
111Introduction
The question of how the first stars formed and assembled into galaxies lies at the frontier
of modern astrophysics. The study of these first sources of cosmic illumination was trans-
formed by the installation of new instrumentation aboard the Hubble Space Telescope during
one of the final Space Shuttle missions in 2009. Hubble has since unveiled a population of
ultra-faint galaxies seen just a few hundred million years after the Big Bang, an epoch often
termed the Cosmic Dawn. This thesis presents pioneering observational studies of the first
generations of galaxies, enabling an examination of their properties and the physics that
governed the illumination of the early cosmos.
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Figure 1.1: The anisotropies of the CMB as observed by Planck. The CMB is a snapshot of the oldest light in our
Universe, imprinted on the sky when the Universe was just 380 000 years old. It shows tiny temperature fluctuations
that correspond to regions of slightly different densities, representing the seeds of all future structure: the stars and
galaxies of today. Credit: ESA and the Planck Collaboration

1.1 Early galaxy formation

In the current concordance model of cosmology, known as Λ cold dark matter (ΛCDM), our
observable Universe was formed in the Big Bang roughly 13.8 billion years ago. Within the
ΛCDM parametrization the energy density of the Universe consists of ∼27% collisionless cold
dark matter particles, ∼69% dark energy (Riess et al., 1998; Perlmutter et al., 1999) and only
∼4% baryonic matter, the material that comprises all forms of matter we observe around us
such as atoms, molecules, gas, rocks, stars, planets and lifeforms (Planck Collaboration et al.,
2014).

In the first 4 hundred thousand years after the Big Bang the Universe expands and cools
down from nearly infinite temperatures to just a few thousand degrees Kelvin, which enables
the formation of neutral hydrogen and the cosmic microwave background (CMB) radiation, the
first observable light of the Universe (Penzias & Wilson, 1965). The small anisotropies in the
temperature of the CMB (see Figure 1.1) indicate density perturbations in the distribution of
baryonic and cold dark matter in the primordial Universe (Smoot et al., 1992). In the time period
between 4 hundred thousand to 400 million years after the Big Bang, often called the Dark Ages,
these perturbations in the density distribution grow under the influence of gravity and eventually
form dense clumps of both dark matter (dark matter halos) and baryonic matter that comprise
the birth places of the first stars and galaxies.

From measurements of the Thomson scattering optical depth in the CMB (Planck Collabo-
ration et al., 2015) we know that roughly 400 million years after the Big Bang, the first galaxies in
the Universe produce enough radiation to start re-ionizing the neutral hydrogen gas surrounding
galaxies. This era of reionization is completed roughly 1 billion years (Gyr) after the Big Bang,
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as measured from the Gunn-Peterson trough (Gunn & Peterson, 1965) in early Quasar spectra
(Becker et al., 2001; Fan et al., 2006). These measurements constrain the total ionizing photon
budget produced by the first galaxies over a time period of only 600 million years.

Detailed mapping of the star formation density of the universe as a function of cosmic
time (Madau et al., 1998) indicates that the peak era of star forming activity in the history of
the Universe occurred between 8 to 10 billion years ago, just a few billion years after the Big
Bang. In this era we observe a large variety of galaxy types: from massive dead elliptical galax-
ies (Cimatti et al., 2004; Kriek et al., 2006) to large rotating star-forming disks (Genzel et al.,
2006) to highly star-bursting dust-obscured galaxies (Rowan-Robinson et al., 1991). The discov-
ery of these strongly evolved systems are evidence for a remarkable rapid evolution of the first
generations of galaxies in the 2 billion years after the era of reionization.

These collected constraints motivate observational studies of galaxies in the first few billion
years of cosmic time. Though the technological challenges are significant, we aim to observe the
light of galaxies more than ten billion light years away in order to find the answers to questions
such as; how were the very first stars were formed? how do the earliest galaxies produce enough
radiation to ionize the bulk of the hydrogen gas in the universe? and how do the first generations
of galaxies evolve to form the diverse and advanced Universe we observe during the peak of
cosmic history?

