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Abstract
The last decade has seen incredible advances in studies of astrophysical cos-
mology, primarily as a result of developments in telescopic facilities, both on
the ground and in space. Recent results suggest that individual galaxies may
have been found at redshifts (z) as high as 10. One of the primary observa-
tional signatures of actively star forming galaxies in the distant universe is the
Lyman-alpha emission line (Lyα). The line is used either to search for ob-
jects or as a spectral feature for definite redshift confirmation. In recent years,
high-z Lyα surveys have been used to constrain cosmic star formation his-
tory, search for signatures of large scale structure, and investigate the neutral
hydrogen fraction of the intergalactic medium. This doctoral thesis is directly
concerned with studies of the Lyα emission from star-forming galaxies and
the validity of Lyα as a cosmological tool.

The approach is to study a sample of local actively star forming galaxies
using data obtained with the Hubble Space Telescope (HST). Imaging obser-
vations have been performed in the Lyα line, Hα , and various continuum
bandpasses in the ultraviolet and optical wavelength domains. Sophisticated
tools have been developed for the analysis of the images, resulting also in theo-
retical exploration of Lyα-related observables from galaxies at high-z. Model
simulations are presented, along with a methodology by which to interpret
high-z survey data. HST imaging results call into question the interpretations
of many high-z Lyα surveys. More specifically, the first direct observational
evidence is presented for the emission of Lyα photons after resonant scatter-
ing in neutral hydrogen and low surface-brightness Lyα halos are found as
a result. Imaging reveals Lyα morphologies that systematically differ from
morphologies probed by stellar light or non-resonant tracers of the nebular
gas. Based upon Hα observations and recombination theory, the fraction of
Lyα photons that escape is found never to exceed 20% in any of the observed
targets, despite the violent star-formation known to be taking place. Even af-
ter internal dust corrections, a deficit from the predicted Lyα/Hα line ratio is
always found. The interpretation is that scattering events systematically en-
hance the probability of absorption of Lyα by dust grains. If these galaxies
are representative of those that fall into the data-sets of high-z Lyα surveys,
some cosmological estimates may be in error by an order of magnitude.
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1 Introduction

This thesis is devoted entirely to studies of the Lyman-alpha emission line
(Lyα), formed by the electronic de-excitation between the 22P and 12S or-
bitals of neutral hydrogen (HI). This transition results in the emission of a
single photon with energy 10.2 eV and wavelength (λ ) 1216 Å. When short-
lived massive stars are in existence, their hot atmospheres produce an intense
radiation field with a significant number of photons with energy greater than
13.6 eV (λ < 912 Å) which ionised the surrounding neutral medium. After
some time, the individual electrons and protons recombine with continuous
emission resulting from recombinations into the higher excited states of the
hydrogen atom. A sequence of electronic cascades follows resulting in a se-
ries of discrete emission lines, the final stage of which produces photons in the
Lyman series. Thus, the hydrogen emission line spectrum is frequently seen
superimposed on spectra of young stellar populations and is used as a diag-
nostic of star formation. Around 1/3 of the ionising energy is reprocessed in
the Lyα emission line alone.

Star formation in galaxies typically occurs either quiescently at low, sus-
tainable rates or in rapid, unsustainable, and therefore short-lived bursts (‘star-
bursts’). In the second mode, Lyα may be expected to be so bright that it could
be observable from the farthest reaches of the observable universe. Indeed this
does seem to be the case although, considering the distances involved, even
Lyα may appear very faint. Stellar continua are fainter still, often undetected,
and Lyα may be the only radiation seen from some galaxies at the highest red-
shifts, at least with current technology. While theories may be able to predict
Lyα observables, how much information can really be inferred from a single
emission line? The situation is so complex that detailed observational tests are
required.

The work contained here is broken down as follows. The remainder of this
Chapter provides a broad overview of galaxy surveys and observational di-
agnostics of star formation. Chapters 2 and 3 outline the general significance
and cosmological importance of Lyα studies. Chapters 4 and 5 explain why
the physical understanding of Lyα emission is far from complete and that
much further work is required. Chapter 6 describes the observations and some
of the methods employed in the presented articles. Chapter 7 includes a de-
scription of the individual articles produced for the thesis. Chapter 8 outlines
some ongoing work and future prospects. Finally the articles themselves are
included.



2 Introduction

1.1 Surveying the universe
The universe is a large and poorly understood entity. A great deal of what
we do understand comes from observations of the stars; by observing the ra-
diation they produce directly, by observing reprocessed stellar energy, or by
observing the violent phenomena in the final stages of stellar evolution. All
but a very small fraction of stars in the universe reside in the confines of grav-
itationally bound galaxies. As we look to greater distances stars become too
faint and angular separations too small for stars to be observed individually
and observers must instead rely upon the integrated stellar light from galax-
ies. Fortunately galaxies, at least the bright ones, can be observed out to the
very large distances and the current record-holding galaxy candidate lies at a
redshift (z) of about 10, when the universe was just a few percent of its current
age. The galaxy population is far from homogeneous, with objects spanning
many orders of magnitude in mass and luminosity, exhibiting a wide array of
colours and morphological types. Furthermore, galaxies are not evenly dis-
tributed in space, but follow a complex distribution in groups, clusters, and
super-clusters. On very large scales clusters are linked by filamentary struc-
tures, with huge voids between in which very few objects are found. Funda-
mental issues that need to be addressed are how the rate of star formation has
proceeded as a function of cosmic time (i.e. at the rate gas has been converted
into stars), what physical processes are dominant in regulating and driving star
formation, and how this varies as a function of environment. Furthermore the
state (composition, density, ionisation, etc.) of the space in between galaxies
(the intergalactic medium; IGM) plays a fundamental role in our understand-
ing of the universe and its evolution.

Many many efforts have been undertaken, are underway, and are in devel-
opment to address just these questions, the most common approach being to
survey the visible galaxy population. Optimisation of telescope time depends
upon the scientific goal; ideally one wants as many galaxy candidates as pos-
sible. Arguably the largest scale survey to date is the Sloan Digital Sky Survey
(SDSS). Using a dedicated 2.5m telescope and five optical bandpasses SDSS
has already detected over 200 million celestial bodies and measured spectra
for more than 750 000 extra-galactic objects. Covering one quarter of the sky,
SDSS will construct a three-dimensional map of the galaxy population. Cov-
ering a much smaller portion of the sky, the Canada-France-Hawaii Telescope
Legacy Survey Deep (CFHT-LS) and Subaru Deep Field (SDF) surveys have
obtained a similar type of data-set to SDSS but reaching fainter depths, aiming
directly at studying the evolution of clustering and stellar populations with
cosmic distance, and uncovering some of the most distant galaxies. Space-
based surveys, e.g. the Hubble Deep Field (HDF) and Great Observatories
Origins Deep Survey (GOODS) again have similar objectives but utilise the
enhanced resolving power of the Hubble Space Telescope. These examples
select just a few of the many galaxy surveys using optical wavelengths; cov-
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erage of all of them would require a volume of its own. Combined data from
all of these surveys have produced, and will continue to provide insights into
the processes of galaxy evolution, clustering, and cosmic star formation.

1.2 Star formation rates
The star formation rate (SFR) is defined as the rate at which gas is converted
into stars and, integrated over a single object, is typically measured in solar-
masses per year (M� yr−1). From the perspective of astrophysical cosmol-
ogy, the key star formation related quantity to pin down is the rate of cosmic
star-formation per unit volume, or star formation rate density (ρSFR, units of
M� yr−1 Mpc−3). This quantity, measured at various epochs in the history of
the universe, gives us the cosmic star formation history; a quantity fundamen-
tally linked to the drivers of the star formation process and galaxy evolution.
Typically ρSFR is measured by summing the SFR of all the galaxies found in
a given volume of space.

Star formation rates can be measured in a number of ways and an excellent
review can be found in Kennicutt (1998a). For standard initial mass function
(IMF; the mass distribution of stars at zero age)1, the relative abundance of
massive stars is small. Since these stars have very short lifetimes (less than
the proto-stellar collapse timescale) ongoing star formation is required to ob-
serve them and their number becomes a direct tracer of the SFR. Since they
burn very hot (T & 30000 K), they may dominate the far ultraviolet (FUV)
luminosity of the host and the FUV luminosity is often used as an SFR esti-
mator, a common calibration being that of Madau et al. (1998). This is par-
ticularly useful for high-z galaxy surveys when the restframe FUV gets red-
shifted to optical wavelengths, and is observable from the ground. Drawbacks
of SFR(FUV) include extinction by dust which can be severe in the FUV, and
that post-starburst A-star dominated systems remain bright in the FUV several
100 Myr after active star formation has ceased.

Since the ionising output from massive stars is reprocessed in the hydro-
gen recombination spectrum, recombination lines offer an alternative mea-
sure since they trace the ionising luminosity directly. Essentially any line can
be used, most commonly Hα since it is the strongest line in the optical do-
main and lies in the R-band where dust reddening is small. Many SFR(Hα)
calibrations have been published, a very frequently adopted relation being that
Kennicutt (1983). Hα is a very common star formation probe at low-z, but is
not suited to high-z since it is redshifted out of the optical domain at z ∼ 0.4.
Blueward of Hα , Hβ would be a possibility but is less well suited to SFR
determinations being a weaker line and more susceptible to both stellar Hβ

absorption and dust reddening. [OII]λ3727Å has been calibrated as a SFR

1dN/dM ∝ M−2.35, for the Salpeter (1955) initial mass function. Mass range frequently as-
sumed to be between 0.1M� and 100M�. Numerous alternative and more complex IMFs exist.
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diagnostic (e.g. Gallagher et al. 1989) and may be better suited to high-z, re-
maining in the optical until z ∼ 1.4. Neither is it subject to stellar absorption
but has only been empirically calibrated against Hα and spread is significant.
The only strong recombination line bluewards of [OII] is Lyα at 1216Å. Since
it is not redshifted out of the the optical domain until z ∼ 6.5, in principle
makes it an ideal tracer of star formation at very high-z. However, Lyα is ex-
tremely sensitive to dust and, due further complexities relating to its resonant
nature, it may make an extremely biased indicator. Indeed the complexity of
Lyα emission from galaxies is the main topic addressed in this thesis.

Many other wavelength domains may be used to estimate SFRs in galaxies.
Most notably, the far infra-red thermal continuum from UV-heated dust grains
(Kennicutt 1998b), the X-ray luminosity (Ranalli et al. 2003), and radio con-
tinuum, (Condon 1992). All SFR estimators are subject to model uncertainties,
particularly regarding the IMF and assumed star-formation timescales.
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2 Predicted Lyman-alpha
observables

2.1 Early predictions for primeval galaxies
The star formation process very quickly leads to the production of dust. Dust
in turn leads to the attenuation of both starlight and emission from nebular gas,
with extinction curves showing successively more attenuation at shorter wave-
lengths (although some discrete features may be present). All extinction laws
peak at FUV wavelengths, indicating strong biases may be introduced into
quantities derived from FUV continuum or Lyα . However, the very first stars
to turn on in the universe must have done so in a dust-free environment. Since
the first stars must also form at high redshifts, from where the FUV will be
redshifted to wavelengths observable from the ground, both FUV continuum
and Lyα have long been considered effective tracers of high-z star formation
and ‘primeval galaxies’.

Indeed, it was just these considerations that lead Partridge & Peebles (1967)
to propose the use of both the Lyman continuum break and Lyα emission line
as observational signatures of primeval galaxies and to make observational
predictions. These predictions were based upon the most basic stellar popula-
tion model: that the spectrum of the primeval starburst could be approximated
by that of a single blackbody with effective temperature midway between that
of an average O and B star (Teff = 30000 K). Computing the fraction of ion-
ising photons (hν > 13.6 eV; λ < 912Å), and assuming that they were all ab-
sorbed by neutral hydrogen, Partridge & Peebles (1967) were able to estimate
the strength of the nebular hydrogen spectrum from recombination theory.
They found that in this idealised case, equivalent widths1 of around 70Å could
be expected for Lyα . For the estimated galaxy masses, this corresponded to
Lyα fluxes so great that objects could potentially be observed at cosmologi-
cal distances, and represented the birth of cosmological Lyα studies, at least
conceptually.

A more advanced approach was adopted by Meier (1976) who modified the
single blackbody spectrum of Partridge & Peebles (1967) using more devel-
oped population synthesis models (Tinsley 1972). Since the massive hot stars
dominate both the UV continuum near Lyα and the ionising photon budget,

1Equivalent width (W ) measures the strength of a spectral line relative to the continuum. W =
F/ fλ . F is flux integrated over line flux, fλ is continuum flux density. Unit is that of wavelength,
usually Å.
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Figure 2.1: Predicted observables from Charlot & Fall (1993). Left: The evolution
of the UV and optical composite stellar continuum with time. A decrease in ionising
flux of over three orders of magnitude is visible between 10 and 100 Myr. Right: The
evolution of Lyα flux and equivalent width over the same time-scales. An extremely
sharp break is seen in the flux around 40 Myr resulting directly from the drop in
ionising continuum. Various upper mass limits (in M�) on the IMF are labeled.

