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Abstract

The Lyman alpha (Lyα) emission line has grown to become one of the most
successful tools for finding galaxies at high redshift. At redshifts correspond-
ing to the early cosmic times of reionization and primeval galaxy formation,
the wavelength of Lyα is still accessible with ground-based facilities. Lyα

is a resonance line which undergoes a complicated radiative transfer process
through the neutral gas inside galaxies. This process is still not fully under-
stood. The precise distribution and kinematics of stars, gas and dust all seem
to affect the amount of Lyα that eventually escapes the galaxy. Observational
studies of Lyα emitting galaxies are necessary for understanding this process
in detail.

From previous observations and simulations, it is evident that outflows of
neutral gas can facilitate the escape of Lyα photons, as the Doppler effect
shifts the frequency out of resonance. In Paper I we explore the connection
between Lyα escape and outflows of neutral gas as measured with the Na D
absorption feature in two nearby Lyα emitting galaxies. We find suprisingly
little evidence for such a connection, and speculate how the Na D absorption
is perhaps not measuring the velocity of the gas which is the most important
for Lyα escape.

Papers II and III address LARS - the Lyman Alpha Reference Sample -
a project in which 14 nearby galaxies and their Lyα emission are studied in
detail using the Hubble Space Telescope. The two papers describe how we
directly image the Lyα emission and absorption in these galaxies, and relate
it to their physical properties. We find that Lyα escape is more probable in
galaxies with younger age, and lower mass, dust content and instantaneous star
formation rate, whereas the total Lyα luminosity appears to be independent of
these factors.

Papers IV and V then turn to higher redshifts, exploring Lyα and Lyman
Continuum escape at z ∼ 2. In Paper IV we find 25 Lyα-emitting galaxies
(LAEs) using the photometric narrow-band technique, and we explore their
multi-wavelength properties. Our results are well in line with similar studies
at this redshift. We also find several luminous infrared galaxies (LIRGs) in the
sample, which may seem surprising given their high dust content, but we also
review similar previous findings in the literature.

Paper V describes the method of using Hα-emitting galaxies (HAEs) in



order to accurately ascertain the Lyman Continuum escape fraction from a
galaxy population, a number which is crucial for the understanding of the role
of galaxies during the epoch of reionization. An Hα-selected sample is less
biased towards dust-free systems than UV-selected samples, which are typi-
cally used for this type of study. We also use the method on 10 strongly clus-
tered HAEs and constrain the Lyman Continuum escape fraction to < 24%, but
stress that this number is strongly affected by cosmic variance and that further
studies of HAEs could provide very robust constraints on the escape fraction.
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1. Lyman α , Hα and Lyman
Continuum

Hydrogen is the most abundant element in the Universe. In its neutral form,
it consists of one positively charged proton and a negatively charged electron.
This electron can only reside in a finite number of discrete energy levels, or
states, while bound to the atom. The state with the lowest energy is called
the ground state, with principal quantum number n = 1, and the other, higher
energy states are called excited states, with higher values of n.

When an electron transitions from a higher energy state to a lower (which
is known as de-excitation), it will emit light with an energy exactly matching
that of the energy difference between the two states. This basic physical prin-
ciple is one of the cornerstones of modern observational astronomy. Since the
energy levels have different spacings in different atoms, each element gives off
light at specific wavelengths, unique to that particular element. In this way,
the spectrum of the light emitted from a source can be used as a fingerprint,
allowing us to identify the elements in the source.

In the case of hydrogen, the transitions from excited states to the ground
state are called the Lyman series, after physicist Theodore Lyman who discov-
ered the emission lines in a laboratory in the early 1900’s. These lines are all
in the ultraviolet part of the spectrum; they have a higher frequency than light
that our eyes can see.

The transition from the first excited state to the ground state (n= 2 to n= 1)
is called Lyman alpha (Lyα), from n = 3 to n = 1 is Lyman beta (Lyβ ), from
n = 4 is Lyman gamma (Lyγ), etc. The pattern is the same for transititions to
the first excited state (down to n = 2), but these are referred to as Balmer alpha,
Balmer beta, etc. (usually written as Hα , Hβ , etc. for historical reasons, see
Figure 1.1). The energy difference between states becomes gradually smaller
and smaller for higher levels, and eventually we reach the so called Lyman
limit, where the energy of the electron is large enough that it will leave the
hydrogen atom completely. The energy required is 13.6 eV, corresponding to
a photon wavelength of circa 912 Å. This is called ionization, and the electron
will then leave an ionized atom behind (which in the case of hydrogen only
consists of a single proton). Ultraviolet light with a wavelength shorter than
912 Å is therefore capable of ionizing hydrogen, and is referred to as Lyman
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Figure 1.1: Energy levels in neutral atomic hydrogen, highlighting the Hα and
Lyα transitions.

Continuum (LyC) radiation.
This process also works in the opposite direction - an atom can be irradi-

ated by light which will be absorbed and the electron will go to a higher energy
level. If the energy of the incoming light matches that needed for an electron
to reach a higher level, the probability of that light being absorbed (which is
often measured in terms of the cross-section) becomes very high. In the case
of Lyα , the energy difference between the ground state and first excited state
is 10.2 eV, corresponding to a photon with a wavelength of 1215.67 Å.

1.1 Early Lyα observations

It was suggested already by Partridge and Peebles (1967) that the Lyα emis-
sion line could be used to find distant galaxies, as it should be strong in star-
forming systems. The idea is that the light from stars in the galaxy with an
energy above the ionization threshold of hydrogen (> 13.6 eV or λ < 912 Å)
is absorbed by hydrogen gas, and a large portion of this light is then re-emitted
as Lyα as the electrons recombine onto the protons, cascading down through
the different energy levels. The first excited state in reality consists of several
slightly separated states. There are two main modes through which an electron
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can reach the ground state; either through a 2s → 1s two-photon continuum
emission, where the two photons combined energy is 10.2 eV, or through the
2p→ 1s Lyα emission. The probability that a Lyα photon will be produced in-
stead of two photons is roughly two thirds, and a total of 1/3 of all the ionizing
energy absorbed by hydrogen is reprocessed into Lyα .

It soon became clear that the assumptions made by Partridge and Peebles
(1967) were not realistic; for example, they assumed distant galaxies to have
the same size as our Milky Way but with an average surface brightness equal
to that of intense star formation. With the very low quantum efficiencies of the
instrumentation of their time, they still concluded that it would only require a
few minutes to detect very distant galaxies. With more realistic assumptions
combined with modern instrumentation, this number is instead on the order of
several hours. However, even with these assumptions taken into account, early
surveys targeting the Lyα line came up empty (Pritchet, 1994). It was clear
that there was still a large discrepancy between theory and observations. But
what could cause such a discrepancy?

The first candidate thought to absorb Lyα photons before they could reach
us was dust. Dust absorption can be very strong in the ultraviolet, and early
studies did show a tentative connection. Meier and Terlevich (1981) used ul-
traviolet spectra from the International Ultraviolet Explorer (IUE) satellite to
analyze three actively star forming galaxies with a redshift high enough to sep-
arate the Lyα emission from geocoronal emission. They found that only the
most metal-poor of the three objects showed any Lyα emission. 1

However, Kunth et al. (1994) presented IUE spectra of a very low metallic-
ity galaxy (I Zw 18, which has a metallicity Z . 1

50 Z�), where Lyα is strongly
absorbed. Shortly thereafter, Lequeux et al. (1995) found strong Lyα emission
emerging from the more metal-rich galaxy Haro 2. The conclusion was that
the dust alone was not the decisive factor behind Lyα escape. Giavalisco et al.
(1996) summed up the results, concluding that Lyα radiation is probably af-
fected by multiple scatterings in neutral hydrogen, which greatly increases the
path length for these photons. This increases the chance of absorption, so that
even a small amount of dust can be enough to preferentially absorb the Lyα

radiation.
Neufeld (1991) proposed a special scenario in which the dust is concen-

trated in clumps, and Lyα can scatter on neutral gas on the outside of these
clumps and thus suffer less absorption than continuum photons. However,
with modern simulations this model has been shown only to work in very con-
trived cases, when the interstellar medium is static and the density difference
between clumps and the inter-clump medium is very high (Duval et al., 2014;

1Metallicity and dust content are naturally assumed to be well correlated.
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Laursen et al., 2013).
Nevertheless, these early efforts made it clear that the exact morphology

of the neutral gas in relation to the dust, as well as any velocity differences,
are important parameters for the Lyα escape fraction. The resonance nature
of Lyα (where a Lyα photon is very easily absorbed by neutral hydrogen gas
and a new photon with similar wavelength is almost instantly emitted in a
new direction) greatly affects the study of the most distant galaxies we have
discovered, and has made it the large and active field of research it is today.
Modern simulations of the radiative transfer of Lyα (such as those of Duval
et al., 2014; Schaerer et al., 2011; Verhamme et al., 2006) take into account
combinations of both the geometry and velocity of H I gas and dust.

1.2 The radiative transfer of Lyα

If Lyα photons are to escape a galaxy, they must either be formed surrounded
by very little hydrogen gas, or they must scatter outwards to regions where
the optical depth is low enough for them to escape. The resonance effect is
strongest near the central wavelength, so that the optical depth decreases to-
wards the wings of the line, and emission in the wings of the line will thus
more easily escape. In each scattering event, the new Lyα photon may be
emitted with a slightly altered wavelength, following a quantum mechanical
probability distribution. Should the new wavelength be far away from the line
center, the new photon will therefore experience a much longer mean free path
through the gas, and may even escape completely. This can be seen in a rel-
atively simple simulation of Lyα radiative transfer, in the case where a Lyα

source is surrounded by neutral hydrogen gas without dust. The emergent
Lyα profile has two peaks on either side of the line center, corresponding to
the lower and higher wavelength photons that more easily escaped from the
gas. A higher column density will lead to a larger separation between the two
peaks, as the photons will need to scatter further away from the line center
before escaping. An example of this is shown in Figure 1.2.

