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Abstract. The ultraviolet spectral region provides invaluable diagnostics in star-forming galaxies. JWST will break new frontiers with
observations at redshifts close to the era of re-ionisation. I discuss
some of the relevant open science questions and the requirements for
spectral libraries used as templates for comparison. The trade-offs
between empirical and theoretical libraries are evaluated. I highlight
shortcomings in existing libraries, and suggest pathways for moving
forward.
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1.

The Past is the Future

Extra-solar ultraviolet (UV) astronomy came of age about 50 years ago with
the successful acquisition of scientifically useful spectra of two early-B stars by
a spectrograph on board an Aerobee sounding rocket (Morton & Spitzer 1966).
Since then numerous space missions collected a plethora of UV spectra of stellar
and non-stellar objects. An incomplete list of these missions includes Copernicus (Rogerson et al. 1973), IUE (Boggess et al. 1978), HUT (Davidsen et
al. 1992), FUSE (Moos et al. 2000), and HST with its multiple spectrographs
(http://www.stsci.edu/hst/HST overview/instruments/). However, the
age of UV astronomy seems to be coming to a close with HST’s expected
decommissioning by the mid-2020s. Why, then, bother with UV spectral libraries? Fortunately the UV baton will be passed on from HST to JWST,
NASA’s flagship mission to be launched in 2018 (https://jwst.stsci.edu/).
JWST is primarily a near- and mid-infrared observatory. Rest-frame UV spectra will therefore be collected at larger distances, and the scientific focus of
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Figure 1. Limiting magnitudes reachable with JWST spectroscopy in 104 s for
R = 100 and S/N ≈ 10 (dashed line). Symbols: Photometry of the z ≈ 9 galaxy
candidates MACS115-JD1 (Bouwens et al. 2014), MACS1149-JD (Zheng et al. 2012),
and MACS0647-JD (Coe et al. 2013). From Levesque (2015).

UV astronomy will shift from Galactic to extragalactic objects. Now is the
time to prepare the community for this new era with stellar spectral libraries
for comparison with spectra to be obtained at high redshifts. The prospects
for rest-frame UV spectroscopy with JWST are illustrated in Fig. 1. JWST
in combination with NIRSpec will be able to obtain rest-frame UV spectra
of star-forming galaxies near the epoch of re-ionisation with exposure times of
∼104 s, and of a quality that compares favourably with that of spectra obtained
locally with UV detectors.

2.

Science Questions

Extragalactic abundance determinations of star-forming galaxies commonly
rely on nebular analyses, either via the strong-line method (Steidel et al. 2014),
or via the more reliable method of a direct temperature measurement with the
[O III] λ4363 line (Sanders et al. 2016). Analysis of stellar lines in the UV,
both of photospheric and of wind lines, provides an alternative method (Rix
et al. 2004; Steidel et al. 2016). Abundances are determined by comparing
the galaxy UV spectra to synthetic spectra generated from a library of hot
stars (Leitherer et al. 2010). The stellar method provides, among other things,
undepleted iron abundances, which in combination with nebular oxygen abundances, provides clues to the α-element/Fe ratio.
The various stellar UV lines range from tens to more than 100 eV in ionisation potential. Their relative strengths to each other and to the continuum
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Figure 2. HST/COS spectrum of NGC 7552. Upper: Comparison of observations
(black) and a stellar population model (blue). The deep absorption lines originate in
the interstellar/circumgalactic phase. The theoretical template is used to subtract the
stellar lines. Lower: blue-shifted interstellar/circumgalactic lines plotted in velocity
units. The lines indicate outflows at velocities of up to ∼1000 km s−1 . From Wood
et al. (2015).

permits constraints on the stellar initial mass function (IMF; Leitherer 2011).
Models incorporating library stars with masses in excess of ∼100 M (Smith
et al. 2016) can test suggestions of an anomalous IMF in these galaxies.
Extrapolation of the synthetic spectra to below the Lyman break allows
a prediction of the ionising flux. This prediction may then be compared to
observations (or their upper limits) for a measurement of the escape of ionising
radiation (Izotov et al. 2016; Leitherer et al. 2016). These measurements are
crucial for evaluating the potential of star-forming galaxies for providing the
ionising photons necessary for the re-ionisation of the early universe.
In addition to stellar spectral features, the UV spectra of star-forming
galaxies show strong interstellar absorption lines. These are of particular interest for studying the regulation of star formation in these galaxies. Wood et
al. (2015) analysed HST/COS spectra of NGC 7552 for this purpose. They
subtracted a stellar template in order to obtain the interstellar component
free from any stellar contamination (Fig. 2). The resulting Si II/III/IV and
C II absorptions have blue-shifts of up to ∼1000 km s−1 , suggesting massive
outflows. Such large-scale galactic winds transport material from the galaxy
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disk to the circumgalactic gas reservoir, thereby quenching and regulating star
formation.