1.2 Observational challenges

Observational studies of the cosmic history of the Universe are possible due to the fact that light
travels at a large but finite speed. When we observe a galaxy at large cosmological distances, we
inevitably look back in time to the moment the light was emitted from the galaxy. To study
galaxies during the first few billion years after the Big Bang, we need to identify the extremely
faint light emitted by galaxies more than 10 billion light years away. The large scale detection
of distant galaxies was enabled by the rapid progress in charge-coupled-device (CCD) technol-
ogy and the emergence of a new class of 8-10 meter telescopes and space observatories in the
1980s and 1990s. In particular, the launch of the Hubble Space Telescope (HST) in 1990 and the
subsequent servicing missions to the telescope in 1993, 1997, 2002 and 2009 have been a driving
force for scientific progress in the study of the early Universe.

While the enormous distances needed to observe nascent galaxies provide a considerable
challenge for scientific studies, further difficulties arise from the continuous expansion of the
Universe (Hubble, 1926). This causes light emitted by distant sources to be observed at longer
wavelengths, a phenomenon called redshift (indicated with the symbol z). The more distant a
galaxy, and therefore the further we look back in time, the redder the light observed at our
telescopes. For example, galaxies within the era of reionization have a typical redshift of z ∼ 7
or greater, indicating that we observe the wavelength of their light at least 8 times longer than
it was originally radiated from the source. As a result, essential information contained in the
light spectrum of distant galaxies can shift out of the observable wavelength range of our most
sensitive telescopes.

The measured flux density as a function wavelength, or the spectral energy distribution
(SED), of a galaxy is used to measure the number of massive, newly-formed stars (0.1-0.4 µm),
the number of low-mass, long-lived stars (0.4-5 µm) and the properties of the interstellar dust-
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Figure 1.2: The SED (grey lines) of a young galaxy observed locally (top panel ) and at redshift z ∼ 7 (middle and
bottom panel ). Upward arrows indicate the limiting magnitude of a 2.8 hour broadband observation with HST (blue
arrows), the Spitzer Space Telescope (red arrows), the Herschel Space Observatory (brown arrows), JWST (yellow arrows)
and ALMA (green arrows). While current state of the art observatories such as HST, Spitzer and Herschel are capable
of observing local galaxies over a wide range in wavelength (top panel ), the faint, redshifted light from redshift z ∼ 7
galaxies is particularly challenging to observe (middle panel ). Future facilities such as JWST and ALMA will open up a
new window onto the properties of the earliest stars and galaxies (bottom panel ).
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particles that absorb and reradiate the stellar light (5-103 µm). Figure 1.2 shows the SED of a
young galaxy placed at different distances from the observer. The top panel indicates the light
observed from a galaxy in the local Universe, while the middle and bottom panels show the light
observed from a galaxy at redshift z ∼ 7, roughly 800 million years after the Big Bang. The
upward arrows in the top and middle panel indicate the sensitivity of current state of the art
space observatories in different photometric bands across the spectrum for a typical ∼3 hour
observation. While local galaxies can easily be observed over a wide range in wavelengthe (top
panel of Figure 1.2), the lower observed brightness and redder observed wavelengths of redshift
z ∼ 7 galaxies only allow for easy detections in a few of the reddest HST bands (middle panel
of Figure 1.2).

In addition to the challenge of detecting galaxies in many photometric broadbands, the pos-
sibilities for obtaining information on atomic lines in galaxy spectra is very limited at high red-
shifts. Not only can atomic absorption and emission lines be used for the determination of the
exact redshift of galaxies, and therefore the precise measurement of the distance and look-back
time, recombination lines at >0.4 µm can provide important information on the heavy elements
in galaxies and the instantaneous star formation rate (SFR) of galaxies. Current state of the art
spectroscopic observations, performed by 8-10 meter ground-based telescopes, reach out to 2.2
µm, which only allows for the detection of the most common recombination lines out to redshift
z ∼ 3− 5.

Despite the current limitations on observations of high-redshift galaxies, the study of the
early Universe continues to be a growing scientific field due to impressive progress in telescope
and detector technology. The bottom panel of Figure 1.2 indicates the sensitivities of two future
facilities; the James Webb Space Telescope (JWST) will be launched in 2018, while the Atacama
Large Millimeter Array (ALMA) will reach full capacity in 2015. These new telescopes will not
only allow for revolutionary sensitive broadband photometry, but will also provide the first con-
straints on the spectra and emission lines of high-redshift galaxies. As these facilities illustrate,
future studies of high-redshift galaxies will continue to expand our knowledge of the early Uni-
verse and the processes underpinning the formation of the first stars and galaxies.