Meier’s result was in close agreement with Partridge & Peebles (1967) at the
earliest times: WLyα∼ 70Å. The main limitation of both of these attempts was
the treatment of the ionising photons, given that no individual stars had ever
been observed at these wavelengths.

Sophisticated population synthesis modeling (e.g. Bruzual & Charlot 1993),
aided by libraries of observed stellar spectra, improved the estimates of Lyα

observables in the early 1990s. Due to the advent of space-based FUV obser-
vatories and stellar atmosphere radiative transport models, population synthe-
sis models became much better equipped to estimate the ionisation budget.
The models allow galaxy spectra to be predicted for a variety of IMFs and
star formation histories. Figure 2.1 shows predictions from Charlot & Fall
(1993) for the stellar continuum spectra (left) and for the resulting Lyα flux
and equivalent width (right). The stellar continuum flux can be seen to decline
with age at all wavelengths but the ionising flux predictions are significant:
between 10 and 100 Myr, the ionising flux density can be seen to drop by over
three orders of magnitude, while the continuum flux at Lyα evolves much
more slowly. Due to the fall-off in the ionising power, the Lyα flux can be
seen to decrease very rapidly at around 40 Myr, after which the Lyα emission
feature cannot be expected. The models predict WLyα of up to 240Å (for an
instantaneous starburst with Salpeter IMF) at early times during the starburst
phase.

The Charlot & Fall (1993) predictions remain oft-cited by Lyα observers
and the ranges of equivalent widths observed spectroscopically infrequently
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exceed the limits set by these models. They were, however, based upon li-
braries of normal stars, observed in the Galaxy and Magellanic clouds, and
are unlikely to be representative of the first stars to form in the universe.

2.2 Truly primeval systems: toward population III
The IMF is thought to be determined by gaseous collapse, fragmentation, spin,
cooling, and turbulence in the protostellar clouds, resulting in Jeans masses of
. 100M� for normal metallicities (Z). Simulations suggest that metal-free
systems are able to avoid fragmentation at masses between 100 and 1000M�,
resulting in the formation of very massive stars (Abel et al. 2000; Bromm
et al. 2002). This represents a significant departure from ‘normal’ stellar mass
distributions of zero age populations. Also, as a result of zero metal opac-
ity and higher central temperatures and pressures, the properties of individual
population III stars are thought to differ greatly from their higher metallic-
ity counterparts, with effective temperatures significantly higher: & 105K at
100M� (Tumlinson & Shull 2000; Schaerer 2002). With substantially raised
effective temperatures at given mass, and relative overproduction of massive
stars, the far and extreme UV spectrum of a primeval star forming galaxy is
expected to be significantly enhanced compared to normal starbursts.

Figure 2.2 shows some predictions for the zero age spectrum of a popu-
lation III galaxy and the evolution of WLyα with time. Due to the higher ef-
fective temperature of the stars, the spectrum hardens and the ionising power
increases, dramatically raising the contribution of the nebular continuum com-
ponent compared to normal starbursts. In the example shown here, the total
spectrum is dominated by nebular gas at all wavelengths redward of the Ly-
man break. While the most massive (> 100M�) are still in existence, WLyα

reaches above 1000Å and the hardening of the spectrum results in a substan-
tial number of photons with energy sufficient to ionise He+ (24.6 eV) and a
HeII λ1640Å line is also superimposed on the spectrum. This line is generally
accepted as the canonical signature of population III stars although to date it
has never been observed in high-z starburst systems.

2.3 Effects of the intergalactic medium
While significant work has gone into predicting the restframe observables of
star forming objects, the actual observables, particularly regarding Lyα , may
differ significantly. The spectrum may be modified by radiative transfer effects
internal to the galaxy (in the interstellar medium; Chapter 5) or between the
target and the Milky Way (in the intergalactic medium; IGM).

Just like in the ISM, the IGM makes its presence felt as a result of two ma-
jor constituents: dust and HI. Typically in the ISM, dust or HI are thought of



8 Predicted Lyman-alpha observables

Figure 2.2: Predicted observables from Schaerer (2002, 2003). Left: Synthetic spec-
trum of a zero-age main sequence population at Z = 10−7Z�. Dotted black spectrum:
pure stellar continuum; grey spectrum: nebular gas continuum; solid black: total stel-
lar+nebular spectrum. Vertical dotted lines show the ionisation energies of HeII, HeI,
and HI. Strong nebular recombination lines are superimposed on the spectrum, in-
cluding the canonical Pop III signature: the HeIIλ1640Å line. Note also the optical
continuum is dominated by the nebular continuum which is much redder than that
of the stars. Right: predicted evolution of the HI Lyα equivalent width for various
burst models at Z = 10−7Z�. Zero-age WLyα is significantly higher than that shown in
Figure 2.1.

as screens covering the central regions, negligible in depth compared to cos-
mic distance scales. In the IGM the ‘screen’, while of extremely low density
compared to the ISM, may have a depth comparable to the distance to the
target, implying that any wavelength-specific processes manifest themselves
over a wide range of spectral bands. Moreover, the density and composition
of the IGM constituents vary with z, as a result of the Hubble expansion and
galaxy evolution and feedback processes. Thus redshift and line–of–sight to
the source have a profound impact upon the observed spectrum.

Firstly, it has long been known from high-z quasar spectroscopy that dis-
crete Lyα absorption features are seen on the blue side of redshifted Lyα , that
result from individual HI clouds in the IGM (i.e. The Lyα forest; LAF). Nu-
merous LAF review articles have been published (eg. Rauch 1998; Fan et al.
2006) and won’t be discussed at length here. Each individual cloud leaves its
imprint in the spectrum, depending on redshift and the neutral hydrogen col-
umn density (nHI). Both the space density (Péroux et al. 2003) and column
density (Rao et al. 2006) depend strongly upon redshift. This means that con-
version between observed and restframe optical colours is more involved than
the standard cosmological K−correction. Madau (1995) has shown that line
blanketing by Lyman series absorption features in IGM clouds would cause
z∼ 3 galaxies to completely drop out of U−band observations, even neglect-
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ing the intrinsic Lyman break feature. By z∼ 4, more that two magnitudes are
lost at B. Between redshifts of 4 and 5, Madau (1995) also suggested that IGM
absorption features could completely remove flux bluewards of Lyα , resulting
in a ‘Lyman-alpha break’, similar to the classic Lyman break but situated at
restframe 1216Å, which should instead be used as a tool to identify high-z
galaxies.

Complete absorption (Gunn-Peterson) troughs have been observed in
quasar spectra at zGP = z ∼ 6 − 6.5. This either represents the gradual
thickening of the LAF (Songaila & Cowie 2002; Songaila 2004) or a
significant change in the fraction ionisation fraction (xHI) of the IGM (Becker
et al. 2001; Djorgovski et al. 2001; Fan et al. 2002). Whatever the direct
cause of the Gunn Peterson trough, the high HI column density near the
source implies the red damping wing of the absorption profile at Lyα may
also affect the emitted Lyα line itself (e.g. Miralda-Escude 1998). Simple
considerations would then demonstrate that at redshifts around zGP the Lyα

line could be severely attenuated by the local IGM and at slightly greater z
Lyα-emitters (LAE) would cease to be observable.

However, hope exists for the observation of Lyα beyond the epoch of reion-
isation. Loeb & Rybicki (1999) have investigated the effects of resonant Lyα

scattering in the pristine neutral IGM. In their models, photons scatter and
diffuse until they redshift out of resonance owing to the Hubble expansion,
from which point they free stream through the neutral IGM. This would result
in Lyα halos significantly larger than the HII region where the Lyα formed,
and a decrease in surface brightness as the intensity is distributed over a larger
angular size.

The size of a photoionised region (Strömgren sphere in the idealised, spher-
ically symmetric case) can be computed from very simple ionisation balance
considerations. Cen & Haiman (2000) and Madau & Rees (2000) have pre-
sented models of the Lyα line transmission from a source embedded in a
neutral IGM. Objects with sufficient ionising power are found to create HII

regions so large that the travel time between Lyα photons being produced and
reaching the ionisation boundary is enough for photons to be redshifted out
of the restframe scattering resonance and avoid scattering in the IGM. This
model was developed by Haiman (2002) producing a simple model for Lyα

transmission prior to reionisation where the transmitted fraction of Lyα is de-
pendent simply upon star-formation rate (i.e. the number of ionising photons),
nHI, and the intrinsic thermal width of Lyα . Subsequent Lyα predictions of
asymmetric line profiles from epochs prior to reionisation have been made by
Santos (2004) where dynamic effects in the IGM (HI infall) and host (feed-
back and outflows) were considered.

Lyα emission beyond reionisation is aided by the fact that the galaxy distri-
bution in the universe is far from homogeneous with significant overdensities
in place by z∼ zGP. If the reionisation process began at z∼ 14 as suggested by
W-MAP (Spergel et al. 2007), the early and mid stages of reionisation are ex-
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pected to be quite inhomogeneous. The clustering of the first star-forming ob-
jects results in the individual Strömgren spheres overlapping, producing cos-
mological HII regions. This implies Lyα would be expected from some sites
significantly prior to zGP. Typically, it would be redshifted out of the wave-
length domain covered by most current surveys. While detections of LAEs
prior to re-ionisation seems possible, detections are more likely to trace proto-
clusters than individual galaxies.

2.4 Number counts and luminosity functions
Previous discussion in this Chapter has focussed on the observables from in-
dividual objects but has not addressed the actual number of such objects that
could be expected from a given observation. The luminosity function (LF)
describes the space density of galaxies at a given luminosity, usually approxi-
mated by the Schechter function2.

Quite recently, an analytical approach to the problem was taken by Haiman
& Spaans (1999) who employed Press & Schechter (1974) formalism to esti-
mate the cosmological mass distribution of dark matter halos. They assumed
that each halo goes through a Lyα emitting phase during which a certain
fraction of baryonic mass is converted into stars over a constant timescale.
This allowed them to compute the surface density of Lyα emitters on the sky
above a given observational threshold flux. While not publishing the predicted
LF(Lyα) per se, they did comment on how the observed space density depends
very strongly upon detection threshold, noticing how a loss in sensitivity of
a factor of 10 resulted in a decrease in observed space density by a 2–3 or-
ders of magnitude between redshifts 2 and 5. One of the main points of this
article was the suggestion that if the intrinsic LF(Lyα) was known at a given
redshift, deviations from this could be used to constrain xHI (see Section 2.3).
Employing the Lyα attenuation model of Cen & Haiman (2000) these models
were converted to luminosity functions by Haiman & Cen (2005) for a variety
of values of xHI.

Le Delliou et al. (2005, 2006) have performed similar experiments based
upon semi-analytical galaxy formation models that include the star-formation
episodes for each condensation. SFH for each model galaxy is then easily
converted into Lyα luminosity by assuming an IMF to compute the ionisation
budget, recombination theory to compute the Lyα production, and a Lyα es-
cape fraction to obtain the emitted flux. They found Lyα LFs to well match
observations at redshifts between 2 and 5 and were also able to predict a va-
riety of properties and observables of Lyα selected systems, including halo
masses, clustering biases, stellar masses, and the Lyα equivalent width distri-

2Schechter function: Φ(L)dL = φ?
( L

L?

)α exp
(
− L

L?

) dL
L? describes the number of galaxies per

Mpc3 as a function of luminosity. The function takes the form of a power law with index α at
L < L? and a negative exponential at L > L?.
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bution. All of these can be compared against observables or observationally-
inferred properties. More recently an analytical approach has been adopted by
Dijkstra et al. (2007) who again uses a Press-Schechter formalism but mod-
ified to comoving coordinates (Sheth et al. 2001). Their conversion between
mass and Lyα luminosity functions is performed by assuming a star-formation
duty cycle, efficiency, escape fraction and IGM transmission.

The intrinsic Lyα luminosity function is one of the most valuable quantities
to pin down, since comparison of the observed LF with redshift may provide
insights into the ionisation state of the IGM. Unfortunately so many variables
go into the estimate, and Lyα is by nature a very sensitive line (Chapters 4
and 5), that robust estimates are extremely difficult to make. More discussion
of LF(Lyα), relating to real observations, can be found in Section 3.3.3.





13

3 High-redshift Lyman-alpha
Surveys

After having discussed what theoreticians expect, I now discuss the reply of
the observers. Firstly by discussing the survey methodologies, then discussing
the first generations of surveys, followed by a summary of the current state–
of–the–art.