3.

Library Requirements

Most strategic spectral lines of young stellar populations are located in the
space-UV (defined as having wavelengths < 3000 Å). In practice most studies
concentrate on the spectral region between 1216 Å and 3000 Å. At low redshifts, shorter wavelengths are not accessible to most spectrographs (currently
only HST’s COS can observe at these wavelengths), whereas at high redshift
the Lyman-α forest strongly attenuates the observable flux below 1216 Å. The
spectral lines observed in star-forming galaxies are broad (tens to hundreds of
km s−1 ) as they are affected by stellar winds (Leitherer et al. 2010), macroscopic turbulence, and galactic outflows (Heckman et al. 1997). Stellar libraries
should have a wavelength resolution of λ/∆λ > 1500 to match the data. The
UV spectral region is dominated by stars with Teff > 10, 000 K. That translates
into spectral types O, B, and A and also WC and WN. The WC and WN stars
are the carbon- and nitrogen-rich sub-species of Wolf-Rayet (W-R) stars, the
evolved counterparts of massive O stars. Complete spectral libraries should
extend to metallicities as low as 1% solar. Note that this requires relying
on atmosphere models since there are no massive stars with metallicities less
than 10% solar in Local Group galaxies. The most metal-poor star-forming
galaxy known is I Zw 18, with an oxygen abundance of 12 + log(O/H) = 7.11
(Kehrig et al. 2016). One might expect galaxies with almost no metals to have
prevailed in the early universe. However, chemical enrichment by subsequent
stellar generation is rapid: just a few pair-instability supernovae can increase
the metallicity from zero to about 2% at redshift seven (Wise et al. 2012). A
final requirement for a complete (theoretical) library is coverage of the Lyman
continuum in order to predict the ionising photon flux.

4.

Existing Libraries

UV spectral libraries come in two categories: empirical libraries, which require
observations from space, and theoretical libraries, which are a collection of
spectra built from model atmospheres.
The original (and still widely used) empirical UV library was created by
Fanelli et al. (1992) who combined 218 IUE low-resolution (7 Å) spectra of
Galactic stars of all spectral types. At higher resolution (1 – 2 Å), a spectral
library focusing on hot stars was generated with HST and IUE spectra of
Galactic and Magellanic Cloud stars by Robert et al. (1993), de Mello et
al. (2000) and Leitherer et al. (2001). The most comprehensive effort so far
is the Next Generation Spectral Library (NGSL; Gregg et al. 2006; Heap &
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Figure 3. Comparison of a WM-Basic spectrum with parameters Teff = 38, 400 K,
log L = 6.03 and solar abundances (thick line) and an average IUE high-resolution
spectrum of an O5 I star (thin line). The narrow absorptions in the data are interstellar. From Leitherer et al. (2010).