1.3 Recent results on high-redshift galaxies

The identification of large samples of high-redshift galaxies in astronomical images took off in
the 1990s with the development and widespread use of the Lyman-break technique (e.g. Steidel
et al., 1996). This selection technique is based on a well-known sharp feature in the spectrum of
star-forming galaxies, due to the absorption of <∼ 0.1 µm photons by hydrogen atoms within
interstellar and intergalactic gas clouds. This feature can be identified in broadband photometry
by a sudden drop in flux in the bluest bands, as illustrated in Figure 1.3. Using the reddest avail-
able wavelength band to initially detect candidate high-redshift galaxies, we look for sources
that are undetected in the bluer wavelength bands. The wavelength where the galaxy drops out
provides us with a modestly accurate estimate of the redshift of the galaxy light. This simple yet
powerful selection technique can be exploited to obtain statistically significant samples of galax-
ies at different epochs of cosmic time. The development of this technique and the availability of
increasingly sensitive detectors in the optical and near-infrared wavelengths, such as the Wide
Fields Camera 3 (WFC3) that was installed on HST in 2009, has resulted in large photometric
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Figure 1.3: Broadband photometry of a Lyman-break galaxy at redshift z ∼ 7 behind the massive galaxy cluster Abell
1703 by Bradley et al. (2012). Top: Schematic overview of the response curves from 8 HST broadband filters with the
typical SED of a redshift z ∼ 7 galaxy. The sharp Lyman-break feature at ∼0.1 µm is redshifted into near-infrared.
Bottom: Postage stamp images from left to right show broadband observations at wavelengths of ∼0.4, 0.5, 0.55, 0.6,
0.8, 0.9, 1.3 and 1.6 µm. The sharp drop in flux between the ∼0.9 and 1.3 µm band images is used to place the lookback
time of this galaxy at an epoch just 800 million years after the Big Bang.

surveys that identify consecutive generations of Lyman-break galaxies in the first few billion
years after the Big Bang.

In order to detect these faint Lyman-break galaxies, surveys are typically designed to either
focus on blank or lensed fields. Blank fields are selected as regions of the sky with no bright fore-
ground stars or galaxies, which are ideal for long integration times to bring down the background
noise. Lensed fields, on the other hand, are centered on rare, massive clusters of galaxies. Due to
the deflection of light by mass these clusters act as cosmic lenses, magnifying the images of the
distant galaxies behind them. Advantages of lensed fields include the shorter integration times
needed to detect distant galaxies and the improved resolution on the magnified galaxy images,
while important disadvantages include the limited number of suitable cluster fields available and
the uncertainty in the magnification factor derived from the modeled mass structure of the fore-
ground galaxy clusters. Though the last decade has primarily seen an investment of telescope
time towards blank field surveys, the recent discovery of the most distant galaxy known (Coe et
al., 2013) in the Cluster Lensing And Supernova survey with Hubble (CLASH, see Figure 1.4)
and the allocation of 840 HST orbits in 2013 to the Frontier Fields cluster program signify the
increasing importance of lensing surveys for high redshift studies.

1.3.1 UV luminosity functions and the cosmic star formation rate density

The Lyman-break technique described in the last section predominantly selects galaxies with
bright ultraviolet (UV) radiation ( <∼ 0.4 µm), redshifted towards the observed optical and in-
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Figure 1.4: Image of what is widely considered the most
distant galaxy observed to date by Coe et al. (2013). This
extremely distant galaxy is observed 420 million years
after the Big Bang (redshift z ∼ 11) and was discov-
ered behind the massive galaxy cluster MACS0647 in the
CLASH survey. Credit: NASA, ESA, and M. Postman and
D. Coe (STScI) and CLASH Team

frared wavelength range. Consequently one of the most important diagnostics of early galaxy
formation is the UV luminosity function (LF), or the number density of galaxies as a function
of their total radiated UV luminosity at a fixed redshift, shown in Figure 1.5. The UV LF shows
a characteristic shape of a power-law slope for faint galaxies (high UV magnitudes) and an ex-
ponential cut-off for bright galaxies (low UV magnitudes). The turn-over point in the UV LF
changes rapidly with redshift, quantifying the evolution of the galaxy population as a function
of time.