3.1 Finding the high-redshift populations
Several observational techniques are commonly employed to hunt down the
high-z galaxy populations, and often it is prudent to use more than one, ei-
ther concurrently or consecutively, to obtain robust results. Selection of high-
z galaxy candidates has been successfully performed using the Lyman-break
selection criterion by numerous groups, most notably at redshifts around 3 us-
ing various ground-based telescopes (Steidel et al. 1999), and all the way to
z∼ 6 using the HST (GOODS and HUDF) and SUBARU telescopes (Stanway
et al. 2003, 2004; Bunker et al. 2004; Yan et al. 2006), and between 7 and 8
(Bouwens et al. 2004). In principle, pure broad-band photometry enables pho-
tometric redshifts (photo-z) to be derived for large catalogues simultaneously.
Photo-z techniques are commonplace and statistically accurate when tested
against large spectroscopic samples, particularly at low- and intermediate-z.
However at the highest redshifts, where dropout candidates are detected in
just one or two bandpasses, photo-zs cannot be considered robust for indi-
vidual targets and spectroscopic follow-ups are essential to obtain redshift
confirmation.

Searches for emission line objects don’t suffer directly from such erroneous
redshift determinations; if an emission line can be found and identified, then
its wavelength gives the redshift of the object directly. Emission line searches
can be performed in essentially three ways: slitless spectroscopy (objective
prism), long-slit spectroscopy, and narrow-band imaging.

The objective prism method simply requires a dispersion element in the col-
limated beam of the telescope, thereby dispersing the light received from each
object across the detector. Thus both spatial and spectral information are pro-
vided simultaneously. However, with no filter to remove the sky background,
the background is dispersed over all wavelengths of the detector, resulting in
general, in high background noise and poor sensitivity. Moreover, without a
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slit in front of the disperser, all light from the targets is smeared together over
the dispersion axis, making the method more suitable for identifying unre-
solved objects like stars or high-z quasars, than spatially resolved galaxies.
The method was frequently employed to search for low-z HII galaxies (e.g.
Moss et al. 1988) although has fallen out of favour in recent years. It is cur-
rently enjoying something of a comeback due to the Grism ACS Program for
Extragalactic Science (GRAPES) survey using HST/ACS (Rhoads et al. 2005).

Long-slit spectroscopic search methods offer a different approach and im-
proved sensitivity, since only sky background in the slit itself is transmitted.
Moreover, depending on the dispersion, large redshift ranges may be sampled
in a single observation. However, if survey volume is the goal, then slit spec-
troscopy suffers in the face of its small field–of–view as the slit reduces the
area covered on a given pointing. Strategic improvements can be made by tar-
geting critical lines following the caustics of lensing clusters (see Figure 3.1)
, in order to use the natural telescopic effect of the cluster to observe fainter
background sources (e.g. Stark et al. 2007).

Figure 3.1: Left: Example of blind longslit survey approach where slits are placed
along gravitational lens caustics from Stark et al. (2007). Right: Narrow-band survey
filter setup targeting Lyα at z∼ 6.5 from the SUBARU group.

Easily the most common method of searching for high-z Lyα emitters is the
narrow-band (NB) imaging approach in which single narrow-band observa-
tion is used to target the line. At least one wavelength-coincident broad-band
(BB) imaging observation is required. Thus if an line emitting object at the
right redshift falls within the field–of–view (FoV), then it will exhibit a blue
(negative) NB−BB colour (‘narrow-band excess’). Narrow-band imaging has
the advantage of being able to cover large FoV; as large as the good region
of the detector, and the narrow filter itself limits the sky-noise. Redshift space
is however restricted due to the narrow bandpass. Target redshifts are further
restricted by atmospheric OH air-glow emission lines which dominate the sky
background in the R-band and become stronger with increasing wavelength.
Hence narrow-band filters must be selected so as to avoid residual contami-
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nation from air-glow lines, leaving only a number of discrete redshift ranges
through which to probe for high-z LAEs (See Figure 3.2). Most common

Figure 3.2: OH air-glow atmospheric emission lines. Emission line surveys need to
target redshifts where the line will fall between the emission bands and some com-
monly used windows used to target Lyα are labeled.

redshift windows are 4.5, 4.8, 5.7, 6.5, 7.7, and 9.0.
All emission line surveys suffer from one common principle drawback:

line identification/mis-identification or the rejection of contaminants.
Lyα searches must insure that the line they are seeing is Lyα , not,
for example [OII]λ3727Å or Hα at lower-z. Narrow-band imaging is
especially susceptible since it only identifies narrow-band excess. Targeted
spectroscopic follow-up is desirable in order to reject interlopers by
identifying other spectral features, although in some cases the continuum
may be too faint to detect in reasonable observing times. The identification
of a Lyman-break using additional broad-band photometry may be used to
reject interlopers (although is less robust) and multi-colour selection criteria
may enhance the likelihood of firm Lyα identification, again, if detections
are made in the continuum.

Future generations of integral field spectrographs (e.g. 4th generation
VLT instrument the Multi Unit Spectroscopic Explorer (MUSE)) will
introduce three dimensional spectroscopy to the field of high-z emission line
observations.

3.2 First attempts at high-z detections
Despite the high Lyα fluxes predicted, first generations of high-z Lyα sur-
veys were largely unsuccessful. See Pritchet (1994) for a review on the topic.
The first attempts using objective prism techniques were reported by Koo &
Kron (1980) who were confident they could detect Lyα emitters at z = 5 in
large field of 1 square degree. Their result was negative: no candidate Lyα

emitters were detected. Numerous attempts to detect Lyα emitters were per-
formed using longslit techniques: Lowenthal et al. (1990) found no objects at
2.3 ≤ z ≤ 4.7 at a 1σ detection limit 3 orders of magnitude fainter than that
reached by Koo & Kron (1980); Thompson et al. (1992) found several low-z
interlopers but no conclusive Lyα emitters at z > 4. Pritchet’s article states that
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other groups have attempted to look for serendipitous high-z Lyα detections
in off-target regions of pre-existing long-slit data, but no detections worthy of
publication have materialised. Between the mid 1980’s and early 1990’s, nu-
merous narrow-band imaging surveys were undertaken: Pritchet & Hartwick
(1987) reported zero objects in the range 4 < z < 6; Pritchet & Hartwick
(1990) reported zero objects at z = 2; Studies by Rhee et al. (1989) found
zero objects; Wolfe et al. (1992) found a single object in a field surrounding
a bright QSO at z = 2.2; Djorgovski et al. (1992) found several candidates
at z = 4 but could spectroscopically confirm none of them; de Propris et al.
(1993) found zero objects at z = 2.3; Møller & Warren (1993) found a single
confirmed emitter at z = 2.8; Macchetto et al. (1993) found a single object at
z = 3.4; Parkes et al. (1994) found no Lyα emitters at z = 7. In all, tens of
surveys and hundreds of hours of telescope time found three high-z LAEs in
about a decade.

Limits on the number density of LAEs from the observations described
above could then be compared these predicted LFs from (Pritchet & Hartwick
1990, see Section 2.4), and showed clear discrepancies. Before 1994 there
was no evidence for the observed number of Lyα emitters coming close to the
predicted values; in most case being under-abundant by around two orders of
magnitude.

3.3 Recent results from high-z Lyα

As is frequently the case, the break-through had to wait for technology, which
came in the form of large-diameter reflectors, high-throughput optics, and sen-
sitive linear detectors. The last decade has seen Lyα surveys triumph on a
number of fronts, with large-scale imaging surveys such as surveys of Hu et al.
(1998), the Large Area Lyman-Alpha (LALA) survey (Rhoads et al. 2000), and
the Lyα front of the SUBARU Deep Survey (Ajiki et al. 2003). To date, several
hundred objects have been found, or have had redshifts confirmed thanks to
their Lyα emission. Cosmic distances are pushing z = 10. In this Section, I
describe some of the attempts to infer the properties of these high-z Lyα se-
lected galaxies and summarise some of the attempts to derive cosmological
quantities from the samples.

3.3.1 Properties of the highest-redshift galaxies
Determining the properties of galaxies in the very distant universe is extremely
challenging from an observational perspective. Frequently, objects are either
too faint for spectroscopic evaluation of the stellar continuum or go com-
pletely un-detected in continuum bandpasses. Properties that one would like
to learn about these galaxies include the age and mass of their stellar popu-
lations, dust content, metallicity, and IMF. In cases where objects are bright
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enough or observations deep enough to measure several points on the SED,
some of these parameters may be recoverable by fitting of spectral models to
the data. Several attempts to recover properties high-z LAEs have been pre-
sented either by examining sources individually or stacking datapoints.

Populations of Lyα-selected galaxies at z ∼ 3.1 have been studied by both
Gawiser et al. (2006) and Nilsson et al. (2007) by stacking optical and NIR
data-points for 40 objects, and optical, NIR and Spitzer data-points for 23 ob-
jects, respectively. Results of these two studies are largely in agreement, with
best fit ages of ∼ 500 Myr, and masses of ∼ 5× 108M�. Finkelstein et al.
(2007) have applied SED fitting methods to objects found in the z∼ 4.5 LALA
field, stacking 21 objects for which continuum detections were made in sub-
groups based upon WLyα . They found that both age and mass increased with
decreasing WLyα , with ages ranging between 4 and 200 Myr and masses be-
tween 2× 107 and 2× 109M�. This result is entirely consistent with current
understanding since WLyα a rapidly decreasing function of stellar age, and
older stars reduce WLyα while increasing the mass. Pirzkal et al. (2006) com-
bine Spitzer mid-IR data-points with HUDF data from a sample of nine LAEs
between z = 4 and 5.5, fitting models to individual sources. The addition of
restframe ∼ R-band data-points proves crucial in the mass estimates, which
they conclude to be lower than previous studies at 106 to 108M�. All ages
were determined to be less than 20 Myr at best fit. Similarly, Lai et al. (2007)
have presented SED-fitting studies of three LAEs at z ∼ 5.7, also combin-
ing HST/ACS with Spitzer datapoints. These authors find significantly higher
masses (109− 1010M�) and ages in the range from 5 to 100 Myr for instan-
taneous burst models, with ages pushed as high as 700 Myr when continuous
star formation is allowed. It should be noted that some of these ages are sig-
nificantly greater than the limits at which an emission line spectrum could be
expected (see Sections 2.1 and 2.2). Clearly very young stellar populations
must be present in these objects. Details of the star formation history are very
hard to constrain and what is really being determined is a luminosity-weighted
average age.

The effect of dust at high-z has also been examined by some of these authors
with signs of modest extinction being the norm, rather than the exception,
despite the dust sensitivity of Lyα . Typical V -band extinction (AV ) has been
found to be 0.1 (Gawiser et al. 2006), 0.26 (Nilsson et al. 2007). Curiously,
the highest-redshift object studied in this manner is a z ∼ 6.96 lensed object
of Hu et al. (2002), which shows AV higher than those quoted above, with a
value of between 0.5 and 1.8 at the 1σ level (Schaerer & Pelló 2005; Chary
et al. 2005).

The examples outlined above give the best insights available into the prop-
erties of the LAEs, but are difficult to understand in a coherent manner. Differ-
ing redshifts have been targeted and differences in halo-mass and other evolu-
tionary effects may well enter. The relative selection functions, depths of the
observations, and stacking may introduce further biases. Equally detrimental
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is the approach to SED fitting with many parameters, often with degenerate
effects, being fit to few data-points that may be contaminated with previous
generations of stars and strong emission lines. If population III objects were
to enter the samples, then a revision of the methodology would be required:
models would be largely inequipped, with stellar libraries not suited to the
very massive stars, nebular gas continuum may be greatly enhanced, emission
lines may dominate certain bandpasses, and the IMF is so uncertain it would
most likely need to be a free parameter.

3.3.2 Primeval stars and population III?
As discussed in Section 2.2, the observables of population III objects have
been predicted, as primeval conditions manifest themselves in the formation
of very hot stars and a modification of the IMF. Primary signatures include
a high Lyα equivalent width, and the presence of the HeIIλ1640Å emission
line. Naturally, if such objects are to be found at all, it will most likely be at
the highest redshifts. Interestingly, several of the high-z teams have reported
evidence of high restframe WLyα . Shimasaku et al. (2006) found a median
WLyα of 233Å for 28 narrow-band selected and spectroscopically confirmed
LAEs at z ∼ 5.7, tantalisingly close the theoretical maximum of 240Å esti-
mated by Charlot & Fall (1993) or at normal metallicity by Schaerer (2003).
From estimates of absorption by the IGM (Section 2.3), they estimate that
some 30–40% of their targets could contain a population III contribution, al-
though within their detection limit, no sign of the HeII line was found. Similar
high-WLyα results have been found between z = 6 and 6.5, again with the non-
detection of HeII (Nagao et al. 2005, 2007).