1.2.1 The effect of kinematics on Lyα escape

If the gas upon which the photon is about to scatter is in motion relative to
the source of the photon, the photon will appear redshifted to the gas due to
the Doppler effect. As a Lyα photon is shifted away from the gas rest-frame
wavelength, the probability of being absorbed becomes smaller. It is thus likely
that more Lyα photons will escape the galaxy if there is a strong motion in
the neutral gas, as for example from an outflow created by stellar winds and
supernovae.
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Figure 1.2: Simulated radiative transfer of Lyα reproduces the expected double-
peaked profile, for a static shell of H I gas without dust. As the column density
increases, the separation between the peaks also increases. Reproduced from
Verhamme et al. (2006). c©ESO. Reproduced with permission.
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Kunth et al. (1998) studied eight star forming galaxies in the ultraviolet
regime with the Goddard High-Resolution Spectrograph (GHRS) aboard the
Hubble Space Telescope (HST). Specifically, the study targeted Lyα in com-
bination with low ioniziation state (LIS) absorption lines such as O I (λ1302)
and Si II (λ1304). These lines arise in cold neutral gas and can therefore be
used for tracing its velocity. Four of the studied galaxies showed Lyα in emis-
sion and the other four showed absorption. In each case, the Lyα emitting
galaxies show blueshifted absorption lines (compared to the systemic veloc-
ity) and asymmetric P Cygni1-like emission profiles, whereas the absorbing
galaxies showed no velocity shift in the neutral gas. It thus seemed that in the
presence of an outflow on the order of a few 100 km/s, Lyα was able to es-
cape2. One of the galaxies studied by Kunth et al. (1998) was ESO 350-IG038,
which is also known as Haro 11. This galaxy is also part of the study in Paper
I.

More recently, Henry et al. (2015) studied 10 Green Pea galaxies and their
Lyα properties, and discovered that while the LIS lines are weaker when Lyα

EW and escape fraction are higher, they see no correlation between LIS veloc-
ity and Lyα escape. Instead, they find a strong anticorrelation between the Lyα

escape fraction and the separation between the red and blue Lyα peak, indi-
cating that the column density (which affects the peak separation) is regulating
the escape of Lyα .

However, several studies of neutral gas kinematics (e.g. Wofford et al.,
2013, and our own LARS project) on Lyα escape indicate that outflow veloc-
ities are indeed important: The outflow velocity as estimated from LIS lines
compared to Hα are clearly correlated with Lyα equivalent width (see e.g.
Hayes, 2015, for a review).

1.3 Finding Lyα emitters in modern surveys

Much has happened in the field of extragalactic exploration during the past two
decades. Tentative evidence of Lyα emitters started trickling in after the some-

1A P Cygni star is a blue luminous variable star with a gaseous envelope expanding
away from it. Many of the emission lines therefore show a characteristic absorption
feature on the blue side.

2There are some newer measurements of some of the galaxies that do not agree
with this original result; for example, Schwartz et al. (2006) measure a relatively
strong outflow of several hundred km/s in a galaxy called Markarian 36, where Lyα

is only seen in absorption. Also, the measurements of Haro 11 presented in paper
I do not agree perfectly with their result, as we will come back to later. However,
the basic principle that Lyα does escape more easily in the presence of an outflow is
undisputed.
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what pessimistic review of Pritchet (1994), but the real breakthrough came
with the advent of the 10-meter class of telescopes. Cowie and Hu (1998)
presented a blank narrow-band survey using the Keck II 10 meter telescope
on Hawaii, proving beyond any doubt that there is a substantial population of
galaxies at redshift∼ 3.4 which emit Lyα . This also showed that the boundary
for discovering these objects had previously only been just out of reach, and
the field was wide open for finding galaxies at high redshifts. The narrow-band
technique has since resulted in a plethora of successful studies of LAEs: for
example at z ∼ 2 (e.g. Guaita et al., 2011; Nilsson et al., 2009), z ∼ 3 (e.g.
Gawiser et al., 2006; Gronwall et al., 2007; Nilsson et al., 2007; Ono et al.,
2010a), z∼ 4.5−5 (e.g. Finkelstein et al., 2008; Malhotra and Rhoads, 2002;
Pirzkal et al., 2007; Yuma et al., 2010) and z ∼ 6− 8 (e.g. Faisst et al., 2014;
Jiang et al., 2013; Konno et al., 2014; Matthee et al., 2015; Ono et al., 2010b;
Ouchi et al., 2010; Shibuya et al., 2012). This is about as far as the current nar-
rowband surveys go in redshift, and most surveys also appear to show a decline
in the number of LAEs per cosmic volume beyond z∼ 6, but new surveys and
exploratory efforts are constantly under way, fueled by new instrumentation
and larger telescopes.

The apparent drop in the number densities of LAEs at high redshift may in
part be due to the fact that the intergalactic medium (IGM) is expected to be
neutral at high redshifts, and that this redshift may correspond to the end of the
so called epoch of reionization. We will come back to this point in more detail
in Section 1.4.

Below I will briefly describe two of the most common techniques for find-
ing galaxies at intermediate and high redshifts.

1.3.1 LBGs and The Lyman Break technique

A common technique for finding candidates for high redshift galaxies is to
use the Lyman break at 912 Å. Since the spectrum of a galaxy usually drops
sharply at this point, because most photons with lower wavelengths are ab-
sorbed by neutral hydrogen and reprocessed into recombination lines, this cre-
ates a signature that can be traced with the "drop-out" technique. In a pho-
tometric survey using broad filters and covering a large area, a galaxy should
be visible in several filters, and then disappear at the Lyman break at that par-
ticular redshift. For example, if an object is visible in the V and R filter but
is then missing in an equally deep U-band image, this could be an indication
that it is a galaxy at a redshift around z ∼ 3, where the Lyman break would
appear around 4000 Å. There could of course be a number of other reasons for
such a break (for example dust reddening, or the Balmer break around 4000
Å in the rest frame), but it is an efficient way of finding possible candidates
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that can later be confirmed with a spectroscopic follow-up, once the position
of the candidate is known. Such a galaxy is then referred to as a Lyman Break
Galaxy (LBG) because it was found using the spectral break.

Another technique is instead to try and target the Lyα line using a narrow-
band filter. This was the principle used by Cowie and Hu (1998) in the study
of Lyα emitting galaxies mentioned above. The idea is that if a galaxy at
a specific redshift z emits a strong line at λem which is observed by us at a
wavelength λobs = λem(z+ 1), the galaxy will appear very bright in a narrow
filter centered close to λobs, but not as bright in a broad filter in the same
wavelength regime. An example of this technique is shown in Figure 1.3. By
using a combination of filters, one can therefore scan through narrow redshift
slices of space to find possible Lyα emitting galaxies. Of course, one may
have problems with interlopers where another combination of z and λem yields
the same λobs, so the technique requires some additional information in order
to eliminate these cases. Just as with the LBGs, spectroscopic follow-ups are
needed to confirm that the candidates are truly galaxies at the expected redshift.
A galaxy found using the Lyα line in this way is usually referred to as a Lyman
Alpha Emitter (LAE).

Apart from these two photometric methods, there are also spectroscopic
methods of finding distant galaxies. Spectra have previously mainly been used
to confirm photometric candidates, but with recent progress in large integral
field units (such as VLT/MUSE), large spectroscopic surveys can now be done
immediately, without prior knowledge of galaxies in the field (see e.g. Karman
et al., 2015; Richard et al., 2015).

1.3.2 The connection between LAEs and LBGs

Of course, there is some overlap between these two kinds of galaxy, since
a galaxy with a strong Lyman break will intrinsically produce a Lyα line in
emission when the reprocessed ionizing flux is emitted as Lyα . However, the
actual Lyα escaping the galaxy may vary enormously and LAEs can therefore
be said to be a subset of LBGs, but the connection between these galaxy popu-
lations is not necessarily straight-forward and a subject of active study (see e.g.
Dayal and Ferrara, 2012, and references therein). Shapley et al. (2003) discuss
a large sample of over 800 spectroscopically confirmed LBGs at z ∼ 3. Their
study includes the low ionization state absorption features as well as the Lyα

line, and they find that blueshifted absorption features appear to be ubiquitous
in the galaxies which show Lyα in emission (see also Section 1.2.1). The Lyα

flux is found to be anti-correlated with metallicity, but they also conclude that
a stronger outflow results in a lower Lyα equivalent width and that a high star
formation rate is associated with low Lyα luminosity.

24



Figure 1.3: An example of the narrow-band technique, from Ouchi et al. (2008).
The galaxies in this case are at a redshift of z∼ 5.7, which places the Lyα line in
the narrowband centered around 816 nm in this particular study. The right side
shows the follow up spectra, where the exact redshift can be determined. c©AAS.
Reproduced with permission.

Ando et al. (2006) in a similar way found that the Lyα equivalent width
in z ∼ 5− 6 LBGs was on average lower in the more UV-luminous galaxies.
This is also reflected in the LARS sample (Paper III), where we see that a high
instantaneous star formation (as measured by Hα) is never associated with a
high equivalent width or escape fraction in Lyα .

This again shows that Lyα radiative transfer is very complex and depends
on a combination of several processes. Surveys studying the morphology and
kinematics of LBGs and LAEs at intermediate redshift indicate that more mas-
sive galaxies have slower and more inefficient outflows, and that outflows are
more commonly seen in face-on galaxies (see e.g. Kornei et al., 2012; Law
et al., 2012, and references therein).

All surveys are limited by depth and therefore tend to probe only the bright-
est galaxies. It can therefore be challenging to disentangle selection bias ef-
fects from actual evolution. There does however seem to be a strong evolution
in Lyα properties with redshift. The cosmic star formation history appears to
build up gradually and peaks at around z ∼ 2, and then declines until today
(Madau and Dickinson, 2014). At the same time, the Lyα escape fraction ap-
pears to increase steadily with redshift all the way to z∼ 6 (Hayes et al., 2011).
The relative number of strong Lyα emitters (with high equivalent widths) also
appears higher at redshift z∼ 4−6 relative to z∼ 2 (Cassata et al., 2015).

25



1.4 The reionization of the Universe

In the early Universe, some hundred million years after the Big Bang, the
temperature became low enough for electrons to combine with protons for the
first time. This is known as the epoch of recombination, although since it
happened for the first time, the name is perhaps misleading. This left the gas
in the Universe in an overall neutral state. In today’s Universe, however, nearly
all of the gas between the galaxies is fully ionized. There should in other words
have been a moment in the history of the Universe when it started to become
ionized again, and this is known as the epoch of reionization. The exact details
of how this came to be are still not fully understood, but one strong candidate
for causing this to happen is the formation of the very first stars and galaxies.

The other possible explanation would be strong high-energy radiation from
quasars, and they do seem to have an effect, but the latest estimates indicate
that they would contribute no more than ∼ 10% to the total ionizing back-
ground radiation needed (e.g. Bouwens et al., 2015; Haardt and Madau, 2012).

In order for the ionizing LyC radiation from a galaxy to actually ionize the
surrounding medium, it must first escape through the gas in the galaxy itself.
Therefore, also nearby studies of e.g. blue compact galaxies (like the LyC
leakage from Haro 11, see Leitet et al., 2011) are interesting in this context.

