. (2011). MILES has become the basis of
several recent stellar population models, e.g., Vazdekis et al. (2010); Conroy & van
Dokkum (2012).

The key lessons learned from MILES are that a broad coverage of stellar at-
mospheric parameters and excellent flux and wavelength calibration are necessary to
produce excellent stellar population models. Constructing stellar population models
with other libraries that do not have these attributes can lead to biased results when
compared with real spectra of stellar systems (see, e.g., Koleva et al. 2007).

3.2 NGSL

The “Next Generation Spectral Library” (Gregg et al. 2006, cf. http://archive.
stsci.edu/prepds/stisngsl/) contains 379 stars covering a large range in stellar
parameters with spectra taken with STIS on HST. The NGSL spectra cover a wave-
length range of ~ 1670-10250 A with a spectral resolving power of R ~ 1000 (Koleva
& Vazdekis 2012), and has recently been recalibrated to have excellent flux calibra-
tion by S. Heap and D. Lindler. A follow-up library taken with UVES at ESO’s
VLT, NGSL-UVES, contains ~ 250 stars with R > 40000 covering 0.36—1.1 um
(Hanuschik et al., in prep.).

Although to date few models have been made using NGSL as a basis (Koleva’s
contribution in this volume is perhaps the first), it is clear from NGSL that excellent
flux calibration and a lack of telluric absorption from the Earth’s atmosphere can be
significant advantages in the optical-NIR region. Furthermore, the NUV component,
unobtainable from the ground, can lead to very interesting predictions. Going to space
helps!

3.3 IRTF SpeX

Rayner et al. (2009, the “IRTF SpeX” library) have published an extensive SSL of
(currently) 292 F-M supergiants, giants, and dwarfs (with a few later type stars in-
cluded as well) at a spectral resolving power of R ~ 2000 covering the NIR wave-
length range 0.8-2.5 um (with some stars having spectra as red as 5.2 um), taken with
the SpeX NIR spectrograph at NASA’s IRTF.

The first stellar population models that I am aware of using the IRTF SpeX library
are by van Dokkum & Conroy (2010, see also updated models in Conroy & van
Dokkum 2012) and Bruzual A. (2011), although S. Meneses-Goytia, a student of
Prof. dr. R. F. Peletier and myself at the Kapteyn Astronomical Institute, has also
produced an as-yet unpublished model. From these studies we have learned that it
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is vitally important to be careful with the impact of telluric absorption lines from
the Earth’s atmosphere (as mentioned above) on the spectra, as well as attempting to
include as many late-type giants (see the contribution by Chen to these proceedings)
and dwarfs (Conroy & van Dokkum 2012) as possible to correctly predict the NIR
spectra.

3.4 LW2000

Lancon & Wood (2000, LW2000) presented the (to-date) largest SSL of very cool su-
pergiants and giants: ~ 100 stars over the wavelength range 0.5-2.5 um at a spectral
resolving power of R ~ 1100. As these stars are highly variable, many stars were
observed at multiple phases. Lancon & Mouhcine (2002) constructed average spectra
of these stars to make “typical” spectra for stellar population modeling, used by sev-
eral stellar population models to represent rare but important extreme phases of stellar
evolution (e.g., Maraston 2005; Conroy, White & Gunn 2010).

An important lesson from LW2000 and Langon & Mouhcine (2002) is that si-
multaneous optical-NIR spectra are required for a large number of these cool stars
to accurately populate the stellar population models. Variability is a killer — it is the
average of a large number of stars (at least for galaxy-scale stellar populations) that
we desire.

4. Where do we stand with empirical libraries?

From the admittedly highly-biased point of view of this reviewer, I believe that we in
the stellar population community have learned that we need the following properties
for our SSLs:

Good calibrations: Excellent flux and wavelength calibration and high-precision stel-
lar atmospheric parameters are keys to making good stellar population models.

Lots of stars: An ideal SSL for stellar population models must cover all phases of
stellar evolution at all masses at all metallicities all (conceivable) abundance
ratios.

Moderate-to-high spectral resolution: We want to measure the properties of the
smallest galaxies (and even star clusters) in as much detail as possible. This
requires high spectral resolution to resolve the internal stellar motions of those
stellar systems.

Broad wavelength coverage: No single stellar evolutionary phase contributes at all
wavelengths, and multiple evolutionary phases contribute to different wave-
lengths.
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Simultaneous observations at all wavelengths: Stellar variability — particularly in
cool stars — is a killer for stellar population models, particular when the number
of stars in the input SSL is small.

No single present-day empirical SSL meets all these requirements. Some meet nearly
all, but may suffer from, e.g., limited spectral range, low resolution, or insufficient
numbers of stars. I note here that theoretical libraries can make a big contribution
to some of these requirements, like in addressing the need to cover a large space in
abundance ratios.

We have made excellent progress and come very far since the days of Becquerel,
the Drapers, and the Huggins. But we haven’t done everything yet! We still need
more stars at (ever-)higher-spectral resolution, more wavelength coverage, better flux
calibration, etc. Thankfully, teams are making progress in meeting these goals (as
another biased example, I point to the XSL SSL described by Chen, this volume) — an
exciting future awaits us!
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