The LALA group have published a sample of 150 LAEs at z ∼ 4.5 with
startlingly high photometric equivalent widths: 60% of their narrow-band
catalogue exhibited restframe WLyα in excess of 240Å (Malhotra & Rhoads
2002). Modelling of this population lead them to conclude that either a very
flat IMF (α = −0.5 instead of −2.35), zero metallicity stars, or narrow
line AGN must be responsible. The AGN possibility was quickly ruled out
by X-ray non-detections of all of the candidates with the Chandra satellite
(Wang et al. 2004) and Jimenez & Haiman (2006) also postulate a population
III like environment to explain this (and other) result(s). The star forming
nature of the objects was further backed up by spectroscopic studies (Dawson
et al. 2004) who found narrow natural line widths < 500km s−1 and no
trace of high ionisation state emission lines associated with AGN. 70% of
the photometric catalogue were confirmed as LAEs but only 3 to 5 of the
17 spectroscopically targeted objects showed signs of WLyα greater than
the theoretical maximum. It is possible that the equivalent widths based
upon image photometry alone are questionable, given that they are sensitive
to the shape of the continuum across the broad-band filter and errors on
the continuum photometry. About half the sample was undetected in the
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broad-band R filter at 2-σ and the equivalent width distribution is likely
to be skewed towards high values, from which the selection function may
preferentially select the more promising (high-WLyα ) targets.

3.3.3 Tests for reionisation
As described in Section 2.4, a number of attempts have been made to estimate
the intrinsic Lyα luminosity function at given redshift. Naturally, the observed
luminosity functions can be expected to vary significantly because of transfer
through the IGM (Section 2.3) or internal transport effects (see Chapter 5).
The high-z Lyα luminosity function itself is also an extremely demanding
quantity to measure, given the distances involved, transport effects, and the
fact that the bulk of the galaxy population will be concentrated at the faint
end. Nevertheless, the rewards of measuring the Lyα luminosity function are
rich given that, evolution in the LF will either reflect evolution in the galaxy
population or the ionisation fraction of the IGM, depending upon which is
better constrained. The approach is either to compare observed LFs directly
with theoretical ones, with one another at different z.

For example, Ouchi et al. (2003) compared luminosity functions of Lyα-
selected galaxies and found little evolution between z = 3 and z = 4.8 in either
Lyα itself or continuum. While galaxy evolution can clearly enter, if the LF
were a function of the ionisation fraction only, this would be expected since
there is little evidence of a neutral IGM at these redshifts. Similar results (i.e.
little evolution in the LF of LAEs) have been published by van Breukelen
et al. (2005) between z = 2.3 and 4.6 based on Integral Field Spectroscopy,
although their sample is small. Shimasaku et al. (2006) compare their own
derived LF at z = 5.7 with that of Dawson (2005) at z = 4.5 finding that while
their LF is higher, the two are consistent within the 1σ error-bars, and rule out
drastic evolution.

Kashikawa et al. (2006) find 2 to 3σ decrease in the Lyα luminosity func-
tion between z = 6.5 and 5.7. Their LFs can be seen in Figure 3.3 and they
conjecture that they may support the scenario in which cosmic re-ionisation
were not complete by z = 6.5. Dijkstra et al. (2007), on the other hand, rein-
terpret the data of Kashikawa et al. (2006) and argue that the change in IGM
density through Hubble expansion alone may account for the change in LF,
without need for evolution in the ionisation fraction itself. In addition, Hu
et al. (2005) find similar LFs in these two redshift windows and also a little
change in the line profiles, equivalent widths, or continuum break strengths,
again not finding the evolution that would be expected if a change in the IGM
ionisation state were accountable. Malhotra & Rhoads (2004) also rule out
significant evolution in the ionisation fraction between z = 5.7 and 6.5 using
data from the LALA survey.
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Figure 3.3: Comparison of Lyα luminosity functions between redshifts of 5.7 and 6.5
or 6.6. Data-points show compiled observations and lines the best-fitting Schechter
functions. Left: LF compiled by Kashikawa et al. (2006) with z = 5.7 shown in blue
and z = 6.6 in red. Right: LF compiled by Dijkstra et al. (2007) with z = 5.7 shown
in red and z = 6.5 in blue. Unfortunately the two groups could not agree on a colour
scheme, although clear evolution in the number counts at the bright end can be seen.

3.3.4 Structure and clustering
Since LAEs permit the discovery of very high redshift galaxy populations,
they may provide the ideal tool through which to study large scale structure.
The question is to what extent LAEs trace cosmic structure, since the Lyα

signature is reliant upon star formation which in turn is a function of environ-
ment. For example, while rich clusters at low-z may host a significant over-
density of galaxies, the galaxies within are largely devoid of star formation.
The reasoning being that galaxy–galaxy interactions or ram-pressure strips the
gaseous ISM from infalling galaxies and quenches star formation. The same
appears not to be the case at high-z although to what extent ram-pressure strip-
ping is at play at high-z is unknown, depending on the amount of diffuse gas
and galaxies that have been accreted. The competition for the highest-redshift
large scale structure has always, in recent years, been lead by LAE surveys.

Steidel et al. (1998) found significant clustering at z ∼ 3.1 using Lyman
break selection with at least 15 LBGs and one QSO in a comoving area of
11×8 comoving Mpc. Steidel et al. (2000) then targeted same field with NB
imaging centred directly upon the target redshift, finding an over-density of
emission line candidates 6 times higher than blind Lyα searches at the same z.
This study also uncovered two very luminous, large, and diffuse Lyα emission
sources devoid of continuum emission, which were named Lyα blobs (LABs).
They suggest that LAEs may be a very effective way of mapping, albeit with
significant incompleteness, known overdensities. Smoothed surface density
analysis revealed 3 regions with ∆ρ/ρ ≥ 1 on 1 Mpc scales: one centred on the
QSO and one on a LAB, thus providing circumstantial evidence that LABs,
like QSOs, may be linked to sites of largest density enhancements at high
z. The first direct evidence for detection of filamentary structure came from



3.3 Recent results from high-z Lyα 21

Møller & Fynbo (2001), spectroscopically targeting 7 narrow-band detected
LAEs and one Lyα absorber found in a QSO field at z = 3.1 (Fynbo et al.
2000).

Hayashino et al. (2004) performed narrow-band imaging centred on same
field as Steidel et al. (2000) but with a much larger FoV. 283 LAEs were
uncovered tracing a strongly non-uniform ‘belt-like’ structure of over 60 co-
moving Mpc. 49 strong Lyα absorbing systems were also found in the study,
tracing a very similar distribution on the sky. The same region was targeted
for spectroscopy by Matsuda et al. (2005) to map the 3-D structure of of the
belt-like feature. At least three physical filaments were found to be connected,
with the two LABs found to be located near the intersection of these filaments.
Again, implying massive galaxy formation occurs preferentially in regions of
significant overdensity.

Further studies have been made of fields surrounding luminous radio galax-
ies by Venemans et al. (2002): narrow-band imaging and spectroscopy of a
z = 4.1 field found 20 LAEs within 1.3 Mpc of the radio source, implying
overdensity by factor of 15 compared with z ∼ 4.1 field sources. The radio
galaxy itself was also found to exhibit a large symmetric Lyα halo. Their ini-
tial conclusions included the statement of intent: radio galaxies should provide
excellent tracers of galaxy overdensity that could be further mapped by Lyα .
The study was extended in just that way with similar results at z = 5.2 (Vene-
mans et al. 2004). A systematic survey of 8 bright radio sources between z = 2
and 5.2 revealed LAE overdensities of factors between 3 and 5 compared with
the field in at least 6 of the 8 cases (Venemans et al. 2007).

Ouchi et al. (2003), working on a sample of 87 LAEs in the SUBARU deep
field at z ≈ 4.86 found clear signatures of clustering on large (∼ 20 Mpc)
scales, and indications that LAEs are typically more strongly clustered than
LBGs at similar z. After dividing the sample into two groups based on Lyα

flux, equivalent width, and UV luminosity, they found that the brighter group
in Lyα flux to be more clustered than the faint, although no such dependence
was seen in WLyα or continuum. This was used to motivate the claim that the
brighter LAEs were more biased against the underlying dark matter halo dis-
tribution than the bright continuum sources. Shimasaku et al. (2003), using
the newly commissioned Suprime-Cam mounted on the SUBARU telescope
surveyed the same field at z = 4.86 finding 43 LAE candidates clustered in an
elongated region of 50×20 Mpc, with higher surface overdensity by factor of
2, which may be the progenitor of a cluster. Further studies of the same field,
this time at z = 4.79 (Shimasaku et al. 2004), revealed a quite different dis-
tribution with clustering weak on all scales and no large-scale high-contrast
structure. Ouchi et al. (2005) also found strong evidence for clustering and
filamentary structure at z = 5.7 as shown in Figure 3.4. This image shows the
huge 1 square degree field–of–view of Suprime-Cam and also that of the cam-
eras used by Venemans et al. (2002), clearly demonstrating the need to sam-
ple large patches of sky in order to avoid cosmic variance. Yellow dots show
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the individual LAEs with red lines indicating contours of galaxy overdensity.
Much structure can be appreciated in this image: dense clusters with a typical
size of a few Mpc, filaments connecting them, and voids in which essentially
no LAEs are found. They postulate that such overdensities are the progenitors
of the rich but quiescent clusters we see in the nearby universe, caught at an
active and youthful epoch in their evolution. In contrast, the z ∼ 5.7 narrow-
band survey of a 2 square degree region of the COSMOS field (Murayama
et al. 2007), providing the largest contiguous LAE hunt, showed no signs of
large scale clustering in the 119 LAEs that were found. Finally, the record for
the highest redshift large scale structure is currently at z = 5.8 with 23 LAEs
in the HUDF (Malhotra et al. 2005).

Figure 3.4: Distribution of Lyα emitters at z∼ 5.7 from Ouchi et al. (2005). Yellow
dots show the individual LAEs with red lines contours of galaxy overdensity. Dense
clusters, filaments, and voids can clearly be appreciated. The larger of the two squares
in the lower left corner indicate the size of the field–of–view of the study of Venemans
et al. (2002), which could clearly lead to almost any results if positioned randomly in
the field.

3.3.5 Star formation rates
Cosmic star formation appears to have been in decline since z ∼ 1 (e.g. Lilly
et al. 1996; Madau et al. 1996). This may be a result of declining rate in major
galaxy mergers and/or minor tidal interactions, or the progressive consump-
tion of cold gas. Indeed masses and morphological types of galaxies respon-
sible for the bulk of cosmic star formation at z = 0 and z > 1 does appear to
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be in evolution. Beyond z = 1− 2 the star formation rate density appears to
flatten or turn over, although the absolute values of the curve at high-z is noto-
riously difficult to measure: surveys become incomplete, morphological types
more difficult to measure and merger signatures more difficult to detect, and
perhaps most importantly dust extinction correction becomes more difficult.

Since Lyα surveys directly trace the star forming galaxy population, Lyα-
derived star formation rates, Lyα may prove a useful tool through which to
constrain high-z star formation. Indeed most survey groups have measured
SFR(Lyα) within their samples although again, results are mixed and differ-
ential comparison difficult to make. Between z = 3.1 and 3.5, Cowie & Hu
(1998), Kudritzki et al. (2000), van Breukelen et al. (2005), and Nilsson et al.
(2007) all find SFRD(Lyα) to be consistent with continuum-based estimates
at the same redshift. On the other hand, some surveys demonstrate systematic
underestimates of SFR(Lyα) in individual galaxies, often of around a fac-
tor of three compared to estimates from FUV continuum (Ajiki et al. 2003;
Taniguchi et al. 2005; Gronwall et al. 2007). Dust is often called upon to ex-
plain the offset although FUV estimates are equally likely to be affected by
dust. Differential extinction (i.e. stronger attenuation on nebular emission than
on stellar continuum Calzetti et al. 2000) may be further invoked although still
fails to reconcile the numbers in most of the above cases. Furthermore, Fujita
et al. (2003), Ajiki et al. (2003), Rhoads et al. (2003), and Kodaira et al. (2003)
all find estimates of the star-formation rate density offset by an order of mag-
nitude compared continuum-based estimates between z = 3 and 6.5. If these
samples are comparable those outlined above where Lyα typically underesti-
mates individual SFRs by a factor of 3, this would indicate that only around
1 in 3 star forming galaxies shows Lyα in emission at all. Indeed, this is seen
for continuum selected galaxies at z ∼ 3, where for a spectroscopic sample
of around 800 Lyman break galaxies, Shapley et al. (2003) found a median
WLyα of ∼ 0Å and predicted that only 1/4 of the sample would be selected by
narrow-band Lyα surveys. How this fraction varies towards fainter continuum
levels, and for Lyα-selected samples is unknown.
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4 Lyman-alpha observations in the
nearby universe

Nearby systems are impossible to observe at the wavelength of Lyα from
the ground. Even from space, objects must still lie at sufficient redshift (al-
though far from cosmological) to prevent the line from being absorbed by
the HI in the Milky Way, and to prevent contamination by Lyα emission
from the Earth’s geocorona. The first instrument capable of observations in
the far ultraviolet was an aperture spectrograph, the International Ultraviolet
Explorer (IUE) which proved invaluable for studies of both starburst galax-
ies and massive stars. Later, several FUV-capable instruments onboard HST
became available: the aperture spectrograph Goddard High Resolution Spec-
trograph (GHRS), the slit spectrograph and imager Space Telescope Imaging
Spectrograph (STIS), and the Advanced Camera for Surveys, capable of both
imaging and slitless spectroscopy.