The UV luminosity measured from high-redshift galaxies, is dominated by the light from
O and B stars. These stars are among the shortest-lived stars in the Universe and have a typ-
ical lifetime of ∼ 100 million years. The measured light from O and B stars therefore gives a
reasonable estimate of the star formation rate in a galaxy, assuming the galaxy has experienced
a smooth star formation history over the last ∼ 100 Myr. The integrated UV LF is thus often
used as a proxy for the global star formation rate density of the Universe at any given redshift,
as indicated by the blue points in Figure 1.6.

Figure 1.5: The UV luminosity function of redshift
z ∼ 4, 6, 8 and 10 galaxies by Oesch et al. (2012).
Solid points indicate the number density of galax-
ies as a function of their UV magnitude (MUV),
with bright galaxies at low magnitudes (left) and
faint galaxies at the highest magnitudes (right). The
evolution of the UV LF as a function of decreas-
ing redshift indicates more luminous galaxies are
formed during later epochs after the Big Bang. ï22 ï21 ï20 ï19 ï18 ï17 ï16
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Perhaps the most important uncertainty in measuring the star formation rate from the ob-
served UV light is the unknown fraction of the flux that is abscured by dust particles in interstellar
clouds. Cosmic dust consists of small particles of solid material ranging from a few molecules
to ∼0.1 mm in size and is particularly efficient in absorbing stellar radiation at the bluest wave-
lengths and reradiating this light in the mid- and far-infrared wavelength range (5-103 µm).

Section 1.2 describes the limitations of even the most sensitive space observatories operating
in the far-infrared wavelength range to observe the light from distant Lyman-break galaxies
(see also Figure 1.2), which results in a lack of direct dust measurements at any redshift above
z ∼ 2. However, using the reddening effect of dust particles on the color of a galaxy due to the
preferential absorption of blue light we can make an estimate of the amount of dust in a galaxy
and consequently the total extincted UV light.

Bouwens et al. (2012) measured the intrinsic UV colors of 2500 galaxies between z ∼ 4 −
7 and subsequently derived the dust-corrected global star formation rate density in the early
Universe indicated with the red points in Figure 1.6. The shape of the global SFR density with
its rise from redshift z ∼ 10 to z ∼ 2 and decline from redshift z ∼ 1 to z ∼ 0 constitutes an
important observational test bed that any model or simulation must match, if it is to capture the
physical processes that govern galaxy formation and evolution.

Figure 1.6: The global star formation rate density of the Universe over the last 13 billion years of cosmic history by
Bouwens et al. (2012). Blue points are obtained by integrating the measured UV LF at different redshifts and converting
this to an estimate of the global SFR, while no correction is taken into account for the absorbed light by cosmic dust in
galaxies. Red points indicate dust-corrected measurements based on the UV colors of high-redshift galaxies.

1.3.2 Stellar masses and specific star formation rates
The previous section describes the usefulness of accurate knowledge of the UV properties of
high-redshift galaxies for determining the global SFR density of the Universe. However, these
measurements provide only one particular constraint on theories and models of early galaxy
formation. Another important parameter in galaxy formation studies is the total mass in stars
within a galaxy or the stellar mass. The measurement of stellar mass is useful since it provides
us with an integrated measure of the total number of stars formed over the history of a galaxy.
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Figure 1.7: The average sSFR (SFR/stellar mass) of galaxies with a stellar mass of 5 ·109 M⊙ as a function of redshift
as observed by González et al. (2010, left panel ) and derived from various models of galaxy formation by Weinmann
et al. (2011, right panel ). The discrepancy in the evolution of the sSFR between theory and observations either indicates
a systematic bias in the observed properties of galaxies or an incomplete understanding of the physical mechanisms
driving early galaxy formation.