Exploring the reionization of the Universe through Lyα emitting galaxies
has grown into a hot research topic with the advent of new, large field studies
at z & 6. Two effects emerge - the Lyα luminosity function appears to decline
rapidly around z > 6 (e.g. Faisst et al., 2014; Jiang et al., 2013; Kashikawa
et al., 2006, 2011; Ouchi et al., 2010), and the Lyα fraction (the fraction of
dropout galaxies identified as LAEs in spectroscopic follow-up) increases until
redshift z∼ 6 and then decreases at higher redshifts (e.g. Fontana et al., 2010;
Pentericci et al., 2014; Schenker et al., 2012; Treu et al., 2013). This indicates
a rapid change in the IGM transmissivity took place around this redshift range.

The spatial distribution of LAEs also gives an idea of in what way reion-
ization took place. If the distribution of galaxies was very clumpy, this would
have given rise to large ionized bubbles from which Lyα would escape more
easily. These large bubbles would be surrounded by proportionally more neu-
tral gas in the less dense environments, thus exaggerating the clumping effect.
This leads to the bright end of the luminosity function deviating from the stan-
dard Schechter formalism, which has been observed by Matthee et al. (2015).
Large scale surveys of LAEs therefore provide important clues on how reion-
ization happened (see e.g. Choudhury et al., 2015; Dayal et al., 2011; Dijkstra
et al., 2011; Hutter et al., 2014; Jensen et al., 2013), but such deep, large-field
surveys on the order of square degrees at the highest redshifts are still a few
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years away, like the Hyper Suprime-Cam survey1 .

1.4.1 When did reionization happen?

One of the strongest pieces of evidence for the increasing fraction of neutral
gas in the IGM is the Lyα forest and the so called Gunn-Peterson trough. The
latter is named from the study of Gunn and Peterson (1965) in which the effect
was first discussed. The spectrum of a quasar, is intrinsically a bright contin-
uum source with only a few very broad features. However, spectra of distant
quasars show a large number of narrow absorption features, resembling the
trunks of trees tightly packed together in a forest. This feature was therefore
named the Lyα forest, because it arises due to absorption in neutral hydro-
gen gas clouds along the line of sight, where the strong continuum emission
from the quasar is absorbed at the rest wavelength of Lyα for each cloud. At
higher redshifts, the absorption features appear closer together, until finally a
completely absorbed trough is observed. This indicates that the universe was
previously more filled with neutral gas, and at some point the IGM was com-
pletely neutral. Note however, that the Gunn-Peterson trough arises already
for a small neutral fraction of hydrogen atoms; on the order of one in a thou-
sand. This effect, which is typically observed at z & 6 (e.g. Becker et al., 2001;
Fan et al., 2006; McGreer et al., 2015), thus marks the end of the epoch of
reionization.

At the same time, studies of the cosmic microwave background (CMB)
tell us of the column density of ionized material in front of the last scattering
surface. Thomson scattering of CMB photons upon free electrons causes the
signal to become partially linearly polarized, allowing us to calculate a Thom-
son optical depth which in turn can be used to estimate when reionization took
place. The latest results (Planck Collaboration et al., 2015) places reioniza-
tion at z∼ 8.8, assuming a model in which the universe is instantly reionized.
Figure 1.4 summarizes the current key constraints on the reionization redshift.

In order to explore the very first stars and galaxies, the Lyα emission line
remains one of the strongest tools for helping us probe these redshifts, because
its characteristic shape and intrinsic brightness makes it a marker for directly
confirming the presence of a high-redshift star forming galaxy. As the IGM be-
comes gradually more neutral with redshift, we expect to see fewer galaxies as
the neutral gas absorbs more of the Lyα line. Since Lyα is so heavily affected
by the ISM structure, kinematics and constitution inside the galaxy where it is
formed, it is crucial that we understand the nature of the Lyα radiative transfer
so that we can learn more about the properties of these galaxies, and also dis-
entangle the intrinsic radiative transfer effects from the effect of the IGM on

1http://www.naoj.org/Projects/HSC/surveyplan.html
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Figure 1.4: Summary of constraints on the redshift at which reionization took
place, reproduced from Bouwens et al. (2015). The filling factor of ionized hy-
drogen is denoted QHII . The points include Gunn-Peterson and Lyα dark gaps
from Fan et al. (2006) and McGreer et al. (2015), quasar damping wings from
Schroeder et al. (2013), and Lyα galaxies from Schenker et al. (2014). The red
arrow shows the instantaneous reionization redshift from Planck Collaboration
et al. (2015). The gray shaded region schematically follows the evolution in the
filling factor. c©AAS. Reproduced with permission.
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the observed spectra.

1.5 Connecting Lyα , Hα , and LyC

The Hα and Lyα transitions are closely linked, in that a hydrogen atom that
has just emitted an Hα photon will have its electron in the n = 2 state, ready
to (almost) immediately give off a Lyα photon. These two emission lines are
therefore tightly linked and one can relatively easily derive the intrinsic ratios
between them. Osterbrock (1989) lists the flux ratio (for case B recombination,
when the nebular gas is optically thick to ionizing radiation) as fLyα

fHα
= 8.7. One

can therefore compare this ratio to the actual observed flux ratio (after apply-
ing the appropriate dust corrections) and derive an escape fraction directly.
This was done e.g. by Hayes et al. (2010a) to estimate the average volumetric
escape fraction of Lyα at z∼ 2 to be about 5%.

The Lyman Continuum (LyC) radiation from a galaxy is also tightly linked
to both of these emission lines, since these recombination lines require that
the neutral hydrogen atoms are first ionized and the electrons then cascade
down the energy levels. The more LyC radiation is absorbed by neutral gas,
the stronger the emission lines may become as a result. The inverse is also
true; one can imagine a system with only very little neutral hydrogen gas, in
which all of the LyC radiation from stars would escape directly. Such a system
would then not show any emission lines since no recombinations would take
place. In reality, however, galaxies will always have some hydrogen reservoirs
which at least partially absorb the LyC radiation. Despite the apparent anti-
correlation, the Lyα and LyC flux from a galaxy would still be expected to
correlate strongly, because of the way their escape through the galaxy is facili-
tated through only partially covered areas or through holes or tunnels with less
dense material in both cases.

To be able to observe all three types of emission from a single galaxy
would therefore give us very detailed information on the Lyα and LyC escape
mechanisms. This would be very helpful not only for determining the escape
fractions of these two quantities separately but especially for using LAEs at
the highest observable redshifts as tools to probe the epoch of reionization in
detail.
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2. Overview of the projects in the
thesis

2.1 The kinematics of neutral gas in galaxies

The structure and kinematics of dark matter and the connection to large scale
structure formation in the Universe is today relatively well understood and
self-consistent. However, adding the astrophysics of baryonic matter and the
feedback energy from star formation, supernovae and accretion onto supermas-
sive black holes in active galactic nuclei (AGN), and the large-scale outflows
of gas that should come with it, makes the picture much more complicated
and there are still many unanswered questions. There are many astrophysical
phenomena that appear to rely on the fact that this kind of feedback exists;
for example why there are fewer low mass galaxies relative to the dark mat-
ter halo mass function predicted by ΛCDM cosmology (e.g. Simon and Geha,
2007, and references therein), and why massive galaxies at high redshift can
still have very low star formation rates.

Galactic scale outflows appear to be very common, if not ubiquitous, in
star forming galaxies (see e.g. Martin, 2005; Rupke et al., 2002, 2005; Shapley
et al., 2003; Steidel et al., 2010, and references therein). In this section, I will
give an overview of some of the different methods that exist for studying the
kinematics of neutral gas observationally.

2.1.1 Low ionization state absorption lines

In ultraviolet, optical and near-infrared spectra, the information on the sctruc-
ture and kinematics of cold neutral gas is encoded in low ionization state (LIS)
absorption features. This absorption arises as continuum light from a back-
ground source shines through a region of cold neutral gas, containing a mixture
of gas and dust. Some of the metals contained in this material will have many
of their electrons in low energy states, i.e. close to the ground state of the atom.
The idea is that a line with a low ionization threshold will only be visible in
the neutral medium, because the electron requires a relatively small amount of
energy to be removed from that state. Ideally, one would want to match the
ionization threshold energy of hydrogen (13.6 eV) as closely as possible. In
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paper I, we use a well known feature in the spectrum of neutral sodium, the
Fraunhofer D Na I line (λλ5889.95,5895.92) which has an ionization thresh-
old of 5.14 eV. This means that the feature is likely only to exist in the cold,
neutral medium but also that it must probably be shielded from photoionization
by dust (Murray et al., 2007).

When comparing the neutral gas velocities in Lyα emitting galaxies to
the systemic velocity and the velocity of the Lyα emission line, a clear trend
is immediately obvious: the LIS absorption lines show a blueshift of several
hundred km/s and the Lyα line shows an even larger, redshifted velocity due
to radiative transfer effects (see Pettini et al., 2001; Steidel et al., 2010). This
remains one of the strongest pieces of evidence that the escape of Lyα photons
is greatly facilitated by outflows of neutral gas (see also Section 1.2.1 above).

But what is causing the Lyα feature to appear redshifted? Simulations
(e.g. Duval et al., 2014; Verhamme et al., 2006) of an expanding shell model
in which Lyα is radiating outward show that the double peaked profile of a
static shell is distorted so that the red peak becomes stronger and the blue peak
weaker. This is because the blue photons produced inside the shell will appear
redshifted towards line center by the expanding gas, and so be preferentially
absorbed by it. On top of that, the blue peak may be affected by IGM ab-
sorption in front of the LAE. Early simulations by Tenorio-Tagle et al. (1999)
showed that this behaviour of the Lyα line could be explained by the growth
of a "super-bubble" – an expanding region of hot ionized gas, created from the
feedback of strong star formation, supernovae or possibly black hole accretion.

2.1.2 Using Na D to probe neutral gas properties

In order to study the velocities of neutral gas in galaxies, one would perhaps
first think to look at the 21 cm line of hydrogen, which arises directly in neutral
hydrogen and is due to a spin-flip process where the electron changes spin
direction from parallel to anti-parallel to the proton. Directly mapping neutral
hydrogen with current instrumentation can only be done in relatively nearby
galaxies. Lyα emitting galaxies tend to be small and gas-poor, which requires
high sensitivity and long, dedicated integration time. Bergvall et al. (2006)
conclude that all attempts to detect Haro 11 (one of the two galaxies studied
in Paper I) using the Very Large Array (VLA), the Nançay Decimetric Radio
Telescope (NRT) and the CSIRO Parkes radio telescope are only able to put
an upper limit on the total gas mass of roughly 108 M�. However, with deeper
VLA observations a compact absorption feature in H I was detected, coincident
with knot B, with a mass in the range 3-10 ×108M� (MacHattie et al., 2014).
No emission of H I was detected and an upper limit on the entire system was
estimated as 1.7× 109M�. With even deeper observations, however, there is
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a detection of H I emission, which also points to a mass M ∼ 5× 108M� (S.
Pardy, private communication).