4.1 Early studies with the IUE
Targeting known star-forming galaxies, early results from the IUE seemed
to parallel the first results of the high-z teams (Section 3.2): Lyα was infre-
quently observed in emission from local young starbursts, even from many
known dust- and metal-poor objects. Meier & Terlevich (1981) observed three
UV-bright, blue compact star forming galaxies, detecting Lyα at > 1σ in
emission from only one, the lowest metallicity object. Hartmann et al. (1984)
conducted a very similar study of 3 HII galaxies detecting weak Lyα emis-
sion from two. One of the main conclusions of this article was that Lyα could
not be used as a tracer of primeval galaxies at high-z. Hartmann et al. (1988)
observed 5 more UV-bright galaxies finding Lyα absorption in 2 and Lyα in
emission, but far below the recombination value, in the remainder. Compiling
results from previous IUE studies, they found evidence for the relationship be-
tween Lyα and metallicity that would be expected if dust and metallicity were
directly correlated, and re-stated their scepticism about the power of Lyα at
high-z. Similar results were reported by Terlevich et al. (1993) and Charlot
& Fall (1993), who presented the Lyα vs. metallicity relationship shown in
Figure 4.1. Clearly from this Figure, an anti-correlation is present between
WLyα and metallicity, and Charlot & Fall (1993) suggested that in cases where
Lyα was weak or absent, the inferred dust abundances would be sufficient to
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remove the line. The equivalent width, however, is independent of reddening
and for this to be the case Lyα photons must be selectively attenuated with
respect to the continuum.

Figure 4.1: Left: Lyα equivalent width from IUE catalogues vs. metallicity [O/H]
from Charlot & Fall (1993). A clear anticorrelation is visible between the two ob-
served quantities, with stronger Lyα emitters found to have lower metallicity. Right:
Plot from Giavalisco et al. (1996) showing the reddening corrected Lyα/Hβ ratio vs.
metallicity. The dashed line shows the line ratio predicted from case B recombination.
While three galaxies fall close to the recombination value, the bulk of the selected
objects fall significantly below, indicating that pure attenuation by dust is not the main
culprit behind the low Lyα fluxes observed from known starbursts.

Numerous archival IUE observations of low-Z starbursts were compiled for
a more statistically significant analysis by Giavalisco et al. (1996) comparing
Lyα flux and equivalent widths to various properties of the hosts. Using both
Balmer decrement and UV continuum slope methods, Lyα emission fluxes
were corrected for absorption by dust. Figure 4.1 also shows the extinction
corrected Lyα/Hβ ratio, and in all galaxies, Lyα/Hβ was found to be lower
than its recombination value (horizontal line). These results suggest that the
visibility of the Lyα line is not primarily regulated by dust, and Giavalisco
et al. (1996) suggested that ISM geometry may be the main driver.

4.2 Spectroscopic studies with HST
Cameras mounted on HST offered significant improvements over IUE in
terms of both spatial and spectral resolution. The WLyα vs. metallicity
anti-correlation of Charlot & Fall (1993) suggested that the ideal objects
from which to observe Lyα emission would be the most metal- and dust-poor
galaxies known: the now famous IZw 18 (Z = Z�/50), and SBS 0335-052
(Z = Z�/42). Lying below the lower limit of the abscissa in left panel of
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Figure 4.1, the greatly sub-solar metallicities of these objects would suggest
that large emission Lyα equivalent widths would be expected.

Perhaps the most startling result from this new generation of high-resolution
spectroscopic observations is that both of these objects were found to be Lyα

absorbers (Kunth et al. 1994; Thuan & Izotov 1997, Figure 4.2). The ab-

Figure 4.2: Damped Lyα absorbers from HST/GHRS and STIS Left: IZw 18 (Kunth
et al. 1994), Right: SBS 0335-052 (Thuan & Izotov 1997). Damped Lyα absorption
profiles are visible in both cases despite the fact that they are the most metal-poor
galaxies known to date.

sorption in both these cases is clearly damped with equivalent widths around
-50Å, significantly at odds with the predictions of Charlot & Fall (1993). In
contrast, Lequeux et al. (1995) found bright Lyα emission from Haro 2, a
galaxy an order of magnitude more dust- and metal-rich.

Further observations with the GHRS expanded upon these case studies.
Kunth et al. (1998) observed a further seven local star forming galaxies in
the FUV, selecting a range of targets including known Lyα absorbers and
emitters. Of the eight active starbursts included, four showed Lyα features in
emission while the remaining four exhibited a damped absorption profile. The
spectra were of sufficient resolution and S/N to clearly resolve the low ionisa-
tion state (LIS) metal absorption features of [OI]λ1302Å and [SiII]λ1304Å in
the neutral ISM for all objects. Observed spectra of the Lyα emitting galaxies
are shown in Figure 4.3. For the absorbers, the LIS features fell at almost pre-
cisely the wavelength that would be expected from the systemic redshift of the
targets, implying that the neutral ISM is static with respect to the stars. The
Lyα absorption feature too was largely symmetric around restframe 1216Å.
For the Lyα emitting objects the situation was found to be very different with
LIS absorption features clearly blueshifted with respect the systemic velocity.
This implies outflows in the neutral ISM with velocities of between 200 and
300 km s−1. Lyα emission features were found to be clearly redshifted with
respect to the systemic velocity, and showed Lyα blue-side absorption fea-
tures, similar to classic P-Cygni profiles. In fact, estimates of the HI column
density derived from Voigt profile fitting to the absorption profile suggested
in all cases that a static neutral medium would not have permitted the transfer
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Figure 4.3: HST/GHRS spectra of the Lyα emitting starbursts from the Kunth et al.
(1998) sample. Left: UV spectra of around the LIS interstellar absorption features.
Vertical lines show the zero-velocity wavelengths of the features as predicted from the
systemic redshift. Absorption lines are clearly blueshifted indicating an outflow in the
neutral ISM. Right: Spectra of the same targets around Lyα . Asymmetric and P-Cygni
like profiles are clearly visible as a result of the outflow. Voigt profiles are fitted to the
wings of the absorption profiles.

of Lyα . This has quite profound implications for Lyα escape physics, sug-
gesting that an outflowing medium may be a requirement. The outflows in the
neutral medium allow the Lyα photons in the red wing of the line to avoid res-
onant trapping, since the neutral medium only sees photons in the blue side of
the emission profile at restframe 1216Å. This phenomenon, with very similar
relative velocities between the Lyα peak, and stellar and interstellar absorp-
tion features has also been observed in Lyman Break Galaxies (Shapley et al.
2003). To date, only one local Lyα emitting starburst observed with sufficient
spectral resolution does not show a P Cygni profile: Tol 1214-277 (Z∼ Z�/23,
Thuan & Izotov 1997), which shows a symmetric emission profile with no
sign of blueshifted absorption.

The effect of mechanical feedback on the Lyα line profile has been mod-
eled by Tenorio-Tagle et al. (1999) using hydrodynamic simulations, which
allowed Mas-Hesse et al. (2003) to interpret the variety of Lyα profiles seen in
the GHRS and STIS samples as part of an evolutionary sequence (Figure 4.4).
Schematically the model begins with a central dense, static star forming re-
gion embedded in a low density HI halo. At the ignition of the starburst the
Lyα profile will be one of pure absorption, as the surrounding HI medium
is static. This is likely to be the explanation behind the damped profiles seen
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Figure 4.4: Hydrodynamic
evolutionary models of
Tenorio-Tagle et al. (1999)
showing the predicted Lyα

line profile as a function
of evolutionary state of the
starburst. Times are (a):
≤ 1.5 Myr, (b): ∼ 2.5 Myr,
(c): ∼ 4 Myr, (d): ∼ 5 Myr,
(e): ∼ 6 Myr (f): > 8 Myr.
Insets show a schematic of
the Lyα line profile evolving
from damped absorption,
through a symmetric emis-
sion phase, the development
of a secondary blueshifted
component, through a P-
Cygni phase, and back to
absorption.

in IZw 18 and SBS 0335-052. Shortly afterwards, the combined mechanical
feedback from massive young stars and core-collapse SNe blow the remain-
der of the high-density medium into the halo in the form of a rapidly outflow-
ing shell. At times around 2 Myr this shell become Rayleigh-Taylor unstable
and breaks up, allowing ionising photons to stream into the halo resulting in
a conical ionised structure. This allows Lyα photons to leave the galaxy un-
hindered through the ionised cone, resulting in a symmetric emission profile
for observers looking into the cone (Tol 1214-277). After blowout the ionised
low density medium is swept up by the original adiabatic shock, the shock
itself becomes radiative as the ionised material recombines, resulting in an
additional Lyα emission component blueshifted by the expansion velocity at
times around 3 Myr (IRAS 08339+65; Figure 4.3). Recombination in the shell
prevents further ionising continuum leaking into the halo as (i) more material
is swept up, (ii) growth of the shell results in fewer photons arriving per unit
area, and (iii) the number of ionising photons produced by the starburst de-
cays rapidly after∼ 3.5 Myr. The newly formed neutral layer becomes able to
trap Lyα photons in the blue wing of the emission profile, and the emergent
Lyα profile becomes P-Cygni (Haro 2; Figure 4.3). With further evolution, the
shell completely recombines and slows with the blue-side absorption profile
becoming increasingly significant, eventually leading to a static absorption
profile at times greater than around 8 Myr. The exact timescales involved are
dependent upon the central density and star formation rate, and halo density.
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4.3 Imaging studies with HST
Spectroscopic studies of the line profile provide much-needed information
about the kinematics of the neutral medium. However, targeted UV spec-
troscopy does not permit the estimation of global quantities which would be
needed in order to interpret the high-z survey data. In addition, Lyα reso-
nantly scatters and some, perhaps the majority, of the Lyα photons may dif-
fuse through the galaxy and escape from regions far from their production
sites. Spectroscopic observations usually target the brightest points in the con-
tinuum and a large fraction of the global flux may be lost outside the aperture
or slit. Thus imaging becomes an invaluable complement to spectroscopy be-
cause the whole of the galaxy can be observed in a single observation, albeit
with no kinematic information. While technically possible with the Wide Field
and Planetary Camera 2 (WFPC2) on HST, poor system efficiency essentially
precluded such imaging studies.

Using the Solar Blind Channel (SBC) of the Advanced Camera for Surveys
(ACS) Kunth et al. (2003) imaged six local star-forming galaxies in Lyα and
FUV continuum, selecting known Lyα emitters and absorbers, and a range of
metallicities, dust contents and luminosities. Results for two targets, one emit-
ter and one absorber, were initially published although technical difficulties
relating to the continuum subtraction prevented a detailed photometric anal-
ysis. However, no matter what methods they used to subtract the continuum,
certain features still remained. Lyα morphologies were found to be complex,
and largely unrelated to the morphology seen in the FUV continuum or Hα .
Little or no sign of Lyα emission was seen in the more metal-deficient target
(SBS 0335-052), in agreement with the spectroscopic observations of Thuan
& Izotov (1997). The other target (ESO 350-IG38) showed signs of both emis-
sion and absorption from young star forming knots, with the brightest emis-
sion coming from a knot significantly duster than other regions showing only
Lyα absorption. The data were again suggestive that Lyα is predominantly
regulated by ISM kinematics rather than simply the dust content.

While not an HST observation, Cannon et al. (2004) observed two different
Lyα emitting targets in the Kunth et al. (2003) sample with the Very Large
Array (VLA) with the intent to probe neutral hydrogen directly. Both targets
were Lyα emitters but the HI covering would have suggested otherwise: the
neutral column density in front of both targets showed only small velocity
gradients and was found to be too high to permit the escape of Lyα photons.
However, the spatial resolution of those observations was not comparable to
that of HST and could not reject the hypothesis that ionised holes exist in the
HI medium through which Lyα could escape.
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5 Lyman-alpha radiative transport

Numerous studies, both analytical and numerical have addressed the problem
of radiation transport of resonant lines, explicitly considering Lyα . The sci-
ence driver behind such studies is, naturally, the cosmological importance of
Lyα emitters. Lyα-based estimates of individual star-formation rates are typ-
ically lower than those based on UV continuum (Section 3.3.5) implying that
not all the photons being produced escape; and cosmic star formation rate den-
sities are often lower by larger factors when probed by Lyα , indicating that
not all star-forming galaxies show Lyα in emission. This in turn affects the
derived Lyα luminosity functions and re-ionisation estimates (Section 3.3.3)
and biases estimates of clustering properties still further (Section 3.3.4). When
coupled with results from the low-z observational studies (Chapter 4), it is ob-
vious that a better understanding of the processes that regulate Lyα emission
is required in order to interpret the high-z claims.