The stellar masses of star-forming galaxies are correclated with their SFRs through the so-called
̀main-sequencé of star-forming galaxies, dictating that galaxies with larger stellar masses on
average have higher SFRs. This fundamental relation follows a power-law-like shape with a
slope close to unity and remarkably small scatter (0.3 dex) out to redshift z ∼ 2 (e.g. Wuyts et al.,
2011). However, the normalization of this relation changes significantly over the same redshift
range, indicating a rapid change in the efficiency of star formation. Star-formation efficiency
is often measured in the context of the specific star formation rate (sSFR), defined as the SFR
divided by the total stellar mass of a galaxy.

Figure 1.7 shows the observed evolution of the average sSFR of galaxies with a stellar mass
of 5 · 109 M⊙ as a function of redshift by González et al. (2010). González et al. (2010) found
a non-evolution of the sSFR between z ∼ 2 and z ∼ 7 in contrast to the steep rise of the sSFR
from redshift z ∼ 0 to z ∼ 2. The rate at which a galaxy forms new stars strongly depends on
the supply of fresh gas from the intergalactic medium. In aΛCDM Universe where dark matter is
many times more abundant than baryonic matter the infall of fresh gas onto a galaxy scales with
the infall rate of dark matter onto the dark matter halo surrounding the galaxy. Consequently,
any model or simulation of galaxy formation predicts a sSFR that closely follows the evolution
of the specific accretion rate of dark matter, a well-determined quantity that follows a smooth
rise with redshift over the history of the Universe (see the solid black line on the right panel of
Figure 1.7). The comparison on the right panel of Figure 1.7 clearly shows a strong discrepancy
between our theoretical understanding of star formation efficiency over cosmic time and the
results found by González et al. (2010) and other observational studies before 2010.

Possible explanations for the discrepancy in the sSFR between observations and simula-
tions in Figure 1.7 include an incomplete understanding of the impact of supernovae on the
interstellar medium within simulations of galaxy formation, but also a potential systematic bias
in the measured properties of very high-redshift galaxies that is unaccounted for in the deriva-
tion of the sSFR. Measurements of the stellar masses of high-redshift galaxies are particularly
challenging, since they require an estimate of the number of low-mass, long-lived stars within



20 Introduction

1

10

F !
 (1

0-30
 er

g s
-1  cm

-2  H
z-1 ])

zspec=4.17

H"H"[O
III

]
[O

III
]

1 2 3 4 5
#obs ( m)μ

Figure 1.8: Example of the broadband photometry (black
points) of a galaxy at redshift z = 4.17 by Stark et al. (2013).
The red line indicates the estimated stellar contribution to
the SED of this galaxy. The Spitzer flux measurement at 4.5
µm is free of line contamination from the nebular gas sur-
rounding stars, while the 3.6 µm flux measurement is con-
taminated by the nebular hydrogen line Hα. Taking advan-
tage of galaxies with nebular line contamination in only one
Spitzer broadband, allows for an measurement of the emis-
sion line strength from the offset in the contaminated band
with respect to the exptected stellar flux.

a galaxy, whose light has redshifted out of the observable wavelength range of HST into the
regime of Spitzer (see Figure 1.2). Schaerer & de Barros (2009) first noted the potential influence
of strong emission lines originating from oxygen and hydrogen atoms in the nebular gas around
galaxies on the observed flux from Spitzer. These emission lines cannot be directly measured
through spectroscopy (see §1.2) and therefore we face a degeneracy in the interpretation of
the observed Spitzer light of high-redshift galaxies. We either measure radiation from numerous
low-mass, long-lived stars, indicating a large stellar mass, or we measure the flux from strong
nebular lines, a typical signature of galaxies that are undergoing a short and intense burst of star
formation. While the sSFRs in Figure 1.7 are derived assuming the former interpretation, the
latter interpretation would result in lower stellar masses and therefore higher sSFRs at redshifts
z >∼ 4.