Only recently, we have begun to explore 21 cm hydrogen observations in
connection to Lyα escape in earnest through the LARS collaboration (Pardy
et al., 2014). A large difficulty in this endeavour is to connect the radio obser-
vations (which tend to capture very large scales with rough spatial resolution)
with those in the optical and ultraviolet regime.

Another approach is to go for low ionization state absorption lines in the
ultraviolet (see Section 2.1.1), which can be studied in the same spectrum as
Lyα so as to get a firm grip on the connection. Unfortunately, the UV is
impossible to reach from the ground due to atmospheric absorption. The only
option at present day is to use the Hubble Space Telescope (HST), which is
currently equipped with two UV spectrographs: the Space Telescope Imaging
Spectrograph (STIS) which has a limited sensitivity and the Cosmic Origins
Spectrograph (COS) which uses a relatively large circular aperture (i.e., any
detailed spatial information is difficult to retrieve).

If we want both high spectral resolution and good spatial information in
order to connect it with the areas in the galaxy where Lyα is escaping, it
is therefore advantageous to use a ground-based instrument on a large tele-
scope with an integral field spectrograph. Then one needs to choose absorption
lines which are reachable from the ground at lower redshifts. The two obvi-
ous choices are the Mg II absorption doublet (λ2796,2803 Å) (e.g. Churchill
and Vogt, 2001; Martin and Bouché, 2009; Mshar et al., 2007; Nestor et al.,
2011) or the Na I D doublet (λλ5889.95,5895.92 Å) (e.g. Chen et al., 2010;
Heckman et al., 2000; Martin, 2005; Rupke et al., 2002). Other options include
the Ca II H & K doublet (λλ3933.7,3968.5 Å), which is usually heavily con-
taminated by a strong stellar component, and K I (λλ7664.9,7699.0 Å) which
is similar to the Na D feature but is usually weaker due to lower abundance,
and at the rest wavelength becomes mixed in with atmospheric O2 absorption
features.

In paper I we have chosen to look for Na D absorption. The Na D feature
not only gives us a velocity estimate, but it also contains information on the
optical thickness and the covering fraction of the gas where the absorption
occurs. The relative strength of the two Na D lines is always 2:1 in the optically
thin case; that is, the bluer line is twice as strong as the red. This is set by the
quantum mechanical properties of the transitions involved. However, if the
absorption takes place in an optically thick region, the ratio will be lower, and
at an infinite optical depth the ratio is 1:1. Spitzer (1968) lists intermediate line
ratios for varying optical depths of the Na D feature. By measuring the exact
line ratio, we are thus able to estimate the optical thickness.

Another important property concerning Lyα escape which can be probed
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by the Na D feature is the covering fraction, which will (under certain condi-
tions) correspond to the residual intensity in the lines. If the background source
is completely obscured (covering fraction 1), the lines will appear black in the
spectrum, as all of the light is absorbed. There is of course a smearing ef-
fect in low resolution spectra, which might artificially fill in some of the light.
In our study, we deem this to be a small effect, as the lines are considerably
broader than our spectral resolution. If the lines are optically thick, the cov-
ering fraction can directly be estimated as fC = 1− I5890 where I5890 is the
residual intensity in the blue line.

2.2 LARS

LARS is an acronym for the Lyman Alpha Reference Sample, a collection of
14 relatively nearby star forming galaxies, selected so that their Lyα properties
can be studied in detail with the UV capability of the Hubble Space Telescope
(HST). The galaxies were selected from the overlap in the Galaxy Evolution
Explorer (GALEX)1 and Sloan Digital Sky Survey (SDSS) catalogs. With
HST we obtained imaging in Lyα , Hα and Hβ as well as optical and ultravi-
olet continuum, together with spectra from the Cosmic Origins Spectrograph
(COS), targeting Lyα and nearby interstellar absorption lines.

Complementing these HST observations, we have also compiled a large
data set of ground based observations in the radio, optical and near-infrared,
all to build as complete a picture as possible of the mechanisms behind Lyα

escape in galaxies. We have for example 21 cm H I radio data from the 100
meter Green Bank Telescope (GBT), the Giant Metrewave Radio Telescope
(GMRT) and the Very Large Array (VLA), which we use to directly relate the
neutral H I gas properties to the observed Lyα emission and absorption (Pardy
et al., 2014). This is a challenging task, since our radio observations probe
these galaxies on much larger physical scales than the HST. We do see for
example that the H I line width is anti-correlated with the extension of Lyα

(the size of the Lyα halo relative to the galaxy), and the total H I mass is
also anti-correlated with Lyα escape fraction and equivalent width. This is in
general agreement with what we see from other studies; larger, more massive
galaxies tend to exhibit less Lyα emission. We are currently observing several
LARS galaxies with deeper observations in more extended configurations, and
hope to be able to study H I velocity fields and column densities on much finer
scales in the near future, allowing for a more detailed coupling to detailed
radiative transfer effects.

1A space based telescope operated between 2003 and 2012 which surveyed a large
portion of the ultraviolet sky.
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The COS data of LARS (presented in Rivera-Thorsen et al., 2015) also
allow us to probe the neutral gas in great detail; e.g. there are four Si II ab-
sorption features with different oscillator strengths, with which we can analyze
the column density and covering fraction of the neutral gas. Again, we find no
single parameter correlates perfectly with Lyα line strength, but rather there
are many factors that work together and all affect the Lyα radiative transfer.
We do see that an outflow of neutral gas, as well as some porosity in the neutral
medium, appear to be necessary (but not sufficient) conditions for Lyα escape.
We also find a strong anti-correlation between Hα equivalent width and cover-
ing fraction, indicating that feedback from strong star formation helps to blow
holes and bubbles in the neutral gas.

We also have detailed integral field unit data with the Potsdam Multi Aper-
ture Spectrophotometer (PMAS) covering the Hα line for all 14 galaxies (Herenz
et al., in press). These Hα data probe the velocity fields and the conditions
where Lyα is produced, and we do see some cases where more turbulent, heav-
ily star-forming regions appear to set up conditions which are favourable for
Lyα escape.

2.3 Trident

We named this project Trident as it deals with three types of emission con-
nected with atomic hydrogen in galaxies; Hα , Lyα and LyC. I have already
described the connection between them in Section 1. The basic idea stems
from a project called Double Blind, which used a similar strategy to target
Lyα and Hα emission in star forming galaxies at z ∼ 2. The redshift range
around z ∼ 2− 2.5 is special in that the Lyα line is redshifted enough to be
reachable from the ground, whereas the Hα line is still reachable in the near-
IR K band. This is thus the only redshift range which can be probed in this
way with ground based observatories.

The basic Lyα-to-Hα matching idea behind Double Blind and Trident is
to construct filter pairs in optical and near-IR that are as near each other as pos-
sible in redshift space. As shown in Figure 2.1, we have several filters in the
optical that have nearly the same shape as near-infrared filters, only divided
by the ratio of the Hα to Lyα wavelengths. When observing galaxies with
these filters, we therefore know that they are probing Hα and Lyα emitters at
the same redshift range, hopefully corresponding to the same physical space.
There may be some mismatch, not only due to imperfections in the manu-
facturing of the filters, but also because the Lyα lines may be shifted slightly
compared to the systemic velocity due to radiative transfer effects (as described
in Section 2.1.1). Getting the narrowband filters to match exactly is very diffi-
cult - the transmission curve of a filter depends on several factors, such as the
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Figure 2.1: The transmission curves for all of the filters intended for use with Tri-
dent. The triple x-axis shows the Lyα wavelength in blue, the Hα wavelength in
red, and the overlapping redshift axis in black. 392_6, 401_6 and 406_6 where all
used in Paper IV, with most of the coverage in 401_6, which was made to match
the CFHT/Wircam WC8305 filter. All blue filters in this plot were manufactured
for this project, except 406_6.

incident angle of the light and the ambient temperature. In other words, the
optical path of the light hitting the filter, which depends on the focal ratio of
the telescope and how the filters are mounted, can change what wavelengths of
light are transmitted. Also, cooling a filter down (which is always done with
near-infrared filters to reduce thermal noise) will shift the transmission curve
to shorter wavelengths. Filters will also tend to shift to shorter wavelengths
slightly as the material ages with time, usually by a few Å over the lifetime of
the filter. All of these effects combined make the matching more approximate,
but the combined effects should for our optical filter be no larger than ∼ 5 Å
(cf. the typical width of 70−80 Å).

The idea of Trident is then to combine the Lyα , Hα and LyC emission to
evaluate the cosmic star formation rate and the Lyα and LyC escape fractions
at z∼ 2, and connecting this to higher redshift galaxies. At these redshifts, the
IGM transmissivity is considerably lower (Inoue et al., 2014), making the same
comparison more difficult. Also, as mentioned above, Hα would no longer be
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easily accessible from the ground.
The Hα luminosity is proportional to the number of ionizing photons pro-

duced per second (denoted Q), so that LHα = 1.4 · 10−12×Q× (1− fesc,LyC
erg/s/Å, where fesc,LyC is the LyC escape fraction (Kennicutt, 1998). Through
UV imaging we can then compare the intrinsic ionizing radiation produced
and, assuming some dust extinction on Hα , directly measure fesc,LyC. The
method works in a similar fashion for Lyα; the Hα luminosity is corrected for
dust extinction which gives a measure on the amount of Lyα produced intrin-
sically. By imaging the galaxies in Lyα we can then directly measure the Lyα

escape fraction.
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3. Observations and data
reduction

Most of the actual time and work effort for producing the results of this thesis
was put into reducing astronomical data. These efforts are not normally de-
scribed in great detail in peer-reviewed journals due to their technical nature. I
will therefore seize the opportunity to highlight some of this "hidden" work in
more detail in the following section.

3.1 Reduction of the VLT/FLAMES data (paper I)

The FLAMES/Argus data were reduced using recipes in the common pipeline
library (CPL) package version 5.2.0, which is provided by ESO. The recipes
were run using the command line esorex interface. First, the bias frames were
median combined using the gimasterbias recipe. The resulting master bias
is then used in all of the subsequent reduction steps. The next part is to use
the gimasterflat recipe, which is used for calculating where on the CCD
the light from each fibre will end up. This calibration frame is acquired by
using a halogen lamp as a continuum source and feeding this light through
the instrument. The recipe then fits polynomials to the shape and intensity
of this spectrum which are used in the subsequent reduction steps. For each
observing block that we reduced, we always used only the flat frames acquired
in conjunction with those science observations.