Lindler 2009; Koleva & Vazdekis 2012). This library currently includes about
400 stars, with the number still growing. The data were obtained with HST’s
STIS in the near-UV, imposing a wavelength cut-off of λ > 1680 Å.
Model atmospheres for theoretical libraries focus on the best possible treatment of either line-blanketing or wind effects. The atmospheres of choice depend on the intended wavelength, the age/mass/temperature of the stars, and
the metallicity. For very metal-poor, hot, massive stars, wind effects become
negligible.
Populations dominated by B stars (and later) can be modelled very well
with static LTE atmospheres. Rodriguez Merino (2005) created such a library from a large grid of line-blanketed, plane-parallel Atlas9 atmospheres.
The UVBLUE library provides excellent parameter space coverage across the
Hertzsprung–Russell diagram. The TLUSTY models of Lanz & Hubeny (2003,
2007) account for non-LTE effects in O and B stars, and are geared towards
hot stars in which wind effects can be ignored (since wind hydrodynamics are
not included). Wind effects must be accounted for in the hottest, most massive
stars whose UV spectra show conspicuous P Cygni profiles formed in winds.
The codes CMFGEN (Hillier & Miller 1998) and WM-Basic (Pauldrach et
al. 2001) are commonly used for producing grids of model atmospheres suit-
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able for utilisation in libraries. Both methods account for sphericity, non-LTE,
line-blanketing and the wind radiation-hydrodynamics. The quality of WMBasic models can be evaluated in Fig. 3 where a model spectrum is compared
to data of a hot star having equivalent spectral type. In contrast to cool stars,
hot star models are sufficiently advanced to substitute empirical spectra when
parameter space coverage is needed. A comprehensive library tailored for W-R
stars was published by Gräfener et al. (2002) and Hamann & Gräfener (2003).
This library is particularly useful for modelling the broad He II λ 1640 Å line
that is often observed in young star-forming galaxies.
The full potential of stellar UV libraries for extragalactic studies is unleashed by implementing them in population synthesis models. Some of the
software packages in use are GALEXEV (Bruzual & Charlot 2003), FSPS (Conroy et al. 2009), BPASS (Eldridge & Stanway 2009), Starburst99 (Leitherer et
al. 2014), UV e-MILES (Vazdekis et al. 2016). The resulting synthetic models fall typically into the following categories: a full spectral synthesis over a
broad wavelength range (e.g., Leitherer 2011), generation of line indices and
equivalent widths (e.g., Zetterlund et al. 2015), and input for photoionisation
models (e.g., Gutkin et al. 2016).

5.

Open Issues

Hot, massive stars are rare and have formed very recently. Therefore extremely
metal-poor stars are not found in the Milky and other Local Group galaxies.
Existing empirical UV libraries are strongly biased against these stars. Very
metal-poor galaxies exist at distances comparable to that of the Virgo cluster
(D = 16.5 Mpc). However, individual hot stars are too faint for spectroscopy
with current instrumentation. Moreover, they are concentrated in dense clusters, making spectroscopy of single stars unfeasible. This situation will not
significantly improve even with the new generation of 10-m class UV telescopes
under study. Empirical libraries must be supplemented with model spectra.
The usefulness of spectral libraries is closely linked to the reliability of
stellar evolution models, which are required to assign ages and masses to each
library star. Our understanding of massive-star evolution is somewhat incomplete, with some phases missing or interpreted incorrectly. W-R stars are a
particularly notorious example. They are important contributors to the ionising and non-ionising UV spectra of star-forming galaxies, but synthesis models
often fail to reproduce the data even though W-R stars are included in the
spectral libraries (Wofford et al. 2013).
Most early-type stars are formed as binaries, and interactions between the
two components over their lifetime may change the course of their evolution
(de Mink et al. 2014). Binarity introduces an additional, poorly constrained
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Figure 4. Composite UV spectrum of 30 galaxies at z = 2.4 compared to Starburst
99 (upper) and BPASS (lower) models. Left: spectral region around N V λ 1240 Å;
right: spectral region around C IV λ 1550 Å. From Steidel et al. (2016).

free parameter, both in terms of identifying stellar types for inclusion in the
library and for the choice of the evolutionary models. Shown in Fig. 4 is a
comparison of a stacked spectrum of 30 galaxies at z = 2.4 (Steidel et al. 2016)
and two model spectra, one computed with single-star models (Starburst99),
and the other with binary models (BPASS). Both models give similarly good
fits to the data but the binary models predict a much harder ionising flux so
that the emission-line spectrum would be very different from that of single-star
models.
Galaxies at the very highest redshifts may form stars whose properties
differ from those of stars in the local universe. Stellar libraries lack spectra of
stars with masses significantly above 100 M , simply because few such stars
are known locally and theoretical spectra are poorly constrained owing to lack
of observational guidance. Crowther et al. (2016) discuss potential candidates
of very massive stars in R136, the ionising cluster of 30 Doradus. Some of those
stars may have zero-age main sequence masses of up to 300 M . Inclusion of
such stars in UV libraries will be required for attempts to model galaxies near
the age of re-ionisation.
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