The first studies that attempted to measure the strength of nebular emission lines in high-
redshift galaxies were focussed on redshift z ∼ 4. Using the clean measurement of the stellar
continuum light provided by the Spitzer 4.5 µm broadband flux at z ∼ 4, Shim et al. (2011) and
Stark et al. (2013) showed a significant offset in the 3.6 µm band flux, suggesting that the spectra
of high-redshift galaxies selected with the Lyman-break technique contain strong emission line
features in the 3.6 µm band (see the example in Figure 1.8). In order to establish whether this
mechanism can systematically change the sSFRs over the redshift range z ∼ 4 − 7, similar
studies at higher redshifts are required. At redshifts z > 4 however the contamination of the
Spitzer bands by emission lines increases, while the observed brightness from galaxies decreases
due to the longer lookback times, inhibiting the robust determination of the influence of nebular
lines on the derived sSFRs out to the highest redshifts.

1.4 Thesis summary

This thesis presents studies on the properties of galaxies over the redshift range z ∼ 4 − 7.
Chapters 2 and 5 discuss the SFR properties of high-redshift galaxies, how well we can determine
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SFRs for large samples of galaxies and what we can learn about the star formation histories of
these galaxies. Chapters 3 and 4 focus on emission line properties of redshift z ∼ 7 galaxies, how
they influence the estimates of stellar mass and sSFR at the highest redshifts and how we can
use our knowledge of strong emission lines to significantly improve the redshift determinations
of these galaxies.

Chapter 2 presents the first derivation of the SFR function over the redshift range z ∼
4− 7. Capitalizing on the technique developed by Bouwens et al. (2012) to correct UV light for
dust using the measurements of the UV colors of large samples of Lyman-break galaxies, we
correct the UV LF at redshift z ∼ 4 − 7 for dust. Our stepwise determinations of the number
density of galaxies as a function of their SFR provides an important constraint that models and
simulations of galaxy formation must attempt to match. We derive flatter faint-end slopes, when
compared to the UV LF over the same redshift range, which is important to estimate the total
number of star-forming galaxies during the era of reionization. Furthermore, we compare our
SFR functions at z ∼ 4 − 7 with other SFR indicators at lower redshift. Importantly, we find
a uniform build-up of the abundance of star-forming galaxies over the first 3 billion years of
cosmic time.

Chapter 3 derives the first estimates of the strength of the double-ionized oxygen lines in
individual z ∼ 7 galaxies. We take advantage of distant gravitationally lensed galaxies behind
the massive clusters in the CLASH survey to obtain high signal-to-noise Spitzer observations.
We select galaxies in a narrow redshift range where the flux from the 4.5 µm Spitzer band is free
of emission line contamination and from the offset in the 3.6 µm flux we estimate that extremely
strong nebular lines are ubiquitous within z ∼ 7 galaxies. Our results suggest that the average
sSFR of z ∼ 7 galaxies is significantly higher than previously measured, in good agreement with
theoretical predictions.

Chapter 4 presents a new technique to obtain high-precision photometric redshifts of z ∼ 7
galaxies. Taking advantage of the knowledge that strong oxygen lines are ubiquitous in high-
redshift sources, we select galaxies with strong flux offsets in the 3.6 µm Spitzer band and use
the information of the inferred emission lines in the galaxy to place tight constraints on the
redshifts of the selected sources. These constraints are particularly useful for studies with the
new generation sub-mm telescopes such as ALMA; since the wavelength range that ALMA can
observe in one exposure is limited, inexact knowledge of the redshifts of Lyman-break galax-
ies inhibits the efficient search for far-infrared emission lines. We apply our technique to 5
fields from the blank-field Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS) and we select a sample of 20 galaxies. In addition to our selection of sources with
well-defined redshifts, our analysis further refines our knowledge of the strength of oxygen lines
within high-redshift galaxies.

Chapter 5 investigates two different SFR indicators in a large sample of z ∼ 4 galaxies. The
intrinsic UV properties of high-redshift galaxies provide us with a SFR estimate based on the
stars that formed in the last 100 Myr, while we derive estimates of the instantaneous SFR from
the strength of the hydrogen lines measured from the Spitzer fluxes. We find a strong correlation
between the two SFR probes, but with a small yet consistent offset in the normalization. We
discuss the possible impact of dust and star formation history on the normalization of the two
SFR indicators. Based on the small observed scatter in the UV-based and instantaneous SFRs we
argue for relatively smooth star formation histories and rule out short bursts of star formation
as the origin of the strong emission lines found in Chapter 3 and 4.
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