The next step is to use the giwavecalibration recipe, which performs
the wavelength calibration. This is used to map exactly where on the CCD
a specific wavelength will appear. The calibration frame is acquired using a
lamp with known emission lines. The light will then pass through the echelle
grism and produce points on the CCD whose positions are fitted by the recipe.
The recipe requires an existing dispersion solution as a first order guess, which
is then improved. A standard dispersion solution provided together with the
raw data was used in each case for the initial guess, and the convergence of
the wavelength calibration fitting was checked by using the output dispersion
solution as an initial guess for a second run, making sure an identical solution
was obtained.
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The final step is then to apply all calibrations to the science frames using
giscience. This recipe uses the flat and wavelength information to extract
the science spectra, and create a data cube with the two spatial dimensions on
the sky and one spectral dimension.

A complication in the data reduction process was that the data were ac-
quired using a dithering pattern between each exposure. This meant that the
first version of the reduced data were incorrectly combined, as a final step in
the process, since the cubes were not aligned in the spatial direction. The in-
formation on the size and direction of the dithering pattern was subsequently
retrieved from the Phase II preparation files, and I wrote a python script to
convert the RA and DEC movements to rotated x and y shifts and "manually"
shift the data cubes before combining them. Each science exposure was thus
reduced separately, resulting in one data cube with an accompanying uncer-
tainty data cube from the pipeline. These products were then used to create
a weighted average of the value at each spatial and spectral point in the final
cube.

Since the dithering patterns were made with steps smaller than the 0.52
arcsec / lenslet scale of the integral field unit, one data product was also made
where the exposures where drizzled onto a grid with 0.26 arcsec / spaxel res-
olution. This was however never used in the subsequent analysis, mainly be-
cause the Na D feature turned out to be so weak that the data had to be binned
spatially and the extra spatial information would therefore be lost in any case.

3.2 X-Shooter description and reductions

In Paper I, we have also used spectra from an instrument called X-Shooter,
which I will here describe briefly. X-Shooter is a three-tiered spectrograph
which uses beam splitters to divide the light into three different arms, using
three different detectors sensitive at different wavelength ranges. There is one
ultraviolet-blue (UVB) arm, operating at λ3000− 5600 Å, one visible (VIS)
arm, λ5500−10200 Å, and one near-infrared (NIR) arm, λ10000−24800 Å.

We focus on the UVB and VIS arms, which contain the relevant Na D, Mg
b and Hα features which we use to confirm the results of FLAMES as well as
estimate the stellar contamination. In some cases, we are also able to see the
K I doublet (λλ7664.91,7698.97 Å), which is expected to behave similarly to
the Na D lines.

The spectra were reduced with the X-Shooter pipeline v. 1.3.7 using esorex
v. 3.9.0. Standard settings were used in the physical model mode, using the
xsh_scired_slit_nod recipe to perform reduction, sky subtraction and ex-
traction of the science frames.
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These data are also analyzed by Guseva et al. (2012), but includes different
reduction steps and the data from the NIR arm.

3.3 MOSCA pipeline (paper IV)

In the course of our observations for the Trident project, we assembled very
large amounts of data from the Nordic Optical Telescope and specifically from
MOSCA (which stands simply for MOSaic CAmera). MOSCA is very well
suited for finding z∼ 2 galaxies from the ground; its four CCDs are optimized
for observations around 4000 Å and the field of view of almost 8 arcminutes is
large enough to make surveys of larger fields possible.

There are however a number of quirks to the data reduction, as I will de-
scribe below. The very large collection of data required me to write a pipeline
in order to handle the reduction scheme in a swift and controllable manner. I
also wrote a number of help scripts to e.g. make automated observing logs, in-
cluding calculating a seeing estimate for the individual frames. These proved
to be very useful tools indeed when getting an overview of several months
worth of data. I would here like to thank Peter Meldgaard Sørensen for being
very helpful and sharing with me the code which is used at the Nordic Optical
Telescope in real-time to estimate the seeing of data products as they are being
taken.

I also want to mention Tapio Pursimo here, who has been very helpful
and has supported us throughout using MOSCA at the NOT. He wrote some
basic reduction steps for MOSCA which I used as base for my pipeline, and he
also helped us test and assess the quality of the new custom-made narrowband
filters that we bought for the instrument.

I now want to discuss some of the more subtle points of reducing MOSCA
data that are specific to this instrument. First of all, the CCDs have a native
pixel scale of 0.11 arcsec/pixel, which is a bit too fine-grained for most appli-
cations. The data are therefore usually always binned in a 2x2 fashion. This
confuses the World Coordinate System (WCS) keywords in the FITS header
(which map the relation between the physical pixels and the angular sizes on
the sky) so that these keywords have to be altered manually. Another problem
which is quite common in mosaic cameras consisting of several detectors is the
fact that the detectors are not perfectly aligned with each other. Specifically in
MOSCA, one of the CCDs is ever so slightly rotated with respect to the others.
We compensated for this effect by calculating a plate solution, which we ob-
tained by observing an open cluster of stars called NGC 6535. We could then
use reference positions for the stars in the cluster and calculate the correction
using the IRAF MSCTPEAK task.

Another problem we noted with MOSCA is that some of the CCDs have

41



a bias level which varies slightly with time. This is an unusual electronic
issue, most likely stemming from how the voltage is distributed across the
four CCDs, because the bias level usually rises in concert with a dip in one
of the other detectors. We circumvent this problem by sky subtracting each
CCD by itself, before combining the data to a single image. Apart from these
specific points, most of the rest of the data reduction followed relatively normal
reduction procedures.

3.4 HST imaging data and CTE corrections (papers II and
III)

For LARS, we use HST images from the Advanced Camera for Surveys (ACS)
and the Wide Field Camera 3 (WFC3). The way we construct continuum-
subtracted Lyα images is through a series of longpass filters, see Figure 3.1.
The filters have a similar long red tail, so that we can subtract pairs of filters
to get an effective narrowband filter. F125LP-F140LP samples Lyα in the
redshift range z = 0.028− 0.109, and F140LP-F150LP samples z = 0.134−
0.190.

One important issue that arises in spaceborne CCDs is a charge transfer
efficiency (CTE) problem that builds up over time. One of my main focuses
of the LARS imaging data was to correct for this effect. It is sometimes re-
ferred to as CTI, where the I instead stands for inefficiency, because the charge
transfer becomes less efficient with time. When a standard CCD is read out
at the end of an exposure, the accumulated charge in each pixel is gradually
transferred along each column to the edge of the CCD, where the charge is
registered by a voltmeter which, by keeping track of the time it took for the
charge to pass through the CCD, converts the current to a digital value for each
pixel. Each time the charge is transferred along the column from one pixel
to the next, it has to pass through a small potential barrier, and there may be a
slight degradation of the signal here as not all of the charge is transferred. How
large an amount of the charge is transferred is referred to as the charge transfer
efficiency, and in most new, undamaged CCDs this number is close to 100%.
However, outside the protective magnetic field of the Earth, a CCD will quite
frequently be hit by high energy cosmic radiation. These fast charged particles
can damage the stratum of the CCD and create so called charge traps. As the
CCD is read out, some amount of the accumulated charge may then fall into
these traps, and be partially released after a small delay. This will cause the
images to look smeared out, especially towards the edge of the CCD furthest
away from the readout array, since charge from that area will have to travel
through most of the CCD and encounter the most charge traps. This problem
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can be devastating for exposures with very low brightness levels, since the few
electrons created might be smeared out to a level where the original signal is
lost.

In the LARS project we are especially interested in the low surface bright-
ness regions in the outskirts of galaxies, since that is where any potential Lyα

haloes are seen. As we are also interested in a pixel-by-pixel comparison of
each part of the galaxy, it is especially important that the signal in the image
has not been artificially smeared out or lost. In more recent observations with
HST, it is now recommended to use a so called "post-flash" (or pre-flash) pro-
cedure for each exposure. This is simply exposing the CCD with a light from
a lamp just to artificially raise the number of photoelectrons in each pixel prior
to reading out the CCD. This helps to fill in charge traps with a uniform back-
ground, and the actual scientific signal is not as heavily degraded, although
some additional noise is added.

There are tools to correct for the CTE effect a posteriori in WFC3 provided
by the STScI, which were developed by Anderson and Bedin (2010). These
algorithms use statistics on the charge traps and their build-up over time in
order to attempt to reconstruct the original image. Some of the images used for
LARS14 were already taken as part of another program. These images used
the ACS, and so we instead used another correction algorithm described in
Massey et al. (2014). This code was written in C and was not optimized for the
multi-extension FITS format of our data. This created several bugs and I had
to go through the code and correct these. For example, the date of observation
was read incorrectly by the program which caused the algorithm to heavily
overcorrect the images. After straightening these things out and adapting the
code for our data, the quality of the data was significantly improved.

3.5 SED fitting with GalMC (papers IV and V)

In large samples of galaxies, it is difficult to obtain detailed information on
every single object. Usually one has photometric information, meaning sim-
ply that there are large images covering each galaxy in many different filters.
Using this information, one can construct a coarse spectrum for each object,
based on the brightness in each filter and the wavelength of the light that that
particular filter lets through. Such a coarse spectrum is often referred to as
the Spectral Energy Distribution (SED), and it can often include very wide
wavelength coverage.

In order to derive interesting astrophysical properties based on the SED of
a distant galaxy, it is common to use models for galaxy spectra and fit these
models to the SED. These models are usually a mix of spectra of individual
stars of different ages and in different evolutionary stages, which is then af-
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Figure 3.1: HST ultraviolet filters used to image Lyα in the LARS galaxies. The
left panel shows the full filter profiles, while the right panel shows the effective
narrowband filters produced when subtracting pairs of filters. The blue solid
line and red dashed line shows examples of Lyα emission spectra where the
redshift allows for Lyα to fall into the filter, and demonstrates how we can use
the combination of all three filters to estimate and subtract the continuum around
Lyα . The dot-dashed black line shows the location of the geocoronal Lyα line at
1216 Å.

fected by dust absorption. Some models also include the effect of nebular gas
in the galaxy, which (in particular for younger galaxies) can have a dramatic
effect as this will create emission lines on top of the absorption spectra of the
stellar population. There are also empirical models, which are instead based
on observations of actual galaxies, and many SED fitting codes use a mix of
the two (so called semi-empirical models).

When building a galaxy SED, one starts with an initial mass function
(IMF) which describes how the mass of stars is distributed in the galaxy. The
most massive stars will be rarer but will dominate the luminosity output of the
galaxy. One can then either let these initial stars evolve without forming any
new stars (a so called single stellar population model), or one can introduce
some form of star formation history (which is more realistic). The most basic
assumption is to use a constant star formation rate, but there are also models
which will allow the rate to increase or decrease over time.