Again as previously discussed, Lyα is particularly sensitive to attenuation
by dust. The situation becomes vastly more complex with the consideration
of resonance scattering when Lyα photons do not travel along straight paths
through the ISM. Adopting the standard mathematical formulation with the
photon frequency x presented as the deviation from line centre in units of the
Doppler width ( ν−ν0

∆νD
), the optical depth of a photon with frequency x travelling

a distance s is given by Equation 5.1, taken from Verhamme et al. (2006).

τx(s) = 1.041×10−13T−1/2
4 nH

H(x,a)√
π

(5.1)

where T4 is the temperature in units of 104K, and H(a,x) is the Hjerting func-
tion that describes the Voigt profile (i.e. both a Doppler core and Lorentzian
damping wings). From simple considerations it can be seen that at line centre,
Lyα becomes optically thick at column densities around 1013 cm−2, around
six orders of magnitude below the typical column densities of the Milky Way
HI halo, even at high or low Galactic latitude. Unless the path between the
photon production sites and the IGM were completely ionised, there would
be no chance of Lyα photons escaping with line-centre frequencies. Superfi-
cially, two mechanisms exist through which Lyα photons could escape from a
static medium. Firstly, they could repeatedly scatter in the line core and diffuse
until they reach the edge of the HI medium, from where a symmetric emission
profile would be observed, centred on restframe 1216Å. Alternatively, they
could scatter into wings of the line profile where the optical depth is much
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lower and escape more or less directly. Since in this case there would be es-
sentially no transport at line centre, double peaked profiles would be observed
where only photons that have scattered into the line wings could escape.

Since scattering clearly dominates the transfer, the kinematic structure of
the neutral medium becomes a vital parameter in the escape physics (as dis-
cussed from an observational perspective by Kunth et al. 1998), along with the
geometry and ionisation structure of the ISM. If Lyα photons are scattering
and thereby travelling significantly extended path lengths, the probability of
dust absorption is hugely increased. Thus not only does the dust abundance en-
ter the problem, but also its distribution with respect to the scattering medium.
None of these parameters are necessarily independent and are coupled with
the star formation process itself. In addition to scattering and dust, Lyα may
in theory pump coincident Lyman bands lines in H2 leading to losses through
ultraviolet fluorescence (Shull 1978; Black & van Dishoeck 1987), or be col-
lisionally drained by electron scatterings leading to decay via the two-photon
channel (Osterbrock 1962).

5.1 Early analytical studies
By way of a summary of the earliest work, Osterbrock (1962) assumed coher-
ent Lyα scattering in HI and applied an analytic diffusive approximation to
solve the transport equation. Considering complete redistribution within the
Doppler core, in which the mean number of scatterings required for escape
< N > grows ∝ τ2

0 , he computed that on average, a given Lyα photon would
undergo 1010− 1012 core scatterings before escape from the densest astro-
physical media. Adams (1972), modifying a classical numerical method of
solving the transfer equation (Feautrier 1964), saw that the overall line trans-
fer is dominated not by scatterings in the Doppler core but by relatively fewer
excursions into the wings of the redistribution function at high nHI. In this
regime the mean number of scatterings becomes ∝ τ0 and Adams introduced
the concept of the resonance lines escaping the medium in the ‘single longest
excursion’ in frequency space away from line centre. The actual excursion in
frequency required for significant transport depends on the optical depth of
the medium, and defines the separation of the double peaks in the emergent
profile. The technique was later extended by Hummer & Kunasz (1980) who
included the effects of some absorbing material, e.g. dust.

Neufeld & McKee (1988) have also showed that just like charged particles,
Lyα photons could repeatedly scatter across shock fronts, in a manner anal-
ogous to the first order Fermi acceleration believed to be responsible for the
acceleration of lower energy cosmic rays. This would result in a systematic
blueshift of the photons, and these authors first attributed the apparent blue-
asymmetric line profiles observed in the handful of high-z detections to this
process.
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The analytical, diffusive approach was developed by Neufeld (1990) who
applied the results of his study directly to astrophysical H Lyα and He+ Lyα .
Neufeld derived expressions for the line intensity within static, opaque, non-
absorbing, plane-parallel slab, generalising the expressions to include the ef-
fects of absorption by nearby line modes or a source of continuum opacity. As
a function of optical depth within the slab, the evolution of the line profile, the
mean number of scatterings to escape, and the mean path length before ab-
sorption or escape were all examined, showing excellent agreement with the
results of Hummer & Kunasz (1980).

Neufeld (1991) considered the separation of the neutral and ionised ISM
components. For this study, the ISM configuration was assumed to take the
form of a hot, low-density inter-cloud medium (ICM), in which clouds of
neutral material were embedded. Such an ICM has been observed in the Milky
Way as the ‘hot ionised medium’ (Cox & Smith 1974) and has been proposed
as a component of the ISM in high-z galaxies by Rees (1989) and within col-
lapsing protogalaxies Fall & Rees (1985). Assuming the ‘percolated’ ISM
model in which every part of the hot ionised medium is in contact, and that
Lyα photons are produced in HII regions in the ICM, it was shown that scat-
tering at cloud surfaces could prevent Lyα photons from penetrating far into
the dense HI clouds. An illustration from Neufeld (1991) can be seen in Fig-
ure 5.1. Independent of cloud size or optical depth, the medium could be ef-
fectively thin to Lyα photons and, even though the total HI covering factor
may greater than 1, the effective optical depth could be less than the total
line-of-sight optical depth. This leads to the possibility that the Lyα escape
fraction could be significantly greater than that of nearby continuum photons
of energies where the scattering coefficient is small. In contrast to the homo-
geneous medium (in which HI and dust conspire to preferentially remove Lyα

relative to continuum), in the multiphase medium dust and resonant scattering
may actually enhance the emergent equivalent width.

5.2 The modern computational approach
Analytical studies have proved informative in the analysis of Lyα transport but
so many parameters enter the problem (most notably geometry and ionisation
structure) that it is very difficult to apply them to real systems. In this sense,
a numerical examination of the problem becomes a requirement, since more
complex systems can be explored case by case, albeit with a lack of generality.

Monte-Carlo radiative transfer codes have been developed by a number
of groups enabling detailed modeling of emergent line profiles (Ahn et al.
2001; Dijkstra et al. 2006a,b; Verhamme et al. 2006), and in some cases im-
age morphologies (Laursen & Sommer-Larsen 2007). Figure 5.2 from Ver-
hamme et al. (2006) shows emergent line profiles in the simple case of a
monochromatic Lyα sources embedded in a static HI medium. Successive
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Figure 5.1: Lyα scattering in a percolated medium from Neufeld (1991). HI clouds
containing dust are embedded in an ionised medium. Resonant Lyα scattering causes
photons to be reflected from cloud surfaces and remain in the ionised medium, avoid-
ing resonant trapping and attenuation by dust. Continuum photons, on the other hand,
must penetrate the dense clouds where they undergo attenuation.

increases in the optical depth move the line profiles further apart as line trans-
fer requires longer excursions into the wings. Recent high-resolution spectra
obtained from high-z objects have reached sufficient depths to observe the
double peaked profile (e.g. Venemans et al. 2005; Shapley et al. 2006) and
spectra have been modeled (Tapken et al. 2007). However, observationally
such profiles are in the minority, with the bulk of observed spectra showing
either single asymmetric or P Cygni morphologies.

In order to model real life situations, it is necessary to include at least the
kinematic structure of the medium and dust. In the simplest cases, the two
parameters have competing effects: adding more dust to the neutral medium
suppresses the double peaked line profile, resulting in pure or partial absorp-
tion when continuum photons are included; while large-scale kinematic struc-
ture (outflows or inflows) allows photons to avoid resonant trapping and aids
their escape. In the case of outflows, this results in a shift in the centre of the
absorption profile towards higher frequency (shorter λ ). In a series of articles,
Sang-Hyeon Ahn and collaborators have examined Lyα line formation for
various starburst configurations using a plane-parallel transfer code. Adopting
the various starburst evolutionary stages of (Tenorio-Tagle et al. 1999, Sec-
tion 4.2), Ahn et al. (2001) examine the line profile in each stage. P Cygni
profiles were found at some stages, but the pure absorption features found by
Tenorio-Tagle et al. (1999) did not appear due to the absence of dust in the
Ahn et al. (2001) models.

Outflows lead to reddened peaks in the Lyα profile, shifting the absorption
centre towards higher frequency. With an ionised bubble surrounded by an
expanding symmetric neutral shell, the situation becomes more complex as
backscatterings from the shell become important. A P Cygni-like profile still
results but is complemented with additional redshifted peaks that result from
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Figure 5.2: Left: Various emergent Lyα line profiles for the simplest, static HI case
(Verhamme et al. 2006). The double peaked profile results from the high line-centre
optical depth prohibiting transfer. It can be seen that for increasing optical depths (i.e.
increasing nHI) the double peak profiles become successively more separated. Solid
lines show the results of Monte-Carlo code, with dashed lines the analytical solution of
Neufeld (1990). Right: Line profiles from expanding spherically symmetric shell with
central Lyα source. Peaks at 1a and 2 result from photons that have passed through the
front side of the shell, with absorption centred at expansion velocity, almost appearing
P Cygni. Subsequent redshifted peaks b and c result from result from photons that have
undergone 2 and 3 backscatterings from the reverse and inner sides of the expanding
shell.

scatterings off the shell as seen in the right panel of Figure 5.2 (Verhamme
et al. 2006). Attempts have also been made to model the occurrence of these
additional peaks by Ahn et al. (2003); Ahn (2004) but the results appear to be
in conflict with Verhamme et al. (2006), and with LBG observations (Shapley
et al. 2003).

The multi-phase ISM model of Neufeld (1991) has been studied numeri-
cally by Hansen & Oh (2006), who also fit analytical functions to the results of
the Monte Carlo simulations, estimating escape fractions as a function of ge-
ometry, kinematics and dust content. Quantifying the equivalent width boosts
predicted, they found typical Lyα escape fractions several times higher than
those for nearby continuum, with relative escape fractions above 10 in some
cases. Interestingly, Verhamme et al. (2006) also point out that P Cygni pro-
files were also found for pure continuum radiation as a natural consequence of
radiative transport effects. Indeed, it could also be imagined that in the mul-
tiphase medium (Neufeld 1991; Hansen & Oh 2006) that Lyα emission lines
could be artificially generated for pure continuum spectra.
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6 This thesis: data and methods

The bulk of the research presented here is a continuation of the low-z observa-
tional studies, and is mostly concerned with imaging of known star-forming
galaxies in Lyα . Only with high-resolution Lyα observations and support-
ing data at other wavelengths can we attain the understanding necessary to
interpret the high-z survey data. It represents an extension of the largely unex-
ploited HST imaging study of Kunth et al. (2003). In this Chapter I outline the
basics of the observations that have been obtained and some of the methods
used in the data analysis.

6.1 The imaging study and target selection
Six targets were selected for this study by Daniel Kunth and collaborators
for HST General Observer observations during Cycle 11. The aim was not
to provide any statistical answers about the processes that regulate the emis-
sion of Lyα but to perform a pilot study which could, depending upon re-
sults, make the case for a larger future programme. Several key parameters
were identified as regulatory in the visibility of Lyα: dust, HI, morphology,
luminosity, and ISM outflows. The observational evidence for dust being the
main parameter in the destruction of Lyα is ambiguous. It is possible that
more luminous galaxies, that tend to be more metal- (and therefore dust-) rich,
host more vigorous starbursts. Through a perturbed and unrelaxed ISM, this
could aid the escape of Lyα photons, thereby (partially, at least), removing
the dust dependence. To address this problem, one very luminous object was
selected: NGC 6090, for which NIR observations with NICMOS already ex-
isted in the archive. Evidence exists for the a scaling relation between the Lyα

and the star formation rate: the more luminous the galaxy, the more turbulent
the ISM (Heckman et al. 1998). Thus two bright Lyα emitters were selected:
NGC 6090, and Haro 11. The effect of kinematics was addressed by select-
ing two galaxies, both Lyα-bright, with very different kinematic information
imprinted on the Lyα profile: Tol 1214-277 showing a clean, symmetric Lyα

line (Thuan & Izotov 1997) and IRAS 08339+65 showing multiple velocity
components (Kunth et al. 1998). To address the significance of galaxies with
no Lyα detection, two damped Lyα absorbers were selected: the very metal-
poor SBS 0335-052 and Tol 65, both from the study of Thuan & Izotov (1997).
After acceptance of the proposal, but before observation, Tol 1214-277, was
exchanged for ESO 338-IG04, similar in some respects but with much HST
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data already in existence. A summary of the properties of the selected targets
can be seen in Table 1 of Paper V.