The age of a galaxy is not a simple quantity to define in a mathematically
stringent way. In the text above, I talk about "young" galaxies, but what I
mean by that is galaxies that contain a proportionally larger number of hot,
short-lived stars. These galaxies are important for Lyα research as the ultra-
violet light from these hot stars helps create strong emission lines. But such a
galaxy will also contain stars which may have been created along with the first
stars in the universe. The "age" of the galaxy is therefore a kind of luminosity-
weighted average over the age of the stars. In reality, stars do not form quies-
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cently at a steady, constant rate in a galaxy, but rather in short, quick bursts,
initiated by mergers or close encounters with other galaxies, when gas clouds
are agitated and compressed and collapse to form stars. Since the light from a
galaxy is usually dominated by the most recent episode of star formation, the
typical age of a galaxy is often assumed to be close to the time since that event
took place, but biased due to the fact that there is also an older, underlying
population.

There is another complicating factor as well, in that absorption by dust will
cause the light from the stars to look "redder" - that is, more of the blue light
(with a short wavelength) will be absorbed than the red light. This mimics
the evolution of the intrinsic galactic light, because as stars age, the bluer,
hotter stars will burn out their fuel and die first, causing the overall spectrum
to become redder. In other words, there is an age-dust reddening degeneracy
which is very hard to disentangle. A galaxy may look old simply because it is
dusty, or young because it has very little dust.

It is therefore quite difficult to say anything specific about one particular
galaxy based solely on SED fitting. The coarse information obtained from
photometry alone is not detailed enough to give you a lot of specific infor-
mation. However, comparing large samples of galaxies to each other is more
interesting, as this gives you statistical information on the properties of the en-
tire sample. For example, we found in the Trident project that LAEs tend to be
less massive and more actively star forming than other populations of galax-
ies. This is not a new result, nor very surprising, since Lyα will be created by
young stars and will find it easier to escape from a smaller galaxy. However,
we also found some of our LAEs in Trident to be rather massive and dusty.
This is more unusual but has been observed before. The most likely interpre-
tation is that Lyα is formed in the outskirts of a larger galaxy, or in the merger
between a smaller system and a larger one.
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4. Short summary of each paper

4.1 Paper I

In this paper we present integral field unit (IFU) data from VLT/Argus of two
nearby Lyα emitting galaxies; Haro 11 and ESO 338. We target mainly the
Hα emission line and the Na D absorption feature, in attempt to compare the
systemic velocity of the galaxies to the velocity of the neutral gas in front of the
galaxies. We also present complementary VLT/X-Shooter data which confirm
our findings. The Na D absorption feature is very weak, implying a low cov-
ering fraction of dense, neutral gas. We are forced to stack spaxels in order to
get measurable Na D spectral features and we use this to estimate the velocity
of Na D in front of the bright, Lyα emitting region near the center of ESO 338
as well as knot B and C in Haro 11. Knot B displays strong Lyα absorption,
whereas Lyα appears to be escaping directly from knot C. We expected to find
outflows associated with the Lyα emitting regions and static media in front of
knot B, but instead we see a moderate outflow from knot B and little or no
outflow from the Lyα emitting regions. We interpret this as possibly being due
to the discrepancy between the Na D and H I ionization potentials (5.1 vs 13.6
eV), meaning that the Na D absorption is only visible in the most dense and
heavily shielded clumps of neutral gas. The velocity of these clumps might
not be representative of the velocity of the bulk of the gas which affects Lyα

escape. The weakness of the Na D lines reinforces this image, since the com-
plete absorption of Lyα in front of knot B in Haro 11 does imply a reservoir
of static H I gas (possibly associated with the absorption in 21 cm MacHattie
et al., 2014), which is then not seen in Na D absorption. Additionally, the Na
D lines suffer from several complications such as resonant emission partially
filling in the absorption as well as a stellar absorption contribution, all of which
may affect our results slightly.

4.1.1 Outlook

It would be possible to say a lot about possible outflows or scattering pro-
cesses, and to attempt to trace the history of the Lyα photons, if we only had
Lyα spectra with high spatial and spectral resolution of these interesting re-
gions. Unfortunately, the HST/GHRS spectrum of Haro 11 appears to have
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been centered somewhere in between the knots and the HST/STIS narrow long
slit spectrum of ESO 338 was not optimized to study the Lyα emission from
knot A, as well as suffering from poor spectral resolution. A new, detailed UV
analysis of these two galaxies, using several pointings and a combination of
the available space telescope instrumentation would therefore be highly war-
ranted.

One aspect of the data that is outside the scope of this project, but which
would be interesting in itself as a future study, is to look at the multiple com-
ponents in the Hα emission line in detail, especially in Haro 11. Since the line
is very strong it can also be explored out to rather large distances. This could
give more insights into the three-dimensional structure and the kinematics of
the two galaxies, possibly connecting it to the merger or interaction histories.
Also, in Haro 11 knot C, Guseva et al. (2012) report that they are able to fit
multiple components to the Hα line, one of which shows a P Cygni-like profile
with a blueshifted absorption component. This would indicate the presence of
luminous blue variable (LBV) stars, which usually have strong stellar winds
which would give rise to such a spectral line shape. With our FLAMES data
which is even deeper in Hα , one would be able to truly study this feature in
detail, adding the spatial information.

Another aspect more related to the present project would be to study ion-
ization structures, and specifically look for ionization cones in the interstellar
medium. By comparing flux ratios of the same element in different ionization
states, e.g. that of S III and S II, one can map the amount and extent of the
ionization in different regions in the galaxy. If there is indeed LyC escape in
these galaxies, such ionized cones through the ISM are a strong candidate for
explaining how the ionizing radiation is able to reach us. We already have the S
II (λλ6716.5,6730.7 Å) lines visible in the FLAMES spectra presented here,
and there exist also FLAMES data on the [S III] (λ9069 Å) line (e.g. Östlin
et al., 2015). Unfortunately, in Haro 11 the [S II] feature in our spectra happens
to fall on an atmospheric O2 absorption band, which may severely complicate
such a study.

These galaxies have also been targeted with VLT/MUSE, allowing more
detailed analysis. A paper on the highly ionized outflow cones of ESO 338 has
already been published (Bik et al., 2015).

4.2 Paper II

Papers II and III deal with LARS - the Lyman Alpha Reference Sample. This
is a selection of 14 galaxies in the redshift range z = 0.028−0.19, in the over-
lapping region between GALEX and SDSS, with an Hα EW of at least 100
Å. This redshift range allows us to directly image the Lyα emission (and ab-
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sorption) in these galaxies, using a combination of ultraviolet longpass filters.
We use the available GALEX and SDSS catalog data to make sure that we are
selecting a relatively wide range of far-UV luminosities, while still demanding
a high ongoing star formation rate with the Hα EW cut.

This first paper of LARS outlines the scope of the project and the methods
used, and presents detailed results for the first galaxy in the sample (LARS01,
also known as Markarian 259). This is an irregular galaxy which displays
some extended Lyα emission, but only from part of the galaxy. The COS
spectrum shows a typical P Cygni-profile and blueshifted LIS absorption lines,
indicative of an outflow, which is also mirrored in shell model simulations
which reproduces the profile.

4.3 Paper III

In this second paper on the LARS project, we dive deeper into the HST imag-
ing data and what it can tell us about our 14 galaxies. We have detailed in-
tensity maps in Lyα , Hα and Hβ as well as images of the ultraviolet and
optical continuum. We show that Lyα is systematically more extended than
the UV continuum, indicating the effect of resonant scattering. We show that
Lyα escape is more probable in galaxies with younger age and lower mass,
dust content and instantaneous star formation rate, but the total Lyα luminos-
ity appears to be independent of these factors. Six out of the 14 galaxies would
be detected in a typical high-z Lyα narrowband survey given their EW and
luminosity.

Although the idea of LARS is to build a representative sample of galaxies,
the high EW cut in Hα means that we are preferentially selecting galaxies
that have recently undergone large starburst events, and the galaxies tend to be
very irregular and kinematically complex, showing signs of recent mergers or
interactions. We have recently added a sample of 28 more galaxies (which we
call the eLARS or extended LARS galaxies), now with a Hα EW cut of 40 Å,
to try to remedy this bias and include more "normal" star forming galaxies.

4.4 Paper IV

This is the first in a planned series of papers under the project name Trident.
Trident aims to put observational constraints on Lyα and LyC escape by simul-
taneously studying Lyα , Hα and LyC from galaxies at z ∼ 2. This first paper
presents Lyα emitting galaxies in the GOODS-North field. GOODS-North is
already very well studied and has a lot of complementary imaging and spec-
tral data in a wide range of wavelengths. Through narrowband imaging with
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NOT/MOSCA we find 25 LAE candidates representing the bright end of the
luminosity function (since this is a shallow survey). Five of them are already
spectroscopically confirmed, and three of them show far-infrared luminosities
(as measured with Herschel) consistent with them being LIRGs (LIR > 1011L�)
or ULIRGs (LIR > 1012L�). This implies that they are large, dusty systems,
which are typically not associated with Lyα emission.

We also perform SED fitting on the entire sample, both using a "standard"
constant star formation history model and two more exotic models. Despite
some of these models allowing unphysical solutions, we clearly see that a large
portion of our LAE candidates show signs of recent elevated star formation.
The likely conclusion is that Lyα is formed in these galaxies by a large number
of relatively newly formed stars. The escape appears possible also in large,
dusty systems, which is perhaps due to a recent merger or starburst in the
outskirts of a larger system.

4.4.1 Future work

We are currently finishing the analysis of CFHT/WIRCAM narrowband data,
targeting Hα emitting candidate galaxies in GOODS-North. One of the filters
used in Paper IV was designed specifically to match the filter used here, so
that we can cull HAEs and LAEs from the same volume. By correcting the
Hα emission for dust, we can calculate the amount of Lyα photons produced
intrinsically and, by comparing to the observed amount of Lyα emission, di-
rectly infer the Lyα escape fraction. Preliminary results find 191 HAEs. 145
of these are contained within the same area as the LAE observations, and there
are six matches to the sample of 21 LAE candidates in the matching Lyα filter.
They are referred to as NB401_6-7, -10, -11, -19, -20 and -21 in Paper IV. Two
of these six galaxies are also the (U)LIRG galaxies from that sample.

We are still collecting data for the continuation of the Trident project,
where we target two Frontier Fields and Abell 1689 with NOT/MOSCA in a
deeper study (∼ 10 h/filter/field), using a set of five partially overlapping nar-
rowband filters. These three fields contain foreground galaxy clusters, which
magnify parts of the z∼ 2 sources through gravitational lensing. We therefore
hope to probe fainter LAEs that we would otherwise not see.