6.2 Observations with the Hubble Space Telescope
High-resolution (∼ 0.05′′) imaging observations have been obtained at wave-
lengths between∼ 1200 and∼ 9000Å. The isolation of the Lyα emission line
is the primary requirement, necessitating observations in a narrow (preferably
as narrow as possible) bandpass centred on, or near to, Lyα . Instruments ca-
pable of this include the WFPC2, STIS, and the Solar Blind Channel (SBC)
of the ACS. While possible with the WFPC2 the poor sensitivity of the de-
tector in the FUV more or less preclude such observations. From ACS/SBC
and STIS, the better defined bandpass of the SBC/F122M medium band fil-
ter makes it the optimal choice through which to observe Lyα . As well as
transmitting the emission line, this filter (and any on-line filter) also transmits
the underlying continuum, which it is essential to subtract before any kind of
analysis can be performed. In order to get an estimate of the continuum flux,
we use the nearest filter in wavelength that does not transmit Lyα: F140LP,
also in ACS/SBC. The Lyα on-line and continuum filter profiles, together with
a synthetic galaxy spectrum, can be seen in Figure 6.1.

Figure 6.1: The filter profiles used for the FUV leg of the imaging campaign. The red
line shows a synthetic continuum spectrum of a starburst galaxy at z = 0.01 with an ar-
tificially applied Lyα emission line. The vertical dot-dashed line shows the rest-frame
wavelength of Lyα and thereby the wavelength of Lyα produced in the Earth’s geo-
corona. Solid black line shows the on-line bandpass for sampling Lyα– note that both
Lyα from the target galaxy and geocorona are transmitted by this filter. The dashed
black line shows the filter used to sample the stellar continuum. Note the overall sys-
tem throughput is low, just a few % for F122M.

30 HST orbits were awarded during Cycle 11 to obtain images of the six
galaxies in F122M and F140LP. The goal of these studies was to compare Lyα

maps with various other observables. Naturally this requires more observation.
Of particular importance is to be able to map the ionised nebulae in which Lyα
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forms, the strongest and most reliable tracer being the Hα emission line at
restframe 6563Å. For Hα we use the linear ramp filter FR656N on ACS, tuned
to the central wavelength of redshifted Hα , and the F550M filter to sample the
line free continuum nearby.

The process of estimating the continuum at Lyα is found to be much more
complex, than other emission lines (see Section 6.3) and various additional
continuum observations are required. Through extensive simulations (Papers
I and III), we found it necessary to sample the continuum in the NUV (∼
2000Å), U-band (∼ 3500Å), B-band (∼ 4400Å), and I-band (∼ 8500Å) cor-
responding to ACS filters F220W, F330W, F435W, and F814W, respectively.
The ACS has two imaging channels through which most of these observa-
tions can be obtained: the High Resolution Camera (HRC) and the Wide Field
Camera (WFC). In the optical domain WFC is more sensitive than HRC and
is preferred for this reason. The UV observations (F220W and F330W) how-
ever can only be performed with HRC. Figure 6.2 shows the UV and optical
bandpasses.

Figure 6.2: The filter profiles used for the UV and optical leg of the imaging cam-
paign. The Lyα on-line filter is not shown.

In all, 10 additional orbits were awarded for the acquisition of UV and op-
tical data during HST cycle 14. Complexity of the observations for one target,
IRAS 08339+65, meant that WFC observations would have incurred substan-
tial overheads that would have eaten significantly into the integration time.
Thus IRAS 08339+65 was observed with HRC in all bands. Some targets have
already been observed with HST/WFPC2 in a few comparable bandpasses.
These data were obtained from the archives instead of being duplicated. Ta-
ble 2 of Paper V shows the exposure times for the individual observations.

6.3 Data processing methods
The methods of processing the dataset obtained during HST cycles 11 and 14
makes up a substantial part of this thesis. These are discussed at length in
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Papers I and III. Estimation of the flux due to continuum processes in the
on-line filter is far from trivial in this case. Ultimately, the ACS filter-set was
not designed for these applications.

In the ideal world, observers would like to have a spectrum of the target at
every position, that way much information can be extracted (e.g. in the case of
galaxies, age, EB−V , metallicity, etc.). Indeed, this would be especially valu-
able for Lyα studies since so much kinematic information about the ISM is
imprinted on the line profile. This is possible at the moment in the optical and
NIR with ground-based Fabry-Perot spectrographs and Integral Field Units
that allow three dimensional spectra to be obtained. Unfortunately there is no
such device mounted on HST or any space-based observatory. Using the STIS
it would, in theory, have been possible to map the targets by taking a series of
long-slit spectra, moving the slit systematically across the face of the targets.
This would be prohibitively costly.

However, model spectra of galaxies, based upon the synthesis of many well
understood stellar spectra allow model galaxy spectra to be constructed as a
function of various parameters. Most importantly, with the correct treatment
for stellar evolution, galaxy spectra can be modeled as a function of age. Simi-
larly, the effects of dust (i.e. reddening) are reasonably well understood. Thus,
if enough photometric data-points are available (i.e. images in enough filters),
and the observations of sufficient depth (i.e. photometric errors are small),
model spectra can be fit to the data-points. Thus the parameters of the model
spectra that best-fit the data-points are the most likely ones to reflect the con-
ditions in the galaxy at that point. Indeed, spectral fitting is an extremely com-
mon concept in observational astronomy and is applied to every energy in the
electromagnetic spectrum. With relation to galaxies, it is the method through
which properties of high-z galaxies are determined (see Section 3.3.1) and,
by introducing redshift as a free parameter, the basis of photometric-redshift
codes.

Most frequently SED fitting is applied to aperture-extracted galaxy fluxes,
in order to obtain integrated properties. Sometimes the method is used to es-
timate continuum levels at certain wavelengths in order to isolate the contri-
bution from the starburst. It is difficult to find an example of SED modeling
being used to calibrate fluxes in a given bandpass in order to isolate an emis-
sion line, which is exactly what is performed here. In our HST imaging sample
we have images in eight bandpasses and spatially resolved spectral fitting is
pivotal in the data analysis for two reasons: firstly, our FUV imaging filters
do not permit a reliable estimate of the continuum flux at Lyα; and secondly
because many properties of the host galaxies are returned from the fitting.
The method is more involved than most other fitting methodologies in the
published literature and is optimised to return unique information about the
targets. For example, by treating nebular gas and multiple stellar components
independently, we are able to analyse the properties of the starburst, any un-
derlying stellar component, and nebular gas independently, and including the



6.3 Data processing methods 41

effects of dust. This is performed on the HST images pixel–by–pixel, return-
ing resolved maps of many parameters. Properties returned directly are the
stellar ages, photometric masses, and EB−V in each pixel. With a map of the
best-fitting spectral parameters, we are essentially able to read off fluxes at
a wavelength or predict the flux in a certain filter. This forms the basis for
the continuum subtraction of Lyα , and estimates of the ionising continuum
output. Furthermore we are able to estimate the strength of stellar absorption
features, which is used in the analysis of the ground-based imaging data. A
detailed description of the methodology, together with test of its reliability are
presented in Paper III. Many future applications can be envisaged.
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7 Summary of the Papers

7.1 Paper I
This work built upon the HST/ACS imaging study of Kunth et al. (2003) in
which two targets were examined. While presenting the first ever low-redshift
Lyα images, uncertainties about how to subtract the strong FUV continuum
prevented a detailed photometric analysis. Here we turn our attention to a
third target in the sample: the UV-bright, low metallicity, and Lyα emitting
ESO 338-IG04. This target had also been imaged with HST in a number of
broad-band continuum filters by Östlin et al. (2003). Using the Starburst99
(Leitherer et al. 1999; Vázquez & Leitherer 2005) and those of Delgado et al.
(2005). A detailed study of the UV and optical colours was undertaken at
various ages and internal reddenings (EB−V ). While in some colours age and
EB−V have degenerate effects, we found that enough information was present
in the observations of ESO 338-IG04 to lift this degeneracy and allow us to fit
unique model solutions to the data. We defined a parameter called the Contin-
uum Throughput Normalisation factor (CTN) as the scaling factor that would
convert the flux measured in the off-line continuum filter to the flux expected
due to continuum processes alone in the on-line filter. Thus, using the multi-
ple continuum observations and colour databases, we were able to map CTN
pixel-by-pixel, across the galaxy and reliably subtract the continuum. This
yielded the first calibrated high-resolution (∼ 5pc) Lyα line-only images, and
enabled a real photometric analysis to be performed.

Flux measurements based on IUE observations were confirmed in the ACS
images, as well as emission and absorption features in a spectrum taken with
STIS. The Lyα morphology was found to be complex and strongly decoupled
from that seen at other wavelengths. Emission was found from a few central
star-forming knots but in general, Lyα was seen in absorption in front of the
starburst region. In the central regions the net Lyα flux was found to be nega-
tive. Globally, ESO 338-IG04 is a Lyα emitter, and the emission was found to
be dominated by a large diffuse halo, resulting from resonant scattering in the
neutral medium. This provided the first direct observational evidence for the
escape of Lyα photons after resonance scattering. We found tentative evidence
for the Lyα emission morphology following the kinematics of the ionised gas
as traced by the Hα velocity field. Comparing the Lyα flux with that predicted
from Hα and assuming case B recombination, we found that the fraction of
escaping Lyα photons fell significantly below 1 at just 5%, despite the very
low dust content. Such conclusions mirror those drawn from previous studies
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with the IUE and HST spectrographs: if such processes are at play in high-z
galaxy populations, severe biases may be lurking in the derived quantities.

7.1.1 Paper I – Erratum
In Section 6.4, entitled ‘The diffuse emission’, a calculation is performed to
estimate the number of resonant scatterings experienced by a Lyα photon es-
caping in the diffuse scattering halo. While the calculation itself isn’t at fault,
it’s based upon an erroneous assumption about the probability of scattering
vs. two-photon emission. The 12S to 22P Lyα absorption can ultimately result
in the emission of two photons, but the 22P → 22S transition must first oc-
cur. This requires electron scattering and is thus only possible in the ionised
medium, not the HI halo. This transition probability was shown by Osterbrock
(1962) to be many orders of magnitude lower that the 1/3 presented in Paper
I. None of the other results or interpretations are affected.

7.2 Paper II
As described in Section 3.3 populations of high-z Lyα emitters have been
found with very high equivalent widths; higher than those predicted by pop-
ulation synthesis models with standard IMFs and solar-like metallicities. Mo-
tivated by our success with spectral fitting approaches to Lyα analysis and
code developed for Paper I, we tested various observational strategies for
high-z surveys. Again using the Starburst99 population synthesis models, we
generated populations of galaxies at various redshifts, modifying the spectra
with synthetic Lyα lines, internal dust reddening, and underlying stellar com-
ponents. We adopted observational constraints on the number density and col-
umn density distribution of IGM absorption systems as a function of redshift
to generate a Monte Carlo code for the modification of the spectra of high-z
galaxies by discrete absorbers. By simulating fluxes expected in various wave-
bands, we were then able to test how reliably various survey methodologies
recovered the input Lyα fluxes and equivalent widths.

In a similar conclusion to that of Paper I we determined that estimates of
the continuum at Lyα based upon single off-line observations to be severely
flawed for all realistic input spectra. Methods utilising two off-line filters to
measure and extrapolate the FUV continuum slope produced accurate results
in dust-free cases but again, severe discrepancies were found between the ob-
served and input fluxes when relatively modest internal reddening was ap-
plied. Wavelength-coincident narrow- and broad-band filters, the most com-
mon selection criterion for high-z Lyα emitters, was found to perform well at
intermediate-z where IGM absorption is minimal. However, this method in-
volves around half of the broad-band filter sampling rest-frame wavelengths
bluewards of Lyα , where IGM absorption effects are present. Discrete absorp-
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tion features caused by Lyα-forest clouds remove an increasing fraction of
flux from the broad-band filter as observations target higher redshifts, which
leads to underestimates of the continuum flux at Lyα and therefore a system-
atic overestimate of equivalent width. This method was found to overestimate
WLyα by ∼ 25% at z = 6 on average, and by factors of several in some in-
dividual cases. Due to observational noise in the continuum band, we notice
a positive skewness in the WLyα distribution, and that selection functions are
liable to preferentially select objects at the high WLyα end of this tail, further
biasing the sample. We suggested the implementation of a Monte-Carlo ap-
proach similar to ours by high-z survey teams for their own filter sets. We
find that the only reliable method of estimating the continuum flux at Lyα is
a spectral fitting method similar to the one implemented in our HST sample.
While this may be very observationally expensive using current telescopic fa-
cilities, it will be entirely possible with future ground based extremely large
(30m-class) telescopes or the James Webb Space Telescope, when extremely
deep multiband datasets will become available.

7.3 Paper III
After the publication of Paper I more HST time was applied for to observe the
remaining galaxies in the sample in five additional continuum bands and Hα .
Ten orbits were awarded and data obtained, processed, and calibrated. This ar-
ticle presents a detailed study of the reliability of the Lyα observables obtain-
able for our HST/ACS imaging study, and outlines the continuum subtraction
methodology in detail. The codes used for Papers I and II were completely
re-designed and a sophisticated spectral reconstruction method implemented.
With the additional bandpasses, we are able to constrain not only the age of the
starburst and EB−V , but also the contribution from nebular gas and any stellar
population underlying the current starburst. For each pixel in the aligned HST
images, our code outputs CTN and continuum subtracted Lyα maps, contin-
uum subtracted Hα maps, maps of age and photometric mass in the various
stellar components, and EB−V . Based upon stellar age and normalisation, we
are also able to estimate the flux density at any given wavelength, allowing us
to also map the ionising photon production. From EB−V maps we are able to
correct fluxes in individual bands for internal dust absorption.

We produce an array synthetic galaxy SEDs that we predict are likely to
cover the starburst parameter space in our target objects. Age, EB−V , metallic-
ity, IMF, contribution from old star and ionised gas, stellar atmosphere model
are all varied, and we apply Lyα lines of varying strengths. Adding numerical
noise and again applying Monte-Carlo methods, we test the reliability of our
recovery of Lyα observables as a function of signal–to–noise. We identify the
need to obtain S/N in the range 5 to 10 in all bandpasses to obtain acceptable
spectral fits using the multi-component fitting method outlined above. Drop-
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ping observations in a single continuum bandpass is acceptable, given that the
number of datapoints still exceeds the number of parameters we are trying to
fit, although dropping observations in two or more bandpasses simultaneously
leads to grossly unreliable fits. We identify the need for an independent deter-
mination of metallicity, which fortunately is well known in all of our targets,
although details of the IMF are relatively unimportant for our primary method.
The results are used as a basis for the methodology in Papers IV and V.

Simulations for a potential HST imaging survey at slightly higher redshift
are shown. With the presented filter configuration, we are able to obtain re-
sults of similar reliability to our current study but at decreased observational
expense, allowing a statistically significant sample of starbursts to be imaged
in future HST cycles.

7.4 Paper IV
With new UV and optical data obtained of our HST/ACS Lyα sample, we
apply the new SED-fitting methods (Paper III) to a single target: Haro 11.
Haro 11 is also a known Lyα emitter and also the only known emitter of ion-
ising radiation at low-z (Bergvall et al. 2006).

As in Paper I, the Lyα morphology was found to be strongly decoupled
from that of the stellar continuum and also from the ionised medium as probed
by the HST Hα images. While exhibiting a very complex morphology in FUV
and Hα , the Lyα images showed a central region of bright emission coin-
cident with a single major star forming condensation, while other condensa-
tions brighter in Hα showed only Lyα absorption. The central emission was
surrounded by a large (∼ 8 kpc) diffuse Lyα scattering halo, with the overall
Lyα morphology being ocularly similar to a bulge+disc system. Comparing
Lyα surface brightness to that of Hα showed that in the very central region
an upper limit appeared to be set to the Lyα/Hα line ratio by the case B re-
combination value. However, in the scattering halo, the line ratio consistently
exceeded that of case B, indicating that the Lyα we observe from these re-
gions can not have been produced locally. Based on the Hα luminosity, we
compute a global Lyα escape fraction of less than 3%. Comparing Lyα sur-
face brightness to EB−V and stellar age indicated that Lyα was frequently
seen superimposed on regions too old to produce ionisation, or too dusty to
allow the transmission of Lyα , both providing further evidence in support
of the resonance scattering escape mechanism. Deep ground-based narrow-
band imaging using ESO’s New Technology Telescope in Hα and Hβ allow
us to map the nebular gas extinction, revealing that the central emission re-
gion was significantly dustier than the other star forming knots. Fitting Sérsic
surface brightness profiles to the central and diffuse Lyα components reveled
that over 90% of the Lyα luminosity was emitted in the diffuse component.
We performed aperture photometry on the numerous star clusters in the im-
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age and derived their ages and reddenings using the same SED fitting code
described. Tentative evidence was found for the Lyα equivalent width in the
immediate vicinity of individual clusters being a function of age, qualitatively
consistent with the hydrodynamic predictions of Tenorio-Tagle et al. (1999).
Using the spectral fitting code, we are also able to predict the number of ion-
ising photons produced by the young starburst, and place constraints of ∼ 9%
on the escape of ionising radiation.

7.5 Paper V
Paper V builds further upon Papers I, III, and IV, and presents processed
Lyα and Hα images for the complete sample of galaxies in the ACS sam-
ple. It will be accompanied by a release of the continuum-subtracted Lyα

images in the Centre de Données astronomiques de Strasbourg (CDS). As in
Papers I and IV, Lyα emission is found to be strongly decoupled from non-
resonant morphological tracers. In most cases, the bulk of the Hα output is
found from regions of moderate UV surface brightness, which is to be ex-
pected since many HII nebulae can be resolved. The same effect is seen for
Lyα but is much stronger since the photons are further decoupled by resonant
scattering. While the most metal- and dust-free galaxy in the sample shows
net Lyα absorption, small regions of Lyα leakage are seen surrounding the
UV-bright central regions. For objects showing net Lyα emission, luminosi-
ties are found to be dominated by the diffuse emission mechanism although
equivalent widths are moderate. Lyα escape fractions are shown to never ex-
ceed 18%. Corrections for internal dust extinction in the Lyα maps reveals
higher escape fractions but still falling short of 1, significantly so in 4 of the
6 cases, and resonant trapping is found to be very influential in the visibility
of Lyα . Globally, a positive correlation between WLyα and WHα would be ex-
pected, however in this sample an anti-correlation is seen. This is thought to
result from evolutionary effects and is qualitatively consistent with evolution-
ary hydrodynamic models. While both Lyα and Hα are intrinsically at their
strongest at the earliest times, the neutral ISM is static and does not permit the
transfer of Lyα .
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8 Ongoing projects and future
prospects

8.1 Narrow-band imaging in H-alpha and H-beta
For a robust astrophysical comparison between Lyα morphology and dust, an
independent measure of the interstellar extinction is preferable to the extinc-
tion on the stellar continuum found by SED fitting presented in Papers IV
and V. This is typically measured using emission line ratios (e.g. Hα/Hβ ),
although Hβ was not included in the HST observations presented in this se-
ries of articles. As part of the work involved in this thesis, images of all six
targets have been obtained using the Nordic Optical Telescope on La Palma
for northern targets, and New Technology Telescope, at ESO La Silla, Chile,
for those in the southern hemisphere. Images have been obtained in the Hα ,
Hβ , and [OIII]λ5007Å emission lines, plus nearby continuum for each line.
The motivation is to study directly the correlation between Lyα emission and
interstellar extinction as probed by the Balmer decrement (Hα/Hβ ) and the
hardness of the ionising flux ([OIII]/ Hβ ). Naturally typical ground-based res-
olutions (∼ 1′′) are not comparable with that of the ACS and the high level of
spatial detail in the Lyα maps is lost in the smoothing.

Unfortunately there was not enough time to reduce and process all of these
images during the course of this thesis, although the Hα and Hβ data for one
target, Haro 11 are included in Paper IV. Hα and Hβ data have now all been
reduced for all the targets, early results look promising, and a full analysis
is pending. A dedicated article addressing the relationship between Lyα and
interstellar extinction is in preparation (Atek et al. 2007 in prep).

8.2 Infra-red emission line imaging
In a similar approach to that outlined above, a project is ongoing to measure
the interstellar extinction using the Hα/Brγ emission line decrement. For this
study we use the NAOS-CONICA instrument mounted on the Very Large Tele-
scope (VLT) at ESO Paranal. This instrument uses an adaptive optics system to
correct for effects of atmospheric turbulence in real-time, essentially reducing
atmospheric seeing below the diffraction limit of the telescope for a fraction of
the flux. For VLT in the K−band, the diffraction limit is 0.05′′, similar to that
of HST/ACS in the V−band and better than that obtainable with HST/NICMOS
at K. VLT is actually a much better instrument for such observations than HST.
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Observations have been obtained for a single target, ESO 338-IG04, and are
scheduled for a second, Haro 11. A preliminary reduction of a single hour’s
worth of the NACO data has been performed but results are very promising
indeed. Figure 8.1 shows ESO 338-IG04 as seen by HST in the V -band and
VLT/NACO in an intermediate band continuum filter near K. Many luminous
star clusters are visible. The NACO image is clearly of comparable resolution
and much of the same structure is visible. Moreover, only one quarter of sci-
ence frames are used and the reduction of the NACO image was rapid; only
aimed at testing the quality of the data. Signal–to–noise will increase by more
than a factor of 2 when the full data-set is carefully reduced.

Figure 8.1: Nearby luminous blue compact galaxy ESO 338-IG04. North is up and
East to the left. Image scale is 17×17′′. Left: HST/ACS image in the continuum near
the V−band. Right: VLT/NACO intermediate band continuum image near K.

8.3 Future Lyman-alpha studies with HST
The HST/ACS Lyα imaging campaign has done a lot in explaining the Lyα

emission mechanisms in starburst galaxies. However, the six galaxies in the
sample were hand-picked, selecting a variety of optical morphologies, lumi-
nosities, metallicities and dust contents. Target selection was also based upon
previous knowledge of the Lyα emission and absorption. Thus, this sample
cannot be considered representative of the starburst galaxy population as a
whole and with such a small sample, is far from statistically significant.

We plan, in future HST cycles, to propose a Lyα imaging survey of a statis-
tically meaningful, unbiased selection of UV selected star-forming galaxies.
The observational methodology is that outlined as a future Lyα imaging study
in Paper III. Selection is based upon the Galaxy Evolution Explorer (GALEX)
FUV catalogues, cross correlated with Sloan Digital Sky Survey (SDSS). From
the matched catalogues, we are able to select a range of FUV luminosities
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from the GALEX fluxes using the redshifts from SDSS to select the appropri-
ate redshift for our survey design. Since high FUV luminosity is not neces-
sarily in indication of an active starburst, cuts in Hα equivalent widths can be
made to select only galaxies with active star formation. No other criteria (e.g.
metallicity, morphology) will be allowed to bias the selection function.

8.4 Future Lyman-alpha studies with HST
Paper IV includes a study of the young star cluster (known as super-star clus-
ters; SSC) population in luminous blue compact galaxy Haro 11. Cluster lu-
minosities were extracted by aperture photometry and the SED fitting code
described in Paper III was used to estimate the age, mass, and EB−V in the in-
dividual clusters. Further HST/NICMOS data have been obtained of Haro 11,
VLT/NACO data is pending, and NICMOS, WFPC2, and ACS/SBC data have
been obtained or are scheduled to observe two more SSC-rich nearby star-
bursts. We have already begun a detailed spectral analysis of the clusters us-
ing spectral fitting. SSCs will be used to probe the star-formation histories in
these galaxies, in a similar manner to that demonstrated in Östlin et al. (2003)
but with a significantly enhanced data-set. More specifically, deep IR data will
allow us to probe beneath the dust screen and find embedded clusters in the
dusty ISM, while the FUV data will permit the recovery of a more secure
measure of EB−V .

Important issues to address include: how the age distribution of clusters and
how it relates to age of the diffuse stellar population; what fraction of star-
formation occurs in clusters compared with the diffuse medium, and whether
the young clusters are able to survive processes in the violent ISM and sur-
vive to adulthood, evolving into globular cluster populations we see in relaxed
elliptical galaxies.

8.5 Other applications of the spectral fitting codes
Finally, there are a number of further applications of the stellar modeling
codes developed in this thesis. Concerning starburst galaxies in the nearby
universe, masses of data are in existence. Of particular interest currently is
whether galaxies can ever be proven truly young. With spectral fitting soft-
ware that independently treats multiple stellar components, it may be possible,
with further testing, to examine the aged stellar populations in such galaxies.

When objects hosting population III stars are found, standard SED model-
ing will not be applicable, not only due to the hotter stellar atmospheres, but
also due to the enhance contribution from nebular gas. A method of SED fit-
ting will be required that takes into account multiple populations, in this case
one stellar and one independent nebular component. What the actual approach
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will be depends upon what telescopes are available. If James Webb Space Tele-
scope is operational, and depending upon redshift, it may be possible to obtain
a direct measurement of Hα . Lyα may or may not be an appropriate measure
of nebular continuum due to attenuation in the IGM, again depending upon
redshift and how much is known about IGM ionisation fraction at that red-
shift. Failing that, a multi-component fitting method will likely be required.
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