4.5 Paper V

We had planned to study the Lyman Continuum leakage of our galaxies in
GOODS-North, but the data that were collected as a part of CANDELS were
unfortunately crippled by difficulties in the data reduction procedure and the
final, drizzled and combined data product has still not been procured (if it
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ever will be). However, we do have a sample of Hα and Lyα galaxies in the
Double-Blind sample of Hayes et al. (2010a,b), which cover GOODS-South
and for which there is HST UV data representing the rest-frame Lyman Con-
tinuum at z = 2.2. We compile photometry of 10 Hα emitting candidates in
the F225W filter, and estimate an upper limit to the LyC escape fraction of
∼ 24%. This is assuming no dust correction for Hα , which would lower the
limit considerably (to about 13%) but since the galaxies are not spectroscopi-
cally confirmed we cannot use this as a firm limit. However, we see this sample
as an interesting proof of concept and we highlight what could be done with
larger samples in the future.

In particular, the Frontier Fields and Abell 1689, for which we are al-
ready gathering narrowband data, are currently being observed with F225W
and F275W imaging, and may be used in the near future, which a big chance
of finding a direct detection of LyC leakage and/or put very strict constraints
on the role of galaxies in the reionization of the universe.
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Sammanfattning

Väte är det vanligast förekommande grundämnet i universum. Väteatomen be-
står av en proton, omgiven av en elektron. När atomen exciteras och elektro-
nen sedan återvänder från det första exciterade tillståndet till grundtillståndet,
sänds en ultraviolett foton ut med våglängden 1216 Å. Detta ljus kallas för
Lyα och bildas i alla galaxer, och kan bilda en stark emissionslinje som kan
ses i de mest avlägsna galaxer vi känner till. Men Lyα kommer inte alltid ut
ur galaxer så att det kan observeras. Den här avhandlingen försöker på olika
sätt att observationellt undersöka varför det är på det viset, och vad det är som
styr hur Lyα beter sig och påverkas av olika aspekter i galaxernas sammansätt-
ning, såsom stoft- och gasinnehåll och deras kinematik, såväl som stjärnornas
genomsnittliga ålder eller galaxens stjärnbildningshistoria.

I Artikel I försöker vi mäta hastigheten på den neutrala gasen framför olika
regioner av två närbelägna galaxer där Lyα antingen strålar ut rakt emot oss
eller absorberas helt. Den rådande hypotesen, som visats både genom beräk-
ningar och observationer, är att Lyα har lättare att ta sig ut ur en galax om
den neutrala vätgasen befinner sig i rörelse, t ex ett utflöde skapat av starka
stjärnvindar och supernovaexplosioner. Hypotesen var därför att gasen borde
befinna sig i ett utflöde i de regioner av galaxerna där vi ser Lyα , medan gasen
skulle vara statisk framför de regioner där Lyα absorberas. Istället såg vi det
motsatta, och vi såg lägre hastigheter hos gasen än vi hade räknat med.

Problemet med våra observationer i artikel I är att vi inte mäter direkt
på vätgasen, utan vi använder absorption i natrium istället, eftersom det ger
upphov till absorptionslinjer som är lätta att observera nära de emissionslinjer
som vi använder som referens. Natrium har en joniseringspotential på blott 5
elektronvolt, vilket innebär att det kräver betydligt lägre elektrontemperaturer
och mindre bestrålning av fotoner än vad väte gör (på 13.6 eV) för att hålla sig
neutralt. Natrium återfinns därför endast i de kallaste, mest stoftrika delarna av
det interstellära mediet (ISM), och ger inte nödvändigtvis en rättvisande bild
av vad resten av den neutrala vätgasen har för sig. Vi ser väldigt svaga absorp-
tionslinjer i våra spektra, vilket också innebär att natriumet bara delvis täcker
de regioner vi försöker undersöka.

Artikel II och III handlar om ett projekt som heter LARS - Lyman Alpha
Reference Sample. Tanken med LARS är att i detalj observera Lyα direkt från
14 relativt närbelägna galaxer, samtidigt som vi försöker att studera så många



andra detaljer som möjligt som kan ha någon påverkan på hur Lyα beter sig. Vi
använder Hubbleteleskopet för att kunna se galaxerna i ultraviolett och optiskt
ljus, samtidigt som vi får en mycket hög upplösningsförmåga och kan se en-
skilda stjärnbildningsområden, stoftstråk och andra detaljer i dessa galaxer. Vi
får också ett spektrum av själva Lyα-linjen och närbelägna metallabsorptions-
linjer. Vi kombinerar sedan dessa data med uppföljningar från markbaserade
teleskop där vi kan kombinera optiska och infraröda bilder och spektra samt
radioobservationer av den neutrala vätgasen. Vi undersöker sedan en rad olika
parametrar och ställer dem mot varandra.

För att kort sammanfatta alla våra resultat i LARS hittills, ser vi bland
annat att större och tyngre galaxer (med mer H I i radio), verkar ha mindre
Lyα-halos i förhållande till galaxens storlek, samt lägre ekvivalentbredd och
escape fraction i Lyα . Det är en tendens som återkommer också i andra studier;
Lyα verkar statistiskt sätt ha lättare att ta sig ut ur mindre system. Vi ser också
från absorptionslinjer i UV att ett utflöde av neutral gas, samt en viss porositet
i det interstellära mediet, verkar vara nödvändiga men inte tillräckliga kriterier
för att Lyα ska ta sig ut ur en galax.

Artikel IV är den första i en serie artiklar i projektet Trident (Treudden).
Vi kallar det så för att vi försöker att se tre typer av emission som alla är
sammanlänkade på olika sätt; Lyα , Hα , och Lyman Continuum (LyC). Hα

bildas från elektroner i vätgas som går från det andra till det första exciterade
tillståndet, och därför direkt efteråt ger ifrån sig Lyα , när elektronerna går ner
till grundtillståndet. Hα ger därför en bild av var och hur mycket Lyα som
bildas i en galax. LyC är namnet på all strålning som har kortare våglängd än
912 Å, som motsvarar den energi som krävs för att helt jonisera en väteatom.
Strålningen bildas av heta, kortlivade O- och B-stjärnor på huvudserien, och
krävs för att jonisera den vätgas som sedan ger upphov till Hα och Lyα , men
delar av strålningen kan också tänkas ta sig ut ur galaxen utan att absorberas.
Detta läckage av joniserande fotoner tros ha varit viktigt under återjoniseringen
av universum, då det intergalaktiska mediet övergick från att vara mestadels
neutralt, till att vara i princip helt joniserat, som det är idag. Tyvärr finns väldigt
få direkta observationer av LyC-läckage, framförallt i mer närbelägna galaxer,
och det är alltjämt osäkert om de första galaxerna verkligen kunde ge ifrån
tillräckligt mycket av denna strålning för att återjonisera universum.

Artikel IV fokuserar på Lyα-emitterande galaxer i GOODS-North. Vi hit-
tar 25 potentiella galaxer omkring z ∼ 2 med hjälp av våra observationer vid
Nordiska Optiska Teleskopet (NOT) och vi undersöker så många aspekter vi
kan av dessa. Vi kör simuleringar av galaxspektra jämfört med den fotomet-
riska spektralfördelning vi får från kataloger över GOODS-North, och kan
konstatera att våra Lyα-kandidater verkar ha lite lägre massa och lite star-
kare stjärnbildning än galaxer i allmänhet, något som stämmer väl med tidiga-



re observationer. Vi hittar också några få galaxer som lyser starkt i infrarött,
kring 100 µm, med mätningar av Herschel-teleskopet. Det tyder på att dessa
galaxer är relativt massiva och innehåller stora mängder stoft, något som in-
te brukar associeras med Lyα-galaxer eftersom stoft hämmar spridningen av
Lyα-fotoner. Troligen rör det sig om sammansatta system, där Lyα bildas från
en stark stjärnbildningsregion i utkanten av en större galax, eller en mindre
galax som interagerar med en större.

Artikel V är så ett försök att göra en av de andra delarna av treudden i
Trident, nämligen att direkt observera LyC-läckage från galaxer på z = 2.2 i
GOODS South. Dessa galaxer är detekterade med smalbandsfilter i när-infrarött,
avsett att hitta Hα-linjen. Vi kan därför koppla samman deras intrinsiska pro-
duktion av joniserande fotoner med hjälp av styrkan på Hα , och sedan jämföra
det med de joniserande fotoner vi observerar. Vi använder 10 galaxer och hit-
tar inget LyC-läckage, och sätter en övre gräns på 14% för hur mycket av LyC
som kan läcka ut ur dessa galaxer i medeltal. Det är ett mycket litet urval och
inte någon särskilt strikt gräns, men våra studier visar att metoden är möjlig
och att den ger ett väldigt robust mått på LyC-läckage. Med större studier i
framtiden kan samma metod komma att skörda stora framgångar, antingen ge-
nom att hitta fler galaxer med stort LyC-läckage, eller genom att sätta betydligt
striktare gränser på läckaget, och därmed på galaxernas roll i återjoniseringen
av universum.
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for the first paper in this thesis. His driving forward of the LARS project has
also been crucial for the success of that large undertaking. My mentor, Jesper
Sollerman, was the supervisor for my master thesis and was really the one to
guide me into the world of observational astrophysics in earnest. He did so in
what I would say is the best way possible; without prejudging or dismissing
the young students ideas but rather helping shape them, and with a firm hand
and an honest, straight-forward manner simply stating exactly what was on his
mind.

There were also many teachers during my undergraduate studies who have
later become my esteemed colleagues. Claes-Ingvar Björnsson not only taught
us the inner workings of stars with great patience; he also wrote a theoretical
paper interpreting some of the results from my master thesis. I want to thank
him for his ever-present cheerfulness and helpful mood.

Peter Lundqvist took good care of us as teacher and director of undergrad-
uate studies, and was also great to work with on our courses for the general
public, together with Magnus Näslund, who has a great sense of humour and
also helped immensely with our 1-meter AlbaNova Telescope whenever we
ran into technical difficulties. In this context I must also mention Francesco
Taddia, a fellow student who worked hard on the telescope and has also been
a great friend during our years together at the department. I liked our deep and
intelligent conversations on matters both Italian and Swedish and hope that we



have the opportunity to have more of these in the future.
There were many graduate students who were particularly helpful as teach-

ing assistants for the undergraduate courses. I want to mention Michael Blomqvist
and Teresa Riehm, whose encouraging spirits helped us all get through tough
courses and exams and understand complicated new concepts. Jens Melinder
was also assistant a few times and has now been a great help and support dur-
ing the later years of my PhD. Genoveva Micheva showed us a very honest
and insightful view of IRAF for the first time, and later we shared an office for
many years. I always enjoyed our conversations on Sci-Fi culture, particularly
our shared love for Star Trek: Voyager. I also enjoyed the mutual understand-
ing of working under silence, broken only by the occasional muttering under
the breath at the latest bug. Johannes Puschnig and Matteo Messa, my newest
office comrades, also have a knack for knowing just the right time for when
to lighten the mood with friendly conversation. Thomas Marquart was also a
long-time officemate, not only in Stockholm but also in Uppsala where I’ve
ended up spending quite a lot of time. His good-natured spirit and insightful
comments on all things geeky has made me feel welcome in both locations.
Speaking about Uppsala, I must seize the opportunity and thank Nils Bergvall
and Bengt Edvardsson for helping me settle in there. We have jokingly re-
ferred to Nils as the grandfather-supervisor since he supervised Göran’s thesis
work back in the day. His deep knowledge and intelligent thoughts on matters
of Lyman alpha and life itself have all proven to be very helpful to me. Bengt
has also been very hospitable and given me the opportunity to visit Kvistaberg
Observatory, a strange place with a long history, hosting a surprisingly large
Schmidt telescope. I’ve enjoyed our casual conversations over lunch and hope
to visit the department in Uppsala many times in the future.

The work of the thesis is based largely on observations, but there would
be none if there weren’t for observers. Many fellow students have travelled to
La Palma, both with me and without, to gather data for our beloved Trident
project. I particularly want to mention Florent Duval, who has been a great
friend throughout but in particular for making my first trip as PhD student
back in 2010 very enjoyable and interesting. Lee Kai Yan accompanied me
on another crazy trip, back when neither of us had a driver’s license. I will
never forget our long, cold walks down to the Residencia after a long night of
observing, and I’m pretty sure he won’t either. Kai Yan has also gracefully
provided me with some useful Cantonese phrases, and I hope my Swedish
lessons will leave a lasting impression as well. Thøger Rivera-Thorsen has also
been a big help with many of the observations, as well as being a wizard when
it comes to software development. Illa Rivero Losada and Emanuel Gafton
have both contributed tremendously to the data collection, and I have lost count
of how many times they have observed for me. Their meticulous recording of



the work has proven very valuable to me, and I am ever grateful for them
putting in so much of their time and effort into helping me out.

I have also crossed roads with a few persons that I would like to mention,
because they went out of their way to solve a specific problem or give feed-
back on something they really didn’t have to do. First off, Tapio Pursimo at
the Nordic Optical Telescope on La Palma has been our hero when it comes
to all things MOSCA. He has provided us with measurements of our new nar-
rowband filters as well as very useful tips and comments on how to properly
reduce the data. Wei-Hao Wang developed a pipeline for WIRCAM at the
CFHT, from which we have several data sets. His pipeline proved to be very
stable and useful, and his helpful comments and suggestions were crucial for
allowing me to tweak the pipeline further in order to suit our needs.

I also would like to give a big shout-out to the administrative staff of the de-
partment, in particular to Ulla af Petersens, who was my first ever contact with
Stockholm University back in 2004 when I first applied for starting the under-
graduate program. Her unquestioning helpfulness and willingness to solve any
conceivable problem provided all of us helpless students with a safe haven in
times of trouble. Sandra Åberg then picked up the torch and was really the
glue that - in the same spirit - held everything together for a long time. The
standard answer to any question always used to be "Ask Sandra", which really
shows how much we trusted and depended on her. No one was surprised when
we had to find several people to replace her in her absence.

There are also a few people that I would like to mention who may not even
be aware of their contributions. My aunt Else-Maj, who patiently explained to
a curious young nephew why we have seasons on Earth, using an orange and
a desk lamp at her kitchen table - this early memory is one of the sparks that
helped ignite my interest in how things really work. The world needs more
aunts like that. But it is undoubtedly my parents Lars and Gun-Britt who have
always been there for me, and have always provided answers for the curious
young mind, that have helped shape me into the scientist that I am today. I am
eternally grateful to them, for explaining to me about atoms and the elements,
bacteria and viruses, flora and fauna, and other topics in the natural sciences,
and in particular for occasionally showing me the night skies; meteor showers,
the Andromeda Galaxy, aurorae and comet Hale-Bopp, to mention a few. I
would certainly not have persisted in my curiousity about the world and the
nature of things without your love and support.

I would like to close this section by thanking my new closest family. Eva
has been the light of my life for almost fifteen years, and I hope that I will
be able to share with you many more, come what may. Our wonderful son
Jonathan is of course helping us both in his own special way. Seeing him grow,
take his first steps and utter his first words has really been an unforgettable



and immensely rewarding experience. I hope that he, as well as the little one
currently on the way, will be patient with me as I explain to them the radiative
transfer of Lyman alpha photons through optically thick neutral hydrogen gas,
and that I will have the opportunity to be there to help fuel their curiosity and
ingenuity for many years to come.
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M. Bradač, C. Conselice, S. Cristiani, J. Dunlop, A. Galametz, M. Giavalisco, E. Giallongo, A. Koeke-
moer, R. McLure, R. Maiolino, D. Paris, and P. Santini. New Observations of z ˜ 7 Galaxies: Evidence
for a Patchy Reionization. ApJ, 793:113, October 2014. doi: 10.1088/0004-637X/793/2/113. 26

M. Pettini, A. E. Shapley, C. C. Steidel, J.-G. Cuby, M. Dickinson, A. F. M. Moorwood, K. L. Adelberger,
and M. Giavalisco. The Rest-Frame Optical Spectra of Lyman Break Galaxies: Star Formation, Extinc-
tion, Abundances, and Kinematics. ApJ, 554:981–1000, June 2001. doi: 10.1086/321403. 32

N. Pirzkal, S. Malhotra, J. E. Rhoads, and C. Xu. Optical-to-Mid-Infrared Observations of Lyα Galaxies at
z˜5 in the Hubble Ultra Deep Field: A Young and Low-Mass Population. ApJ, 667:49–59, September
2007. doi: 10.1086/519485. 23

Planck Collaboration, P. A. R. Ade, N. Aghanim, M. Arnaud, M. Ashdown, J. Aumont, C. Baccigalupi, A. J.
Banday, R. B. Barreiro, J. G. Bartlett, and et al. Planck 2015 results. XIII. Cosmological parameters.
ArXiv e-prints, February 2015. 27, 28

C. J. Pritchet. The search for primeval galaxies. PASP, 106:1052–1067, October 1994. doi: 10.1086/
133479. 19, 23

J. Richard, V. Patricio, J. Martinez, R. Bacon, B. Clément, P. Weilbacher, K. Soto, L. Wisotzki, J. Ver-
net, R. Pello, J. Schaye, M. Turner, and T. Martinsson. MUSE observations of the lensing cluster
SMACSJ2031.8-4036: new constraints on the mass distribution in the cluster core. MNRAS, 446:L16–
L20, January 2015. doi: 10.1093/mnrasl/slu150. 24

T. E. Rivera-Thorsen, M. Hayes, G. Östlin, F. Duval, I. Orlitová, A. Verhamme, J. M. Mas-Hesse,
D. Schaerer, J. M. Cannon, H. Otí-Floranes, A. Sandberg, L. Guaita, A. Adamo, H. Atek, E. C.
Herenz, D. Kunth, P. Laursen, and J. Melinder. The Lyman Alpha Reference Sample. V. The Im-
pact of Neutral ISM Kinematics and Geometry on Lyα Escape. ApJ, 805:14, May 2015. doi:
10.1088/0004-637X/805/1/14. 35

D. S. Rupke, S. Veilleux, and D. B. Sanders. Keck Absorption-Line Spectroscopy of Galactic Winds in
Ultraluminous Infrared Galaxies. ApJ, 570:588–609, May 2002. doi: 10.1086/339789. 31, 33

D. S. Rupke, S. Veilleux, and D. B. Sanders. Outflows in Active Galactic Nucleus/Starburst-Composite
Ultraluminous Infrared Galaxies1,. ApJ, 632:751–780, October 2005. doi: 10.1086/444451. 31

D. Schaerer, M. Hayes, A. Verhamme, and R. Teyssier. Grid of Lyα radiation transfer models for interpret-
ing distant galaxies. A&A, 531:A12, July 2011. doi: 10.1051/0004-6361/201116709. 20

M. A. Schenker, D. P. Stark, R. S. Ellis, B. E. Robertson, J. S. Dunlop, R. J. McLure, J.-P. Kneib, and
J. Richard. Keck Spectroscopy of Faint 3 < z < 8 Lyman Break Galaxies: Evidence for a Declining
Fraction of Emission Line Sources in the Redshift Range 6 < z < 8. ApJ, 744:179, January 2012. doi:
10.1088/0004-637X/744/2/179. 26

M. A. Schenker, R. S. Ellis, N. P. Konidaris, and D. P. Stark. Line-emitting Galaxies beyond a Redshift of
7: An Improved Method for Estimating the Evolving Neutrality of the Intergalactic Medium. ApJ, 795:
20, November 2014. doi: 10.1088/0004-637X/795/1/20. 28

J. Schroeder, A. Mesinger, and Z. Haiman. Evidence of Gunn-Peterson damping wings in high-z quasar
spectra: strengthening the case for incomplete reionization at z ∼ 6-7. MNRAS, 428:3058–3071, Febru-
ary 2013. doi: 10.1093/mnras/sts253. 28

C. M. Schwartz, C. L. Martin, R. Chandar, C. Leitherer, T. M. Heckman, and M. S. Oey. Kinematics of
Interstellar Gas in Nearby UV-selected Galaxies Measured with HST STIS Spectroscopy. ApJ, 646:
858–871, August 2006. doi: 10.1086/504961. 22

A. E. Shapley, C. C. Steidel, M. Pettini, and K. L. Adelberger. Rest-Frame Ultraviolet Spectra of z˜3 Lyman
Break Galaxies. ApJ, 588:65–89, May 2003. doi: 10.1086/373922. 24, 31



T. Shibuya, N. Kashikawa, K. Ota, M. Iye, M. Ouchi, H. Furusawa, K. Shimasaku, and T. Hattori. The First
Systematic Survey for Lyα Emitters at z = 7.3 with Red-sensitive Subaru/Suprime-Cam. ApJ, 752:114,
June 2012. doi: 10.1088/0004-637X/752/2/114. 23

J. D. Simon and M. Geha. The Kinematics of the Ultra-faint Milky Way Satellites: Solving the Missing
Satellite Problem. ApJ, 670:313–331, November 2007. doi: 10.1086/521816. 31

L. Spitzer. Diffuse matter in space. 1968. 33

C. C. Steidel, D. K. Erb, A. E. Shapley, M. Pettini, N. Reddy, M. Bogosavljević, G. C. Rudie, and O. Rakic.
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